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ABSTRACT: Enoxacin is a small molecule that stimulates
RNA interference (RNAi) and acts as a growth inhibitor
selectively in cancer but not in untransformed cells. Here,
we used alkenox, a clickable enoxacin surrogate, coupled
with quantitative mass spectrometry, to identify PIWIL3 as
a mechanistic target of enoxacin. PIWIL3 is an Argonaute
protein of the PIWI subfamily that is mainly expressed in
the germline and that mediates RNAi through piRNAs.
Our results suggest that cancer cells re-express PIWIL3 to
repress RNAi through miRNAs and thus open a new
opportunity for cancer-specific targeting.

Enoxacin is a member of the fluoroquinolone family with a
history of clinical use in the treatment of various bacterial

infections.1 Although its anti-infection use has declined in favor
of other antibiotics, a resurgence of interest in enoxacin was
prompted by its identification in a large-scale small-molecule
screen as a booster of RNA interference (RNAi) and
microRNA (miRNA) processing in human cells.2 miRNAs
are small, 18−24 nucleotide RNA molecules that post-
transcriptionally regulate gene expression. They are transcribed
as long primary transcripts (pri-miRNAs) and cleaved in the
nucleus by Drosha protein to shorter hairpin precursors (pre-
miRNAs). Once exported from the nucleus to the cytosol, pre-
miRNAs are processed by Dicer protein to yield a short RNA
duplex. One of the strands, called the guide strand, is further
loaded into the AGO1−4 Argonaute proteins of the RNA-
induced silencing complex (RISC) to regulate the stability or
translation of the target messenger RNA (mRNA) by base
pairing between the guide strand and the mRNA’s 3′
untranslated region.3 In addition to its endogenous role in
regulating gene expression, this pathway is largely exploited by
researchers to knock down proteins by RNAi through
exogenously supplied siRNA/shRNAs.
The initial small-molecule screen mentioned above demon-

strated that enoxacin treatment increases the efficiency of
exogenous siRNA- and shRNA-mediated gene silencing.2,4

Additional experiments also revealed increases in endogenous

miRNA levels and rates of miRNA-RISC loading.2,5,6

Importantly, enoxacin strongly inhibits growth and colony
formation in various cancer cell lines, increases their rate of
apoptosis, and reduces primary tumor xenograft growth in nude
mice.5,6 Notably, the anti-proliferative properties of enoxacin
are specific to cancer cells, as both non-transformed cell lines
and primary cells are refractory to enoxacin treatment.5

The miRNA processing stimulatory properties of enoxacin
have been attributed to its binding to TRBP, a Dicer cofactor.5

However, a separate study showed an absence of correlation
between the effect of enoxacin on miRNA levels and TRBP
expression levels.6 Moreover, knockout of TARBP2, the gene
encoding TRBP, in the human HeLa cell line displayed no
effect on Dicer stability, miRNA abundance, or Argonaute
loading compared to the parental cell line,7 suggesting that the
relationship between the microRNA pathway and enoxacin may
be more intricate than anticipated. In addition, the molecular
mechanisms underlying the cancer-specific activity of enoxacin
are not known and warrant further study.
To this end, we sought to engineer a molecular probe to

detect and purify putative targets of enoxacin by bio-orthogonal
chemical ligation.8−12 We first synthesized an alkyne-containing
enoxacin derivative that we named alkenox (Figure 1A). We
introduced the alkyne onto the piperazine moiety. The
compound was conveniently synthesized in one step from
commercially available enoxacin by means of a chemoselective
alkylation in the presence of propargyl chloride and sodium
carbonate (Supporting Information (SI), including Figures S1
and S2). In order to determine whether alkenox retained the
biological properties of enoxacin, we treated MCF7 breast
cancer cells with alkenox in parallel to unmodified enoxacin and
carrier. We measured their effect on cell proliferation with a
MTT colorimetric assay assessing cell metabolic activity (SI).
As shown in Figure S3, enoxacin strongly inhibited cell growth,
with a calculated IC50 (the concentration of drug required to
inhibit cell growth by 50% compared to the carrier) value of
124.2 μM, comparable to the results previously published by
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Melo et al.5 Under the same conditions, alkenox reproducibly
showed a similar though more pronounced effect on cellular
proliferation compared to enoxacin, especially at the lower
doses of the drug (Figure 1B,C). Given that enoxacin activates
the miRNA processing pathway, we next measured the levels of
mature miR-21 and miR-145 in MCF7 cells treated with

alkenox, as previously described.13 Figure 1D shows that
alkenox treatment increases the levels of mature miRNAs,
consistent with the previously described effect of enoxacin.2,5

Alkenox also enhances the efficiency of siRNA-mediated knock-
down similarly to enoxacin (Figure 1D). Together, our data
suggest that alkenox mimics the effects of enoxacin with regard
to both inhibition of cell proliferation and stimulation of the si/
miRNA pathway.
We next sought to determine the cellular localization of

enoxacin. We used a copper(II)-catalyzed click reaction to
covalently attach an azide-conjugated Alexa Fluor 594
fluorophore to alkenox in MCF7 cells, followed by confocal
fluorescence microscopy. Cells treated with carrier or regular
enoxacin without the alkyne group (Figure S4B) were used as
negative controls. The basal background from these cells was
very low under our extensively optimized conditions (SI).
Importantly, we observed a distinct signal from the alkenox-
treated cells (Figure S4), showing that the alkyne group of
alkenox is accessible and reactive within cells. Consistent with
the effect of enoxacin on the RNAi pathway, alkenox was
mainly cytoplasmic, with a clearly outlined nuclear−cytoplas-
mic boundary (Figure S4C). Alkenox staining was not uniform,
with its levels being highest in the regions juxtaposed to the
nucleus (Figures 2A and S4D) and defining spherical structures
(zoom-in, Figure 2A). Furthermore, excess enoxacin signifi-
cantly reduced alkenox staining, suggesting that alkenox and
enoxacin compete for the same target(s) (Figures 2B and S5).
We next localized alkenox in HeLa cells in which both copies

of TARBP2 gene encoding TRBP were inactivated by zinc
finger nuclease technology.7 Alkenox staining did not change in
two independent TRBP knockout clones compared to their
parental cells (Figure S6), suggesting that TRBP may not be
the sole target of enoxacin. Supporting this finding, both TRBP

Figure 1. (A) Molecular structure of enoxacin and its alkyne-
containing derivative, alkenox. (B) MTT proliferation assays in MCF7
cells treated with enoxacin and alkenox (5-day regimen). Shown are
means ± SD relative to carrier. (C) Bright-field microscopy images of
MCF7 cells treated with 125 μM enoxacin, alkenox, or carrier (3-day
regimen). (D) Left: RT-qPCR analysis of miR-21, miR-145, and the
control 5S rRNA from MCF7 cells treated as in (C). Shown are means
± SEM, after normalization to the carrier-treated cells. Right: RT-
qPCR analysis of GAPDH mRNA in MCF7-siNC and siGAPDH cells
treated with 100 μM enoxacin, alkenox, or carrier (24 h). Shown are
averages ± SEM, after normalization to ALAS1, B2M, and siNC
+carrier.

Figure 2. (A) Image of a representative alkenox-treated MCF7 cell
labeled with AF-594 post-treatment (see also Figure S4). (B) Image
showing alkenox [AF-594] in MCF7 cells treated with 50 μM alkenox
and carrier or 200 μM enoxacin (see also Figure S5).
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knockout clones were as sensitive to enoxacin as their parental
cells (Figure S7).
To determine the target(s) of enoxacin, we developed a

Click-qMS method that combines alkenox click pull-downs
from treated cells with quantitative mass spectrometry. This
method is different from classical affinity purification mass
spectrometry (AP-MS) methods that use drugs coupled to
beads to pull down proteins from untreated cellular lysates.14 In
our method, MCF7 cells were treated with enoxacin or alkenox,
lysed in Click-iT buffer, clicked to a biotin-azide, and pulled

down with streptavidin beads (Figure 3A and SI). To eliminate
the high background from biotinylated cellular proteins or
proteins that bind to beads, we performed SILAC (stable
isotope labeling with amino acids in cell culture”)15 (Figure 3A
and SI). Specifically, we treated MCF7 cells grown in “light”
media with enoxacin, and cells grown in “heavy” media with
alkenox. In this combination, the proteins pulled down by
alkenox should have a heavy/light (H/L) ratio significantly
superior to 1. An initial SDS-PAGE and silver stain analysis of
these pull-downs showed a specific band migrating just above
100 kDa, indicated by a red arrow in Figure 3B. Further LC-
MS/MS analysis of the pooled pull-downs identified a total of
4240 proteins, of which 1364 had at least five measurable
heavy/light counts (H/L counts ≥5) (Table S2). The vast
majority of these proteins were not enriched in alkenox versus
enoxacin pull-downs, and only five proteins showed a H/L ratio
>2 (Figure 3C and Table S2). Among these, the protein with
the highest number of peptides and H/L counts, an H/L ratio
of ∼7500, and the expected size of ∼100 kDa was PIWIL3
(Figures 3C and S8). Western blot with a specific anti-PIWIL3
antibody of the pull-down inputs verified that PIWIL3 protein
levels were not affected by growth in “heavy” medium (Figure
3D). Importantly, this Western blot validated by an
independent means the results of our Click-qMS analysis that
PIWIL3 is specifically enriched in the alkenox pull-downs
(Figure 3D).

Figure 3. (A) Click-qMS experimental design (see SI for details). (B)
Silver-stained gel of inputs and pull-downs. Red arrow points to the
alkenox-specific band. (C) Click-qMS results showing distribution of
the 1364 proteins with H/L counts ≥5 (H/L ratio (log 2) on x-axis,
density on y-axis); histogram overlaid with density curve is shown in
blue. Table shows proteins with H/L ≥ 2 (see Table S2 for the
complete list). (D) Western blot with a PIWIL3 antibody of Click-
qMS input and pull-downs.

Figure 4. (A) Western blot analysis of MCF7 cells transfected with
siNC or siPIWIL3. (B) RT-qPCR analysis as in Figure 1D. (C) Bright-
field microscopy of MCF7 cells transfected with siNC and siPIWIL3.
(D) Live confocal microscopy of MCF-7 cells expressing GFP or GFP-
PIWIL3 for 24 h. (E) Confocal fluorescence microscopy as in Figure
2A.
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PIWIL3 is an Argonaute protein of the PIWI subfamily that
is typically testis specific.16 However, as shown by our Click-
qMS results and Figure 4A, PIWIL3 is expressed in the breast
cancer MCF7 cells. While few data sets contain probes for
PIWIL3 mRNA expression, specific antibodies against PIWIL3
have been raised and have shown increased expression of
PIWIL3 protein in tumors compared to normal tissue in
ovarian, colon, and gastric cancer.17−19 We next checked the
effects of depleting PIWIL3 in MCF7 cells (Figure 4A). Knock-
down of PIWIL3 increased miRNA levels (Figure 4A,B) and
induced a growth defect (Figures 4C and S9) similar to
enoxacin treatment. Interestingly, GFP-tagged PIWIL3 also
showed cytoplasmic localization, where it defined spherical
substructures that were reminiscent of those defined by alkenox
(Figure 4D). Finally, the staining of alkenox was severely
reduced in cells depleted for PIWIL3 (Figure 4E), further
validating PIWIL3 as a mechanistic target of enoxacin.
Overall, given that siRNA depletion of PIWIL3 mimics the

effect of enoxacin, enoxacin treatment likely results in a loss of
PIWIL3 activity. Thus, through an unbiased approach using a
clickable drug derivative and quantitative mass spectrometry,
we discovered one of the primary mechanistic targets of
enoxacin as PIWIL3, a member of the PIWI subclade of
Argonaute proteins that mediate RNAi. Our findings suggest
that re-expression of proteins of the piRNA pathway in cancer
cells may repress the miRNA pathway to promote cancer cell
growth. Moreover, our finding explains enoxacin’s specificity to
cancer cells: PIWIL3 is expressed in various cancers,17−19 but is
limited to testis in normal tissues.16 This opens exciting
avenues for the targeting of the piRNA pathway in cancer.
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