Small molecule enoxacin is a cancer-speciﬁc growth
inhibitor that acts by enhancing TAR RNA-binding
protein 2-mediated microRNA processing
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MicroRNAs (miRNAs) are small RNA molecules that regulate gene
expression at the posttranscriptional level and are critical for many
cellular pathways. The disruption of miRNAs and their processing
machineries also contributes to the development of human tumors.
A common scenario for miRNA expression in carcinogenesis is
emerging that shows that impaired miRNA production and/or
down-regulation of these transcripts occurs in many neoplasms.
Several of these lost miRNAs have tumor-suppressor features, so
strategies to restore their expression globally in malignancies
would be a welcome addition to the current therapeutic arsenal
against cancer. Herein, we show that the small molecule enoxacin,
a ﬂuoroquinolone used as an antibacterial compound, enhances
the production of miRNAs with tumor suppressor functions by
binding to the miRNA biosynthesis protein TAR RNA-binding protein 2 (TRBP). The use of enoxacin in human cell cultures and xenografted, orthotopic, and metastatic mouse models reveals a TRBPdependent and cancer-speciﬁc growth-inhibitory effect of the
drug. These results highlight the key role of disrupted miRNA expression patterns in tumorigenesis, and suggest a unique strategy
for restoring the distorted microRNAome of cancer cells to a more
physiological setting.
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icroRNAs (miRNAs) are small noncoding RNAs that inhibit gene expression at the posttranscriptional level. They
are synthesized in the nucleus by RNA polymerase II as long
primary transcripts, called primary miRNAs (1, 2). They are
subsequently cleaved by DROSHA to release hairpin-shaped
precursors of 70–90 nucleotides (premiRNAs) that are transported to the cytoplasm by Ran-GTP/Exportin-5, where DICER1
and TRBP process them to yield a duplex of 19–22 nt. One strand
of the duplex is incorporated into the RNA-induced silencing
complex, which delivers mature miRNAs to their mRNA targets.
The target recognition is based on complementarity of the seed
sequence of the miRNA to a speciﬁc sequence motif within the 3′
UTR of the mRNA target (3).
miRNAs play important roles in several cellular processes, by
simultaneously controlling the expression levels of hundreds of
genes (1, 2, 4). In human cancer, miRNA expression proﬁles differ
between normal tissues, derived tumors, and tumor types (5, 6),
and it has been shown that miRNAs can act as oncogenes or tumor
suppressors (7, 8). Importantly, an miRNA expression proﬁle of
human tumors has emerged that is characterized by a defect in
miRNA production and global miRNA down-regulation (5, 6, 9–
11). Several mechanisms explain this miRNA deregulation in
cancer, such as the failure of miRNA posttranscriptional regulawww.pnas.org/cgi/doi/10.1073/pnas.1014720108

tion (12), CpG island promoter hypermethylation-associated
transcriptional silencing (13–16), transcriptional repression by
oncogenic factors (17), mutational impairment of the TARBP2
miRNA processing gene that codes for the TAR RNA-binding
protein 2 (TRBP) protein (18), and down-regulation of the
DICER1 miRNA biosynthesis gene (19–21). Consistent with these
observations, experimental knockdown and genetic defects in
miRNA-processing machinery genes, such as DICER1 and TRBP,
cause miRNA global depletion and stimulate tumorigenesis (18,
22–25), suggesting that miRNA impairment actively contributes to
cancer development.
Despite the impact of miRNAs on cancer biology, miRNAbased cancer therapy is still in its early stages and mostly limited
to target a single miRNA (26, 27). However, because most
tumors show a global down-regulation of miRNA expression (5,
6, 9–11), restoration of normal miRNA levels might represent an
attractive approach in cancer therapy. Herein, we present an
miRNA-based treatment of malignancies in which enoxacin,
a small molecule proposed to promote RNA interference and
miRNA processing (28), has a powerful cancer-speciﬁc growthinhibitory effect mediated by a TRBP-dependent restoration of
the expression of tumor suppressor miRNAs.
Results
Enoxacin Treatment Has a Cancer-Speciﬁc Growth-Inhibitory Effect.

Despite the enormous potential that a small molecule that
enhances RNA interference might have for cancer therapeutic
purposes, the effects of enoxacin in tumor proliferation have not
been characterized. Thus, we ﬁrst analyzed whether enoxacin
could predominantly act as a cancer growth inhibitor by examining
the effects of the drug in a panel of 12 cancer cell lines from seven
common malignancies. The transformed cell lines studied included
colorectal (RKO and HCT-116), gastric (SNU-1 and SNU-638),
lung (H23, H1299, and A549), breast (MCF-7 and MDA-MB-231),
liver (HepG2), leukemia (KG1a), and lymphoma (RAJI). A
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Fig. 1. Enoxacin treatment has cancer-speciﬁc inhibitory effect. (A) Cell viability assay in 12 cancer cell lines vs. ﬁbroblast cell cultures (Wi-38 and MRC-5) and
normal lymphocytes from healthy donors. (B) Colony formation assay in the described cell lines.

careful median effective concentration (EC50) study was conducted in the colorectal HCT-116 cells and demonstrated that
dose-dependent growth-inhibition effect, with an EC50 of 124 μM
(40 μg/mL) (Fig. S1). Thus, we treated all cancer cell lines with
40 μg/mL of enoxacin continuously for 5 d. We observed a great
decrease in cell viability, measured by the MTT (methylthiazol
tetrazolium) assay, in all cancer cell lines compared with carrier(DMSO, dimethyl sulfoxide) treated cells (Fig. 1A). Most importantly, when we treated two types of normal cells, ﬁbroblast
lines (Wi-38 and MRC-5) and six primary cultures of normal
peripheral blood lympho-mononuclear cells derived from healthy
donors (29), we did not observe any effect on cell viability in any of
these cells upon enoxacin treatment (Fig. 1A), suggesting a cancer-speciﬁc growth-suppressive activity. The antiproliferative
effects of enoxacin were reinforced by the ﬁnding that the clonogenic assay capacity of all of the 10 adherent cancer cell lines
was signiﬁcantly inhibited by drug treatment (Fig. 1B). The cancer-selective inhibitory effect of enoxacin was conﬁrmed by the
absence of clonogenic capacity changes in the normal ﬁbroblast
cells Wi-38 and MRC-5 (Fig. 1B).
Of the cellular biological explanations for the observed growth
inhibition effect, the induction of cell-cycle arrest and/or apoptosis is the most likely. Thus, we assessed the cell-cycle patterns
by ﬂow cytometry in the colorectal cancer cell lines HCT-116 and
RKO. We found that after 72 h of enoxacin treatment, both
cancer cell lines exhibited cell-cycle arrest in the G2/M phase
(Fig. S1). Enoxacin-treated HCT-116 and RKO cells accumulated 55% and 48% cells in G2/M, whereas carrier-treated cells
accumulated 28.5% and 21.2%, respectively (Fig. S1). Immunocytochemistry for cyclin B1 also demonstrated an accumulation of this G2/M marker in the nucleus of enoxacin-treated cells
(Fig. S1). After the arrest in G2/M phase upon enoxacin treatment, massive cell death (91.9%) due to apoptosis assessed by
the APO-BrdU-Tunel assay was observed after 5 d (Fig. S1).
Enoxacin Enhances miRNA Production. One critical matter to address is the characterization of the molecular pathways involved
in the observed cancer growth-inhibitor phenotype mediated by
enoxacin. Enoxacin has been characterized as an enhancer of
RNA interference (28), although this mechanism is not naturally
used by human cells to silence gene expression posttranscriptionally. At this last level of control, other molecules play a
central role in our cells, such as miRNAs (1–3). It was also
suggested that enoxacin might promote the processing of miR2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1014720108

NAs by comparing the level of three precursor miRNAs (premiR-125a, prelet-7, and premiR-30a) (28).
We wondered whether enoxacin could enhance the production
of miRNAs with putative tumor-suppressor functions that would
explain the antitumoral effects of the drug. We have ﬁrst
addressed this question by measuring the production of miRNAs
of cancer cells upon enoxacin treatment. We observed that HCT116 and RKO enoxacin-treated cells featured an overall increase
in the production of 24 mature miRNAs molecules (Fig. 2A) and
a down-regulation of the corresponding precursor miRNA molecules (Fig. S2). Northern blot analyses of the tumor-suppressor
miRNAs let7-a and miR-125a conﬁrmed the enhancement of
miRNA production in enoxacin-treated cells (Fig. S2). The case
of let-7 is particularly exciting because it targets Cdc34 and leads
to Wee1 stabilization and G2/M accumulation (30). Concordantly with these data, we observed that enoxacin use in HCT-116
and RKO cells, in addition to causing G2/M arrest and promoting the processing of let-7, induces Cdc34 down-regulation
and the stabilization of the Wee1 protein (Fig. S2).
We also analyzed the global miRNA expression proﬁle of RKO
cells upon enoxacin treatment by using a comprehensive expression miRNA microarray platform (9). The expression proﬁle of 731
miRNAs demonstrated that, among the differentially expressed
miRNAs (n = 122), enoxacin-treated RKO cancer cells exhibited
an overall up-regulation of miRNAs, 81% (100 of 122), whereas
only 18% (22 of 122) underwent down-regulation. Strikingly, for
the 26 enoxacin-up-regulated miRNAs in which a role in cancer
development has been proposed (31, 32), 84.6% had potential tumor-suppressor features (Fig. S2). Most importantly, the restoration of the expression of tumor-suppressor miRNAs in RKO cells
upon enoxacin treatment was associated with the down-regulation
of their respective target oncoproteins, as we observed for MYC
(let7-a and let7-b) and K-ras (miR-18a*, let7-a, let7-b, miR-143,
and miR-205) (Fig. S2). Interestingly, we did not observe downregulation of tumor suppressor genes regulated by the few oncogenic miRNAs induced by enoxacin treatment, such as the miR-21
target proteins PTEN and PDCD4 (Fig. S2).
Enoxacin Binds to TRBP. It is also important to establish a mechanistic link that could explain how enoxacin promotes miRNA
processing. Once we ruled out the possibility that enoxacin treatment increased the expression of the miRNA machinery proteins
(Fig. S3), a clue about the mechanism was provided by the observation that enoxacin increases the binding afﬁnity of the TRBP
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binding between enoxacin and the TRBP-mutant form (Fig. 2C).
Thus, there is a direct physical interaction between enoxacin and
TRBP that connects the drug and the miRNA-processing pathway.

Fig. 2. Enoxacin enhances miRNA production through binding to TRBP
protein. (A) Expression fold change of 24 quantiﬁed mature miRNAs in HCT116 and RKO colon cancer cell lines upon enoxacin treatment. (B) Antihistidine
protein blot showing expression of TRBPWT and TRBPMut recombinant proteins (Left). Enoxacin steady-state kinetics for binding to recombinant TRBP
wild-type that was immobilized on a CM5 Biacore chip (Center). SPR assay with
chip immobilized TRBPWT and TRBPMut proteins (Right). (C) Isothermal titration data for TRBPWT and TRBPMut with enoxacin. Left shows the calorimetric
titrations for the TRBP wild-type protein, and Center represents the integrated heat values as a function of the protein/enoxacin molar ratio where
the solid line represents the best ﬁt. (Right) TRBPMut fails to bind enoxacin.

protein to prelet-7 (28). TRBP is an integral component of a
DICER1-containing complex, in which it plays a critical role in
miRNA processing (33, 34). Thus, it is possible that the observed
enhancement of miRNA production upon enoxacin treatment is
mediated by a direct effect of the drug on the TRBP protein. Indeed, we have identiﬁed a physical interaction between enoxacin
and the TRBP protein by using two independent methods, surface
plasmon resonance (SPR) and isothermal titration calorimetry. In
the ﬁrst approach, we synthesized the whole TRBP wild-type protein in bacteria, in addition to a TRBP-mutated protein that has
altered amino acids 149–179 and lacks the last 187 amino acids (18)
(Fig. 2B). The binding of wild-type and mutant TRBP proteins to
enoxacin was ﬁrst measured by SPR using the BIAcore CM5 sensor
chip, which analyzes the ratio of actual to theoretical binding resonance units (RUactual and RUtheor, respectively). Enoxacin had an
RUactual to RUtheor ratio of 0.9, signifying monomeric binding of
enoxacin to the immobilized TRBP wild-type protein (Fig. 2B). The
mutant form of TRBP was unable to bind to enoxacin (Fig. 2B). We
calculated an afﬁnity constant (KD) of 12.56 μM for the afﬁnity of
enoxacin for TRBP wild-type by SPR (Fig. 2B). Time-course
experiments conﬁrmed speciﬁc enoxacin binding to TRBP, in
which a sequential reduction of enoxacin concentration reduced
binding response units to the same magnitude (Fig. 2B). The
binding kinetics revealed a very stable interaction with a dissociation constant (Kd) of 2.2 × 10−3 s−1 (Student’s t test P ≤ 0.01) (Fig.
2B). These time-course and kinetics experiments conﬁrmed the
absence of binding of enoxacin to the TRBP mutant form (Fig. 2B).
Most importantly, isothermal titration calorimetry experiments
corroborated the ﬁndings obtained with the SRS BIAcore 2000
assays: The binding of enoxacin to the TRBP wild-type protein was
entropically driven (ΔS = 138.4 J/K·mol−1), whereas there was no
Melo et al.

vestigate an additional link between enoxacin, TRBP protein,
miRNA processing, and cellular growth by taking advantage of
human cancer cells harboring genetic defects in the TARBP2
gene that encodes the TRBP protein (18). The presence of
TARBP2 frameshift mutations in a subset of colorectal, gastric,
and endometrial malignancies causes diminished TRBP protein
expression and a defect in the processing of miRNAs (18). The
reintroduction of TRBP in the mutant cells restores the efﬁcient
production of miRNAs and inhibits tumor growth (18).
Thus, we assessed the effects of enoxacin in a colorectal cancer
cell line harboring an inactivating heterozygous TARBP2 frameshift mutation (Co115), a reconstituted Co115 cell line that it is
stably transfected with the TRBP protein (Co115.TRBPWT), and
a Co115 cell line stably transfected with the inert TRBP mutant
protein (Co115.TRBPMut) (18). In addition, we used another
TRBP-defective model by stably transfecting the colorectal cancer
cell line RKO with a short hairpin that silences the TRBP protein (RKO.shTRBP). We ﬁrst conﬁrmed that the three TRBPimpaired cell lines (Co115, Co115.TRBPMUT, and RKO.shTRBP)
had lower levels of wild-type protein expression than the proﬁcient
cells (Co115.TRBPWT, RKO, and HCT-116) (Fig. S4). We observed that enoxacin administration led to a small reduction in cell
viability in the three cell lines in which TRBP function was defective (Co115, Co115.TRBPMUT, and RKO.shTRBP) (Fig. S4).
Almost no effect on the clonogenic capacity (Fig. 3A) was observed, relative to the marked reduction of cellular growth for both
assays in the TRBP-reconstituted (Co115.TRBPWT) or naturally
proﬁcient cells (RKO and HCT-116) (Fig. S4 and Fig. 3A). The
EC50 value for enoxacin of the TRBP mutant Co115 cells, EC50 =
238 μM (76.2 μg/mL) (Fig. S4), double the one observed in TRBP
wild-type HCT-116 cells (Fig. S1).

Fig. 3. Enoxacin growth-inhibitory and miRNA-enhancing expression is
TRBP-dependent. Colony formation (A) and BrdU-TUNEL (B) assays in TRBPreconstituted (Co115.TRBPWT), TRBP mutant (Co115 and Co115.TRBPMut),
and TRBP-depleted (RKO.shTRBP) cells. (C) Mean of fold change expression
of 24 quantiﬁed mature miRNAs in Co115, Co115.TRBPWT, Co115.TRBPMut,
and RKO.shTRBP cells upon enoxacin use.
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TRBP Mutant Cancer Cells Are Resistant to the Growth-Inhibitory and
miRNA-Processing Effects Mediated by Enoxacin. We decided to in-

We also examined whether the described resistance to growth
inhibition upon enoxacin use in TRBP-impaired cells was reﬂected in the cell cycle. Flow cytometry demonstrated that upon
enoxacin treatment, TRBP-reconstituted cells (Co115.TRBPWT)
exhibited cell-cycle arrest in G2/M phase with an increase from 6
to 38% cells in this stage (Fig. S4). However, enoxacin treatment
of TRBP-impaired cells (Co115, Co115.TRBPMUT, and RKO.
shTRBP) did not signiﬁcantly increase the G2/M cellular fraction
(Fig. S4). The cell-death values followed a similar pattern: TRBPreconstituted cells (Co115.TRBPWT) underwent massive apoptosis (97.7%) after enoxacin use that was not observed in mutant
TRBP cells (Co115, 6.7%) or cells stably transfected with the inert
mutant form (Co115.TRBPMUT, 3.1%) (Fig. 3B). Conversely,
depletion of TRBP in RKO cells (RKO.shTRBP) rendered these
cells more resistant to enoxacin-mediated cell death than the
control cells (RKO) (Fig. S4). Thus, these data imply that the
inhibition of cancer-cell growth, the induction of G2/M cell-cycle
arrest and cell death by apoptosis upon enoxacin use is mediated
by the miRNA-processing protein TRBP.
Following our discovery that enoxacin enhances the overall
production of miRNAs with putative tumor-suppressor functions
in the TRBP-proﬁcient HCT-116 and RKO cells (Fig. 2A and Fig.
S2), we wondered whether cells with defects in TRBP would be
more refractory to the aforementioned effect. We addressed this
matter by measuring the expression levels of the 24 described
mature and precursor miRNAs. Co115 TRBP-deﬁcient cells
display an impaired expression of mature miRNAs that is improved by TRBP transfection (Co115.TRBPWT), but is not enhanced in cells transfected with the TRBP-mutant form (Co115.
TRBPMUT) (18). We observed that enoxacin treatment signiﬁcantly increased the production of mature miRNAs only in
reconstituted Co115 cells, whereas the effect on untransfecteddeﬁcient Co115 cells or those transfected with the inert TRBPmutant form was lower (Fig. 3C and Fig. S5). The same phenomenon was found upon stable depletion of TRBP in the proﬁcient
RKO cell line: The enhancement of miRNA production upon
enoxacin use was lower in RKO.shTRBP (Fig. 3C and Fig. S5). As
expected, a signiﬁcant down-regulation of the corresponding
precursor miRNA molecules upon enoxacin use was observed
only in TRBP-proﬁcient cells (Co115.TRBPWT) (Fig. S5). Thus,
these results reinforce the idea that the small molecule enoxacin
exerts its antiproliferative effects in cancer cells by promoting
miRNA biogenesis in a TRBP-mediated manner.
Enoxacin Inhibits the Growth of Xenografted Cancer Cells by
Promoting TRBP-Mediated Processing of miRNAs. By following the

Fig. 4. Enoxacin-treated xenografted nude mice. (A) Enoxacin treatment on
TRBP wild-type (HCT-116, RKO, and Co115.TRBPWT) and TRBP-impaired
(Co115, Co115.TRBPMut, and RKO.shTRBP) xenograted cells. Tumor weight at
30 d is shown. Arrows indicate the location of the xenografted cells. (B)
Tumors stained for hematoxilin-eosin after excision. TRBP wild-type (RKO,
HCT-116) and reconstituted (Co115.TRBPWT) tumors treated with enoxacin
showed a signiﬁcant increase in necrosis. (C) Mean of fold change expression
of 24 mature miRNAs quantiﬁed by real-time PCR from xenografts treated
with enoxacin or DMSO. (D) Lung (Left) and liver (Right) metastasis after HCT116 colon cancer cell injection in nude mice treated with enoxacin or DMSO.

description above of the antiproliferative effect of enoxacin in
cultured cancer cells, we translated these results to in vivo animal
tumor models. We ﬁrst used xenografted nude mice maintained
for 4 wk with daily i.p. injections of 10 mg/kg enoxacin in 5%
DMSO, or saline solution in 5% DMSO. We found that the
implanted colorectal cancer cell lines RKO and HCT-116 showed
potent tumor-growth inhibition upon enoxacin use (Student’s t
test: P = 3.12 × 10−6 and P = 2.05 × 10−6, respectively) as indicated by tumor weight (Fig. 4A) and growth (Fig. S6). Interestingly, when the stably TRBP-depleted RKO cell line (RKO.
shTRBP) was xenografted, enoxacin treatment was unable to inhibit tumor weight (Fig. 4A) and growth (Fig. S6). The evidence of
TRBP-mediated growth suppression upon enoxacin administration was reinforced by the use of the TRBP mutant cell line Co115.
The weight and growth of the Co115 cell xenografts was almost
unaffected by enoxacin (Fig. 4A and Fig. S6) and Co115 cells
transfected with the mutant TRBP protein (Co115.TRBPMUT)
were equally insensitive (Fig. 4A and Fig. S6). However, Co115
TRBP-reconstituted (Co115.TRBPWT) xenografts experienced
potent growth inhibition (Student t test: P = 6.84 × 10−5), as
reﬂected by tumor weight and growth upon enoxacin treatment
(Fig. 4A and Fig. S6). We next conducted a pathological examination of all xenografted tumors with the different enoxacin and
control treatments. We observed that all TRBP–wild-type tumor
tissues, including RKO, HCT-116, and Co115.TRBPWT, showed
signiﬁcant necrosis upon enoxacin use (Fig. 4B). However, mini-

mal necrosis upon enoxacin use was observed in the TRBP-deﬁcient (Co115, Co115.TRBPMUT, and RKO.shTRBP) xenografts
(Fig. 4B). Most importantly, at the time of sacriﬁce, colon, lung,
liver, and kidney tissues were resected for pathological analysis
and no toxicity was detected in any of the mice used in the assay
(Fig. S6). We wondered whether enoxacin also promoted miRNA
processing in the described xenografted nude mice model. We
found that enoxacin use signiﬁcantly increased the production of
the described 24 mature miRNAs only in TRBP-proﬁcient xenografts (RKO, HCT-116, and Co115.TRBPWT), whereas the effect
in impaired TRBP tumors (Co115, Co115.TRBPMUT, and RKO.
shTRBP) was minimal (Fig. 4C and Fig. S7). Conversely, a signiﬁcant down-regulation of the corresponding precursor miRNA
molecules upon enoxacin use was observed only in TRBPproﬁcient cells (RKO, HCT-116, and Co115.TRBPWT) (Fig. S7).
Overall, these experiments conﬁrm a role for enoxacin as a small
molecule with in vivo and in vitro antiproliferative effects mediated by a TRBP-associated enhancement of miRNA production.
We then decided to investigate the role of enoxacin in the
metastatic process of distal seeding and growth in the two main
organs affected by colorectal cancer dissemination. Thus, we
developed two in vivo experimental HCT-116–based models as
a successful means of obtaining metastases in the liver and lungs
after spleen and tail vein injection, respectively. In both models,
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treatment with enoxacin signiﬁcantly reduced the number of
macro- and micrometastases at mice killing (Fig. 4D and Fig.
S8). Thus, our results also suggest a role for enoxacin in the
inhibition of tumor dissemination.

of cancer showing human-like tumor progression is essential to
develope unique therapeutic approaches. In this regard, models of
orthotopic implantation of primary human tumors may be more
valuable for clinical validation of new drugs than pure s.c. implantation models (35). Thus, we complemented our enoxacin in
vivo mouse studies by generating orthotopic models of implanted
human primary colorectal tumors. On the basis of the aforementioned results about the TRBP-mediated effect of the drug, we
selected a subset of colon tumors that might carry TARBP2
mutations, microsatellite unstable tumors (MSI+) (18). Seven
MSI+ tumors were identiﬁed from a previously established collection of 84 human primary colorectal tumors. The seven MSI+
colorectal tumors were genetically screened for mutations in
TARBP2 and one (14%) had the same TARBP2 mutation as the
colorectal cancer cell line Co115: A deletion in a (C)5 repeat in
exon 5 that creates a premature stop codon and truncates TRBP
(Fig. 5A). The mutation was heterozygous and associated with a
decrease in TRBP protein levels (Fig. 5B). When the seven MSI+
tumors were orthotopically reimplanted in the ceacum of three
nude mice per patient, only three tumors grew: two TARBP2 wildtype (CRC43 and CRC56) and the TARBP2 mutant (CRC64)
(Fig. 5C). When palpable intraabdominal masses for these three
tumors were detected, 60 mice were randomized into two groups:
A control group (n = 10 for each tumor) treated with saline solution supplied with 5% DMSO and a group (n = 10 for each
tumor) treated daily by i.p. injection of a 10 mg/kg enoxacin dose
over 15 d. Notably, we observed that enoxacin caused a signiﬁcant
reduction in tumor weight in the human primary colorectal tumors
with wild-type TRBP (CRC43 and CRC56) at the time of killing,
compared with the DMSO-treated ones (Student’s t test: P =
0.018) (Fig. 5D). Conversely, no signiﬁcant differences in tumor
growth were observed in the TRBP-mutant tumor (CRC64) upon
enoxacin use (Student’s t test: P = 0.26). The careful pathological
examination of the TRBP wild-type tumor tissues (CRC56 and
CRC43) from enoxacin-treated animals showed signiﬁcant necrosis (65% and 72%, respectively) compared with DMSO-treated
mice (5% and 16%) (Student’s t test: P = 0.003 and P = 0.001,
respectively) (Fig. 5E).
Tissue samples from the tumors were also collected for analysis
of miRNA expression proﬁles. Upon enoxacin treatment, we observed increased expression of the 24 studied mature miRNAs
in the TRBPwt implanted colorectal cancer orthotopic primary
tumors (CRC56 and CRC43) relative to DMSO-treated mice
(Student’s t test: CRC56, P = 0.012; CRC43, P = 0.023) (Fig. 5F
and Fig. S9). Importantly, no signiﬁcant changes in miRNA production were detected when the implanted orthotopic TRBPMut
tumor (CRC64) was treated with enoxacin (Student t test: P =
0.78) (Fig. 5F and Fig. S9). As expected, a signiﬁcant down-regulation of the corresponding precursor miRNA molecules upon
enoxacin use was only observed in CRC56 and CRC43 wild-type
TRBP tumors (Fig. S9). Finally, we used the expression miRNA
microarray platform (9) to analyze two primary human orthotopically transplanted tumors (TRBP wild-type CRC43 and mutant
CRC64). The expression proﬁle of 731 miRNAs demonstrated
that, upon enoxacin use, there was an overall up-regulation of
miRNA expression levels in the TRBP wild-type tumor (CRC43)
shifting the microRNAome to a more “normal colon expression
proﬁle” that clustered its miRNA transcriptome within the primary
normal colon mucosa branch (four samples were used) (Fig. 5G).
Among the enoxacin-up-regulated miRNAs in the CRC43 tumor
with a proposed role in cancer, 74% (49 of 66) had potential tumor
suppressor features (Fig. S9). The restoration of the expression of
tumor-suppressor miRNAs in the tumors upon enoxacin treatment
was associated with the down-regulation of their respective target
Melo et al.
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Enoxacin Inhibits the Growth of Human Primary Colorectal Tumors
Orthotopically Implanted in Mice by Promoting TRBP-Mediated
miRNA Processing. The establishment of suitable mouse models

Fig. 5. Orthotopic mouse colorectal cancer model for enoxacin use. (A)
Sequence (C)5 repeat in exon 5 of TARBP2 in CRC56, CRC43, and CRC64 colorectal tumors. (B) Down-regulation of TRBP protein in CRC64 TRBP mutated colorectal tumor by Western Blot. (C) Hematoxilin-eosin staining of
mice ceacum showing normal colon mice mucosa (N) and orthotopic inserted
human colorectal tumors (T). (D) Orthotopic tumors excised from mice
treated with enoxacin or DMSO. (E) Necrosis evaluation of orthotopic
tumors from mice treated with enoxacin or DMSO. (F) Mean of fold change
expression of 24 mature miRNAs from the orthotopic tumors upon enoxacin
or DMSO use. (G) Clustering of the miRNA expression proﬁle of orthotopic
colorectal tumors excised from enoxacin- or DMSO-treated mice compared
with four normal colon tissues. Enoxacin treatment of the CRC43 wild-type
TRBP tumor restores a normal-like miRNA expression proﬁle.

oncoproteins, such as we observed for MYC (let7-a, and let7-b) and
K-ras (miR-18a*, let7-a, let7-b, miR-143, and miR-205) (Fig. S9).
Conversely, we observed a minimal effect on the miRNA expression proﬁle of the TRBP mutant CRC64 tumor upon enoxacin use:
It was unable to “shift” its microRNAome to the normal colon
expression signature branch (Fig. 5G). Only 10 miRNAs (1.3%)
were up-regulated (Fig. S9) and the downstream target oncoproteins of the miRNAs remained unchanged (Fig. S9). These ﬁndings
emphasize the central role of TRBP-mediated miRNA processing
in mediating the cancer-speciﬁc growth-inhibitor effect of enoxacin
reported here.
Discussion
Human tumors have aberrant miRNA expression proﬁles (microRNAomes) that occur in the context of genetic (18, 24, 36) and
epigenetic (13–16) lesions in miRNA loci and the miRNA processing machinery, or associated with upstream events in transforming and growth-inhibitor genes, such as MYC (17). From
a functional standpoint, some of the cancer-related miRNAs can
act as oncogenes or tumor suppressors (7, 8, 31, 32), opening up the
possibility of searching for drugs that might regulate miRNA expression or use artiﬁcial miRNAs as potential antitumoral agents.
Most of the achievements in this area concern miRNAs with
known oncogenic roles. miRNAs can be inhibited in several ways,
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such as using complementary nucleic acid analogs that block the
unique signature of miRNAs (antagomirs) by “base-pairing” (37).
Covalent modiﬁcations of the analog inhibitor include locked
nucleic acids (LNAs) 2′-O-methyl and 2′-O-methoxyethyl (26).
Alternatively, it is possible to use a sponge vector expressing
miRNA target sites to saturate the endogenous miRNA (38). For
miRNAs with tumor-suppressor roles, fewer examples exist, a
prime example being the systemic adeno-associated virus-mediated delivery of miR-26a in a hepatocellular carcinoma mouse
model, which suppresses tumorigenesis (39). Similar results have
recently been obtained in a mouse model of lung cancer and
xenografted prostate tumors for the exogenous delivery of let-7
and miR-16, respectively (40, 41). However, if most human
tumors are characterized by a defect in miRNA production and
global miRNA down-regulation (5, 6, 9–11), it is tempting to
propose that restoring the global microRNAome can also have
a therapeutic effect. This is the same line of reasoning as for DNA
demethylating agents and histone deacetylase inhibitors that,
even without the existence of any target speciﬁcity, have received
clinical approval for the treatment of certain hematological malignancies (42, 43). Enoxacin belongs to the family of synthetic
antibacterial compounds based on a ﬂuoroquinolone skeleton
(44). Fluoroquinolones are commonly used broad-spectrum antibiotics (44) that are relatively nontoxic and inhibit type II DNA
topoisomerase in mammalian cells and bacterial DNA gyrase.
Enoxacin has been used to treat bacterial infections such as urinary
tract infections (45). Most importantly, of 10 ﬂuoroquinolones
analyzed, enoxacin was the only one capable of enhancing RNAi

induced by either shRNAs or siRNA duplexes and of stimulating
miRNA expression (28), suggesting that the miRNA biogenesisenhancing activity of enoxacin does not depend on general ﬂuoroquinolone activity, but rather on the unique chemical structure of
the molecule.
Overall, our data indicate that enoxacin speciﬁcally inhibits the
growth of a broad spectrum of cancer cells by enhancing themiRNA-processing machinery, particularly at the TRBP-mediated
stage. These results also provide a proof-of-concept basis for
identifying further small activators of miRNA biogenesis and
represent a unique step toward the potential application of
miRNA-based therapy in the treatment of human cancer.
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Materials and Methods
Human cancer cell lines were obtained from the American Type Culture
Collection. Total RNA was isolated by TRIzol (Invitrogen). TaqMan MiRNA
assays were used to quantify the levels of mature miRNAs (18). SuperScript III
Platinum One-Step RT-qPCR kit (Invitrogen) was used to quantify precursor
miRNAs (18). miRNA expression study by microarray analysis, protein blotting, and confocal microscopy were developed as described (18). For the in
vivo nude mice xenografts, orthotopics, and lung/liver metastases experiments, 5-wk-old male nu/nu Swiss mice (Harlam) were used. Additional experimental details are provided in SI Materials and Methods.
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