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MicroRNA-221/222 Confers Tamoxifen Resistance in Breast
Cancer by Targeting p27Kip1*□S �
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Tyler E. Miller‡, Kalpana Ghoshal‡§, Bhuvaneswari Ramaswamy§¶, Satavisha Roy‡, Jharna Datta‡,
Charles L. Shapiro§¶, Samson Jacob‡§¶1, and Sarmila Majumder‡§2

From the Departments of ‡Molecular and Cellular Biochemistry and ¶Internal Medicine, College of Medicine, and the
§Comprehensive Cancer Center, Ohio State University, Columbus, Ohio 43210

We explored the role of microRNAs (miRNAs) in acquiring
resistance to tamoxifen, a drug successfully used to treat women
with estrogen receptor-positive breast cancer. miRNAmicroarray
analysis of MCF-7 cell lines that are either sensitive (parental) or
resistant (4-hydroxytamoxifen-resistant (OHTR)) to tamoxifen
showed significant (>1.8-fold) up-regulationof eightmiRNAs and
marked down-regulation (>50%) of sevenmiRNAs in OHTR cells
comparedwithparentalMCF-7cells. Increasedexpressionof three
of themost promising up-regulated (miR-221,miR-222, andmiR-
181) and down-regulated (miR-21, miR-342, and miR-489)
miRNAs was validated by real-time reverse transcription-PCR.
The expression of miR-221 and miR-222 was also significantly
(2-fold) elevated inHER2/neu-positiveprimaryhumanbreast can-
cer tissues thatareknowntoberesistant toendocrinetherapycom-
pared withHER2/neu-negative tissue samples. Ectopic expression
of miR-221/222 rendered the parental MCF-7 cells resistant to
tamoxifen. The protein level of the cell cycle inhibitor p27Kip1, a
known target of miR-221/222, was reduced by 50% in OHTR cells
and by 28–50% inmiR-221/222-overexpressingMCF-7 cells. Fur-
thermore, overexpression of p27Kip1 in the resistant OHTR cells
caused enhanced cell deathwhenexposed to tamoxifen.This is the
first study demonstrating a relationship between miR-221/222
expression and HER2/neu overexpression in primary breast
tumors that aregenerally resistant to tamoxifen therapy.This find-
ingalsoprovides the rationale for theapplicationof alteredexpres-
sion of specific miRNAs as a predictive tamoxifen-resistant breast
cancermarker.

Breast cancer is the most common malignancy in women,
accounting for 31% of all female cancers. An estimated 178,480

new cases of invasive breast cancer was diagnosed in theUnited
States in 2007, and 40,460 women will die of this cancer. Over
two-thirds of breast cancers exhibit high concentrations of
estrogen receptor, which contribute to tumor growth and pro-
gression. Blocking the steroid hormone pathway with tamox-
ifen and/or oophorectomy has been shown to be effective
in this patient population. The Early Breast Cancer Trialists’
Collaborative Group overview demonstrated a significant
improvement in 15-year survival with the addition of adjuvant
tamoxifen for 5 years following surgery (1). Furthermore,
tamoxifen can also reduce the incidence of contralateral breast
cancer and has been approved as a prophylactic agent to pre-
vent breast cancer. Despite this accomplishment in the man-
agement of women with potentially endocrine-responsive
breast cancers, a significant proportion of these women will
experience disease progression due to either an intrinsic or
acquired resistance to tamoxifen.
Nongenomic activation of epidermal growth factor receptor/

HER2 signaling by tamoxifen is an important factor contribut-
ing to tamoxifen resistance. This leads to activation of both the
p42/44 mitogen-activated protein kinase (MAPK) and Akt sig-
naling pathways, which favor cell proliferation and survival.
These changes could be blocked by the selective epidermal
growth factor receptor tyrosine kinase inhibitor gefitnib, sug-
gesting that epidermal growth factor receptor/HER2 signaling
is directly involved in tamoxifen resistance (2). The preclinical
data are corroborated by clinical observations that tumors
expressing HER2 exhibit poor outcome when treated with
tamoxifen (3). None of themolecularmechanisms proposed for
tamoxifen resistance (for review, see Ref. 4) have led to the
development of a gene expression profile that can consistently
identify resistant tumors and benefit these patients from
upfront use of alternative drugs such as aromatase inhibitors.
Recent studies have highlighted the key regulatory roles of

microRNAs (miRNAs)3 in all fundamental cellular processes in
animals and plants. Altered expression of miRNAs in primary
human cancers has been used for tumor diagnosis, classifica-
tion, staging, and prognosis (5). These small noncoding RNAs
regulate expression of their target proteins primarily by inhib-
iting translation of the target mRNA and in some cases by
inducing rapid decay of the message (6). A study with 76 neo-
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FIGURE 1. miRNA expression profile of tamoxifen-sensitive and tamoxifen-resistant MCF-7 cells. A, shown are the results from cluster analysis. Total RNAs
isolated from three biological replicates of tamoxifen-sensitive MCF-7 cells and tamoxifen-resistant MCF-7 cells (OHTR) were subjected to miRNA microarray
analysis. miRNA expression data were normalized to the average median of all the genes present in the array. miRNAs expressed at least 1.5-fold higher or 50%
lower in OHTR cells compared with MCF-7 cells were considered for cluster analysis. B, shown are the miRNAs that are up-regulated and down-regulated in
OHTR cells. C, validation is shown. Total RNAs isolated from three biological replicates of MCF-7 and OHTR cells were subjected to real-time RT-PCR to validate
differential expression of miR-221, miR-222, miR-181b, miR-21, miR-342, and miR-489. Each assay was done in triplicate, and expression of miRNA was
normalized to snRNA RNU6B. D, the expression of miR-221 and miR-222 was analyzed in HER2/neu-positive and HER2/neu-negative primary human breast
cancer tissues. Total RNAs isolated from formalin-fixed paraffin-embedded tissue sections were subjected to real-time RT-PCR with specific miRNA assay kits.
Expression of snRNA RNU6B was used as normalizer. Normalized expression of the miRNAs was compared between the HER2/neu-positive (HER2/Neu �ve) and
HER2/neu-negative (HER2/Neu -ve) samples using a Whisker plot. The asterisk indicate the outliers. E, total RNAs isolated from MCF-7 and ZR75.1 cells were
subjected to real-time RT-PCR to analyze the expression levels of miR-221, miR-222, and HER2. miRNA levels were normalized to snRNA RNU6B, and HER2 levels
were normalized to 18 S rRNA.
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plastic and 34 normal breast tissue samples revealed altered
expression of several miRNAs that could correctly predict the
nature of the tumor analyzed (7). This study did not, however,
attempt to profile miRNA expression in drug resistance.

Here, we used a cell culture model to determine the miRNA
expression profile of a tamoxifen-resistant cell line that was
subsequently validated in primary human breast cancers. We
further identified a target protein of the highly overexpressed

FIGURE 2. Ectopic expression of miR-221/222 in MCF-7 cells results in increased tamoxifen resistance. A, expression of miR-221 and miR-222 was analyzed
using total RNA isolated from miR-221/222-transfected MCF-7 cells by real-time RT-PCR and normalized to snRNA RNU6B. -Fold increase is shown below the
bars. B, the G418-selected pool of miR-221/222-expressing MCF-7 cells, G418-selected clone 9 (MCF-7/221/222), and the empty vector-transfected MCF-7 cell
pool were treated with 5 �M tamoxifen for 72 h. Cell metabolic activity in the presence of the drug was measured every 24 h using the MTT assay. The metabolic
activity of cells at 0 h was taken as 1. The results are the means � S.D. of triplicate assays. C, vector- and miR-221/222-expressing MCF-7 cells were treated with
0, 15, and 20 �M tamoxifen for 16 h. The cells were photographed using a phase-contrast microscope. O/E, overexpressing. D, whole cell extracts from the
vector- and miR-221/222-transfected MCF-7 cells were separated by SDS-PAGE and probed with antibodies against PARP and caspase-7 that detect respective
intact and cleaved products. The blot was reprobed with anti-Ku-70 antibody to ensure equal protein loading. The signal in each band was quantified using
Kodak Imaging software. Quantification of both caspase-7 and PARP (uncleaved and cleaved) was plotted after normalization to Ku-70. The results are
representative of two independent experiments. E, the vector- and miR-221/222-expressing MCF-7 cells were treated with 20 �M tamoxifen (Tam) for 24 h. The cells
were fixed and stained with propidium iodide, and cell cycle distribution was monitored by flow cytometry in a FACSCalibur. The percentage of apoptotic cells (sub-G1
peak) in vector (Vec)- and miR-221/222-expressing cells is represented in the bar diagram. Similar results were obtained from three independent experiments.
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miRNAs in tamoxifen-resistant
breast cancer and established its
regulatory role in conferring tamox-
ifen resistance.

EXPERIMENTAL PROCEDURES

Cell Culture and Tissue Procure-
ment—Tamoxifen-sensitive MCF-7
cells and 4-hydroxytamoxifen-re-
sistant (OHTR) cells were
obtained from Dr. Kenneth P.
Nephew (Indiana University) and
maintained as described (8).
Before all experiments, MCF-7
and OHTR cells were cultured in
growth medium (minimum essen-
tial medium with 2 mmol/liter
L-glutamine, 0.1 mmol/liter non-
essential amino acids, 50 units/ml
penicillin, 50mg/ml streptomycin,
6 ng/ml insulin, and 10% fetal
bovine serum) in the absence of
4-hydroxytamoxifen for 7 days.
ZR75.1 cells were obtained from
Dr. Brett Hall (Ohio State Univer-
sity) andmaintained in RPMI 1640
medium containing 10% fetal
bovine serum. Primary human
breast samples were obtained
from the Stephanie Spielman Tis-
sue Bank collected under Protocol
2003C0036.
miRNA Microarray—The miRNA

microarray was performed at the
Ohio State University Comprehen-
sive Cancer Center Microarray
Core Facility (see supplemental
“Experimental Procedures” for
details).
TaqMan Reverse Transcription

(RT)-PCR for miRNA Quanti-
fication—Total RNA was isolated
from formaldehyde-fixed paraffin-
embedded unsectioned primary
humanbreastcancer tissuecoreswith
a RecoverAllTM total nucleic acid iso-
lation kit (Ambion) and from the cell
lines with TRIzolTM (Invitrogen),
reverse-transcribed using a Taq-
ManTMmicroRNAreverse transcrip-
tion kit, and subjected to real-time
PCR using a TaqManTM microRNA
assay kit (Applied Biosystems).
Reactions were performed using a
Stratagene Mx3000 instrument in
triplicate. miRNA expression was
normalized to small nuclear RNA
(snRNA) RNU6B as described (9).
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Cell Proliferation Assay—Cells (3000/well) were seeded in
96-well plates and treated with 5 �M tamoxifen in complete
medium after overnight serum starvation. Cell proliferation was
documented using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazoliumbromide (MTT) assay kit (RocheApplied Science).
Apoptosis Assay—Tamoxifen-induced apoptosis was moni-

tored by Western blotting (10) and cell cycle analysis (see sup-
plemental “Experimental Procedures” for details).
Statistical Analysis—Statistical significance was analyzed by

unpaired Student’s t test, and p � 0.05 was considered to be
statistically significant.

RESULTS

DistinctmiRNAExpression Profile Is Associated with Tamox-
ifen Resistance in Breast Cancer Cell Lines—As a first step to
identify differentially expressed miRNAs in tamoxifen-resist-
ant breast cancer, we compared the miRNA profiles of the
OHTR and tamoxifen-sensitive MCF-7 breast cancer cell lines
by microarray analysis. Both cell lines originated from a single
estrogen-responsiveMCF-7 clone (8), and any alteration in the
miRNA expression profile is therefore expected to result from
prolonged tamoxifen treatment. To analyze the microarray
data, the expression of each miRNA was normalized to the
average median of all the genes and compared between the two
cell lines. Using Student’s t test, we obtained a list of differen-
tially expressed miRNAs (p � 0.05) in the OHTR and MCF-7
cells. Unsupervised clustering of significantly deregulatedmiR-
NAs is presented in Fig. 1A. EightmiRNAgenes,miR-221,miR-
222, miR-181, miR-375, miR-32, miR-171, miR-213, and miR-
203, were significantly overexpressed (�1.5-fold) inOHTR cells
compared with MCF-7 cells. In addition, seven miRNAs,miR-
342,miR-489,miR-21,miR-24,miR-27,miR-23, andmiR-200,
were underexpressed (�50%) in OHTR cells (Fig. 1B).

On the basis of maximal alteration in the expression levels in
OHTR cells, we next validated differential expression of three
up-regulated miRNAs (miR-221, miR-222, and miR-181) and
three down-regulated miRNAs (miR-489, miR-342, and miR-
21) by real-time RT-PCR. Normalization of themiRNA expres-
sion levels to snRNA RNU6B revealed 3.5-, 13.2-, and 12.7-fold
increases in the miR-181b, miR-221 and miR-222 levels,
respectively, in OHTR cells compared with MCF-7 cells (Fig.
1C). In contrast, themiR-21, miR-342, andmiR-489 expression
levels in OHTR cells were reduced by 66, 55, and 80% respec-
tively, compared with MCF-7 cells (Fig. 1C).
miR-221 and miR-222 Are Up-regulated in HER2/neu-posi-

tive Primary Human Breast Cancer—The next obvious ques-
tion was whether similar deregulation in miRNA expression

observed in a cell culture model also occurs in primary breast
cancer samples. To address this issue, we studied a panel of
primary human breast cancer samples that were either HER2/
neu-positive or HER2/neu-negative. Because increased expres-
sion and signaling via HER2/neu in breast cancer patients are
associated with poor outcome of endocrine therapy (11), we
used HER2/neu expression as a marker for tamoxifen resist-
ance. Real-time RT-PCR and normalization to RNU6B expres-
sion revealed significant increases in miR-221 (p � 0.029) (Fig.
1D, left panel) and miR-222 (p � 0.0012) (right panel) expres-
sion in the HER2/neu-positive tumor samples compared with
the HER2/neu-negative samples (n � 24). The data obtained
from the patient samples corroborated the data obtained from
the cell culture model of tamoxifen resistance.
We also tested miR-221 and miR-222 expression levels in

similar breast cancer cell lines with a differential expression of
HER2 to support these patient data. A 2.3-fold increase in both
miR-221 andmiR-222 expressionwas seen inZR75.1 cells (high
HER2 expression) compared with MCF-7 cells (low HER2
expression) (Fig. 1E).
Overexpression ofmiR-221 andmiR-222 inMCF-7Cells Con-

fers Resistance to Tamoxifen—Previous studies have reported
increased expression of miR-221 and miR-222 in primary glio-
blastoma (12), papillary thyroid carcinoma (13), and pancreatic
cancer (14). Because the levels of these two miRNAs were also
significantly elevated in HER2/neu-positive breast tumors, we
further explored their role in acquiring resistance to endocrine
therapy. miR-221 and miR-222 were ectopically expressed in
tamoxifen-sensitive MCF-7 cells (MCF-7/221/222), and miR-
221/222-overexpressing cells were selected using G418. We
used the G418-selected pool and a clone (clone 9) derived from
these cells for further studies. Increased expression ofmiR-221/
222 in the G418-selected pool and clone 9 was confirmed by
real-time RT-PCR (Fig. 2A). MCF-7 cells transfected with the
empty vector (MCF-7/Vec) and miR-221/222-overexpressing
cells were treated with 5 �M tamoxifen, and cell viability was
monitored using theMTT assay. The viability of both the miR-
221/222-overexpressing clone and pool in the presence of
tamoxifen was significantly higher than that of theMCF-7/Vec
pool (p � 0.005), demonstrating that miR-221/222 can confer
resistance to tamoxifen in the breast cancer cell line (Fig. 2B).
Because tamoxifen is known to induce apoptosis in breast

cancer cells (15), we explored the potential role ofmiR-221/222
in inhibiting tamoxifen-mediated apoptosis. For this purpose,
we treated miR-221/222-overexpressing MCF-7 cells with
increasing concentrations of the drug and monitored its effect

FIGURE 3. p27Kip1, a target of miR-221/222, imparts tamoxifen sensitivity to MCF-7 cells. A, whole cell extracts from MCF-7 cells, OHTR cells, and miR-221/
222-transfected and vector (Vec)-transfected MCF-7 cells were subjected to SDS-PAGE and probed with anti-p27Kip1 antibody. The membrane was reprobed
with anti-Ku-70 antibody, and p27Kip1 expression was normalized to Ku-70 protein. O/E, overexpressing. B, total RNAs from MCF-7 cells, OHTR cells, and
miR-221/222-transfected and vector-transfected MCF-7 cells were analyzed by real-time RT-PCR with primers specific for p27Kip1 and 18 S rRNA. C, whole cell
extract from the p27Kip1-transfected OHTR cell pool was subjected to Western blot analysis with anti-p27Kip1 antibody and reprobed with anti-Ku-70 antibody.
D, OHTR cells transfected with empty vector and p27 expression vector were treated with 5 �M tamoxifen for 72 h. Cell metabolic activity was measured every
24 h using the MTT assay. The metabolic activity of cells at 0 h was taken as 1. The results are the means � S.D. of triplicate assays. E, vector-overexpressing
(panels A–C) and p27Kip1-overexpressing (D–F) OHTR cells were treated with 0 and 15 �M tamoxifen for 16 h. The cells were photographed using a phase-
contrast microscope. The small arrows in panels G and H indicate autophagosome-like bodies. F, whole cell extracts from the vector-transfected and p27Kip1-
transfected OHTR cells were subjected to SDS-PAGE and probed with antibodies against caspase-7 and PARP. The blot was reprobed with anti-Ku-70 antibody
to normalize protein loading. The signal in each band was quantified using Kodak Imaging software. Quantification of uncleaved and cleaved caspase-7 and
PARP is presented in the bar diagrams. The results are representative of three independent experiments. TAM, tamoxifen.
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on cell morphology under a phase-contrast microscope. The
MCF-7/Vec cells exhibited signs of cellular damage in the pres-
ence of 15 �M tamoxifen that were more pronounced upon
treatment with 20 �M tamoxifen (Fig. 2C). In contrast, both the
miR-221/222-expressing clone and pool showedminimal signs
of cellular damage when treated with 15 �M tamoxifen (Fig.
2C). At 20 �M, the drug-induced cellular damage was signifi-
cantly less in these cells compared with MCF-7/Vec cells (Fig.
2C). These observations can be considered biologically rele-
vant, as themedian in vivo concentration of tamoxifen attained
in breast cancer patients treated with a standard 20 mg/day
dose of tamoxifen was found to be 83.6 �M (16). To prove fur-
ther the differential response of the vector- and miR-221/222-
transfected cells to tamoxifen-induced apoptosis, we moni-
tored caspase-7 and poly(ADP-ribose) polymerase (PARP)
cleavage byWestern blot analysis. Although both caspase-7 and
PARP cleavage increased in MCF-7/Vec cells with increasing
concentrations of tamoxifen (0–20 �M), the cleaved products
were barely detectable in tamoxifen-treated MCF-7/221/222
clone 9 (Fig. 2D). The extent of PARP degradation in the miR-
221/222-overexpressing pool was also reduced by 40% relative
to the MCF-7/Vec cells. It is noteworthy that the level of miR-
221/222 expression in the MCF-7/221/222 pool was consider-
ably diminished compared with that in clone 9, and a dose-de-
pendent effect of miR-221/222 on tamoxifen-induced PARP
cleavage in MCF-7 cells was observed upon ectopic expression
of miR-221/222 (Fig. 2D).
We then quantified the extent of tamoxifen-induced apopto-

sis in these cell lines by flow cytometry (Fig. 2E). Although
14.3% of the MCF-7/Vec cells were apoptotic (sub-G1 peak)
upon tamoxifen treatment, only 1% of clone 9 ((Fig. 2E) and
2.9% of themiR-221/222-overexpressing pool (data not shown)
were apoptotic under the same condition. This series of studies
demonstrated that the miR-221/222 cluster indeed plays a key
role in conferring tamoxifen resistance to MCF-7 cells.
p27Kip1 Protein, a Target of miR-221/222, Is the Effector Mol-

ecule That Regulates Tamoxifen Sensitivity—The cell cycle
inhibitor p27Kip1 is a known target of miR-221/222 (17). Recent
studies have shown that sequestration of p27Kip1 in the cyto-
plasm by Akt-mediated phosphorylation correlates with poor
prognosis of breast cancer (reviewed in Ref. 18). Based on this
information, we hypothesized that the effect of miR-221/222
in augmenting tamoxifen resistance is mediated by the loss
of p27Kip1 protein in breast cancer. Indeed, Western blot
analysis revealed 50% reduction in the level of p27Kip1 in
MCF-7 cells compared with OHTR cells (Fig. 3A). Further-
more, the level of p27Kip1 was reduced by 50 and 28% in
miR-221/222-expressing clone 9 and the G418-selected
pool, respectively, compared with the vector-transfected
cells (Fig. 3A). Real-time RT-PCR analysis showed that the
mRNA level of p27Kip1 was also reduced in these cell lines
(Fig. 3B), indicating that miR-221/222 regulates p27Kip1 at
the level of RNA stability and its translation.
We next determined whether the increased expression of

p27Kip1 in OHTR cells can sensitize the OHTR cells to tamox-
ifen. To test this possibility, we transfected a p27Kip1 expression
vector into OHTR cells and selected a G418-resistant pool for
further studies. The ectopic expression of p27Kip1 was moni-

tored byWestern blot analysis with anti-p27 antibody (Fig. 3C).
The viability of untransfected OHTR cells and the vector- and
p27Kip1-transfected cell pools in the presence of tamoxifen was
analyzed by the MTT assay. A significant loss of cell viability
was observed when p27Kip1 was ectopically expressed in OHTR

cells (p � 0.002) (Fig. 3D).
To investigate further the effect of p27Kip1 in tamoxifen-in-

duced cell death, we examined potential morphological
changes in the vector-transfected and p27Kip1-overexpressing
OHTR cells in the presence of tamoxifen. The cellular damage
of tamoxifen-treated p27Kip1-expressing cells was obvious as
observed under a microscope, whereas such damage was min-
imal in vector-transfected cells (Fig. 3E). To authenticate this
observation, we monitored caspase-7 and PARP cleavage in
these cell lines. Cleaved caspase-7 was detectable only in the
tamoxifen-treated p27Kip1-transfected cells but not in the vec-
tor control (Fig. 3F). Under the same treatment conditions,
PARP cleavage was significantly more pronounced in the
p27Kip1-expressing cells than in the vector-transfected cells at
all concentrations of tamoxifen tested (Fig. 3F). These data
demonstrate that the maintenance of high p27Kip1 levels may
play a key role in the successful endocrine therapy of breast
cancer.

DISCUSSION

Tamoxifen is the current standard adjuvant therapy in
women with estrogen receptor-positive breast cancer. Because
�30% of these tumors are resistant to tamoxifen, there is con-
siderable interest in elucidating the molecular mechanisms of
acquiring resistance to this important anticancer drug.
Although altered expression of miRNAs in primary human
cancers has been used for tumor diagnosis and prognosis, the
potential involvement of miRNAs in induction of drug resist-
ance, particularly tamoxifen resistance, has not been explored.
Recent studies have demonstrated the role of miR-214 in con-
ferring cisplatin resistance in ovarian cancer by targeting PTEN
(19). Similar studies with gemcitabine-resistant cholangiocar-
cinoma showed that inhibition of miR-21 and miR-200b sensi-
tizes cholangiocytes to gemcitabine (20). The present study
showed significantly increased expression of eightmiRNAs and
down-regulation of seven miRNAs in a tamoxifen-resistant
breast cancer cell line compared with a tamoxifen-sensitive cell
line. A finding of considerable clinical significance was the
increased expression of miR-221 and miR-222 in HER2/neu-
positive compared with HER2/neu-negative primary human
breast tumors that are resistant to endocrine therapy. Earlier
studies identified increased expression of miR-221 and miR-
222 as a signature of primary glioblastoma (12), papillary thy-
roid carcinoma (13), and pancreatic cancer (14). Here, we
report for the first time increased expression ofmiR-221/222 as
a potential signature of tamoxifen resistance in breast cancer.
miR-221/222 functions as an oncogene by targeting the cell

cycle inhibitor p27Kip1, thereby controlling cell proliferation
(17, 21). In addition, increased expression of these twomiRNAs
facilitates transit from quiescence to proliferation by targeting
p27 proteins (22). The present study has revealed a relationship
between increased tamoxifen resistance and reduced levels of
p27Kip1 by augmenting miR-221/222 expression, further
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emphasizing the importance of this cell cycle inhibitor in mul-
tifarious biological processes. Interestingly, the elevated
expression of this cell cycle inhibitor has been associated with
diminished apoptosis in small cell lung cancer (23). A small but
reproducible increase in caspase-7 and PARP cleavage in
tamoxifen-treated p27Kip1-overexpressing OHTR cells demon-
strates that apoptosis is involved in the drug-induced death of
these cells. The p27-mediated cell death could also occur by
autophagy (24). Indeed, the presence of autophagosome-like
bodies in the tamoxifen-treated cells (Fig. 3E, panels E, G, and
H) suggests that the pathways leading to both apoptosis and
autophagymay be involved in this process. Although the tumor
suppressor function of p27Kip1 is regulated largely by post-
translational mechanisms rather than by mutation or loss of
heterozygosity, segregating p27Kip1 from the nuclear compart-
ment of carcinomas, including those of breast, thyroid, esoph-
agus, and colon, may lead to an additional growth advantage
(reviewed in Ref. 18). It would be of interest to study potential
alterations in the localization of the low level of p27Kip1 in
tamoxifen-resistant cells, further facilitating their growth in the
presence of this drug.
We have identified other miRNAs that are differentially

expressed in tamoxifen-resistant cell lines. Some of these miR-
NAs could emerge as potential biomarkers of tamoxifen-resist-
ant tumors. Identification of target genes of these deregulated
miRNAs will further enhance our knowledge of tamoxifen
resistance and facilitate design of new therapeutic agents tar-
geting these proteins.
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