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Doxycycline inhibits the cancer stem cell phenotype and epithelial-to-mesenchymal

transition in breast cancer

Le Zhang
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ABSTRACT

Experimental evidence suggest that breast tumors originate from breast cancer stem cells (BCSCs), and
that mitochondrial biogenesis is essential for the anchorage-independent clonal expansion and survival of
CSCs, thus rendering mitochondria a significant target for novel treatment approaches. One of the
recognized side effects of the FDA-approved drug, doxycycline is the inhibition of mitochondrial
biogenesis. Here we investigate the mechanism by which doxycycline exerts its inhibitory effects on the
properties of breast cancer cells and BCSCs, such as mammosphere forming efficiency, invasion,
migration, apoptosis, the expression of stem cell markers and epithelial-to-mesenchymal transition (EMT)
related markers of breast cancer cells. In addition, we explored whether autophagy plays a role in the
inhibitory effect of doxycycline on breast cancer cells. We find that doxycyline can inhibit the viability and
proliferation of breast cancer cells and BCSCs, decrease mammosphere forming efficiency, migration and
invasion, and EMT of breast cancer cells. Expression of stem cell factors Oct4, Sox2, Nanog and CD44 were
also significantly downregulated after doxycycline treatment. Moreover, doxycycline could down-regulate
the expression of the autophagy marker LC-3BI and LC-3BIl, suggesting that inhibiting autophagy may be
responsible in part for the observed effects on proliferation, EMT and stem cell markers. The potent
inhibition of EMT and cancer stem-like characteristics in breast cancer cells by doxycycline treatment
suggests that this drug can be repurposed as an anti-cancer drug in the treatment of breast cancer
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patients in the clinic.

Introduction

Breast cancer (BC) is the leading site of new cancer cases and
second in cancer deaths among women.'? In 2016, it is esti-
mated that among US women there will be 246,660 new cases
of invasive breast cancer, which will result in 40,450 breast
cancer deaths.” Despite effective early detection and anti-
tumor therapies, approximately 10-15% of patients will experi-
ence tumor recurrence with distant metastatic disease,” the
leading causes of death in breast cancer patients.*

Cancer stem cells (CSCs) are a rare population of cells
within a tumor that can give rise to tumors, and possess self-
renewal ability and multi-lineage potency giving rise to the dif-
ferentiated progeny that form the tumor bulk.”> BCSCs are now
thought to be key players in cancer initiation, growth, metasta-
sis, and relapse.’ In the past decades, a great deal of cancer
research has focused on identifying CSCs in different types of
cancers. In breast cancer, studies have identified the CD44"/
CD24 "°“/ESA™ subpopulation of breast cancer cells as being
enriched for BCSCs.® Most importantly, BCSCs have been
shown to have a quiescent phenotype and are resistant to

current standard anti-cancer treatment modalities, such as che-
motherapy and radiation therapy.”'! In addition, recent studies
have found that 2 different and interchangeable populations of
epithelial-like and mesenchymal-like CSCs exist in
BCSCs.'>'>!* Epithelial-like, BCSCs with high aldehyde dehy-
drogenase (ALDH) activity have high proliferative potential,
while mesenchymal-like, CD44"CD24 " BCSCs are quies-
cent and located at the tumor’s invasive front.'* Although great
efforts have been put into identifying drugs that specifically tar-
get this important subpopulation of breast cancer cells, cur-
rently no treatments are approved in the clinic for their impact
on the BCSC population. Therefore, new approaches that effec-
tively eliminate this important subpopulation of breast cancer
cells are needed.

Doxycycline is a tetracycline-derivative wide-spectrum anti-
biotic, which was first approved by FDA in the late 1960s.">"”
Tetracyclines inhibit protein synthesis by interfering with the
binding of activated aminoacyl-tRNAs on the A-site of the 30S
subunit of bacterial ribosomes.” The 30S bacterial ribosome is
homologous to the 28S mitochondrial ribosome in mammalian
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cells, leading to manageable side effects from tetracycline treat-
ment, by inhibiting mitochondrial biogenesis in mammalian
cells.'®' Interestingly, recent studies have demonstrated that
BCSCs rely more on oxidative phosphorylation.”'” We found
that BCSCs produce less lactate and have higher ATP content
and mitochondrial labeling compared to their differentiated
progeny.”’ Supporting a dependency of BCSCs on mitochon-
drial oxidative phosphorylation, more recently, Lamb et al.
found that mammospheres (cell cultures enriched for BCSCs)
highly upregulate mitochondrial proteins,”' and that doxycy-
cline can inhibit mitochondrial biogenesis and the “stem cell”
phenotype of breast cancer cells.”!

However, although Lamb et al. demonstrated an effect of
doxycycline on the CSC phenotype of a panel of different can-
cer cell lines (including 2 breast cancer lines), these observa-
tions were limited to only tumor-sphere forming assays.
Therefore, the mechanism by which doxycycline exerts its
inhibitory effects on the properties of breast cancer cells and
BCSCs remain unclear. We build on the previous studies and
in the present study investigated the inhibitory effect of doxycy-
cline on the growth, migration, invasion, epithelial-to-mesen-
chymal transition (EMT), expression of stem-cell factors and
autophagy in breast cancer cells in vitro.

Materials and methods
Cell culture

The human breast cancer cell lines MCF-7, and MDA-MB-468
were purchased from Chinese Academy of Sciences (Shanghai,
People’s Republic of China). The cells were grown in RPMI-
1640 (Hyclone, Logan city, Utah, USA) containing 10% fetal
bovine serum (FBS) (Hyclone), with penicillin (100 U/mL) and
streptomycin (100 pg/mL). All cells were cultured in a 5% CO,
incubator at 37°C with 5% relative humidity.

Mammosphere cultures

Cells were plated in ultra-low-attachment 6-well plates (Corn-
ing, Acton, MA, USA) at a density of 1x10*/mL, and cultured
in serum-free DMEM/F12 media, supplemented with B27
(1:50; Invitrogen), 20 ng/mL recombinant EGF (Serotec,
Raleigh, NC, USA), 20 ng/mL recombinant bFGF (PeproTech,
Rocky Hill, NJ, USA), 0.4% bovine serum albumin (Sigma),
and 4pg/mL insulin (Sigma). The medium containing the
growth factors was replaced every 3 d. After the formation of
the spheres (day 8), the cells were collected by gentle centrifu-
gation for experiments. For the mammosphere forming effi-
ciency experiments, 1000 cells were plated per well on 6-well
plates and treated with doxycycline at the indicated concentra-
tions or vehicle. 8-10 d later the number of mammospheres per
well was counted and the percent of cells forming mammo-
spheres was calculated.

Cell viability assay

Cells were seeded in 96-well plates at a density of 5000 cells/well.
The cells were incubated with doxycycline at concentrations of 0,
1, 2, 10, 25, 50, 100 and 250 uM for 72 hours. After adding the

solution of the Cell Counting Assay Kit-8 (Sigma-Aldrich) to the
wells, the cells were incubated for another 2 hours. The absor-
bance was measured with a microplate reader at 450 nm. The
amount of the formazan dye, generated by the activated dehy-
drogenases in the cells, was directly proportional to the number
of living cells. Medium alone was used as the blank. The mam-
mosphere proliferation assays were performed in a similar man-
ner. % cell viability = Experimental group optical density (OD)
value / Control group (OD) value x100%. The drug concentra-
tion that inhibited 50% of the growth of control cells (ICsy) was
calculated by SPSS v19.0 software. All experiments were per-
formed 3 times independently.

Flow cytometry analysis

Cells were treated with doxycycline for 72 hours in monolayer
cultures. On day 4, the surviving cells were removed and
stained for CD44 and CD24 expression on the cell surface,
using FITC-conjugated anti-CD44 (BD PharMingen, CA,
USA) and PE-conjugated anti-CD24 antibodies (BD PharMin-
gen) according to the manufacturer’s instructions. After incu-
bation with antibodies for 30 min at 4°C, cells were analyzed
by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA)
and the CD44*CD24 """ BCSC population was estimated via
flow cytometry.

Cell apoptosis analysis

Cells were seeded at 1x10° cells per well in 6-well plates and
allowed to adhere overnight, then treated with different con-
centrations of doxycycline (0 uM, ICs, concentrations of doxy-
cycline) for 72 hours. After washing with phosphate-buffered
saline, the cells were resuspended in 500uL of binding buffer
and incubated with annexin V-FITC/PI (BD Biosciences, San
Jose, CA, USA) following the manufacturer’s instructions. After
incubation for 15 minutes at 4°C, the cells were analyzed using
flow cytometry (BD Biosciences).

Colony formation assay

1,000 cells from MCF-7, and MDA-MB-486 cell lines were
plated in 6-cm dishes and allowed to adhere overnight, then
treated with doxycycline. 14 days later, the colonies were fixed
with methanol and stained with 0.5% crystal violet. Colonies
with over 50 cells were counted under an inverted microscope
(Olympus, Japan). The surviving fraction was calculated
according to the following formula: Surviving Fraction = num-
ber of colonies / number of seeded cells x 100%.
Three biologically independent experiments were performed.

Migration and invasion assays

MDA-MB-468 cells were pretreated for 72 hrs with doxycycline
(ICso concentration of 11.39uM) or vehicle. On day 4, cells
were removed and counted with Trypan blue (Corning, USA).
For the migration assay 30x 10 viable cells were seeded on the
upper layer of non-coated membrane trans-well inserts (pore
size, 8.0um, Merck Millipore). Cells were allowed to adhere in
starvation medium overnight and the next day the inserts were



placed into the lower chambers filled with DMEM (10% FBS)
incubated for 24h at 37°C at 5% CO, atmosphere. 24 hours
later cells on the top of the insert were carefully removed with a
cotton swab. The invasion assay was performed as above, but
Matrigel-coated membranes were used instead. Thereafter, the
inserts were removed and the non-invading cancer cells
remaining on the upper layer were scraped off. Cells that had
migrated or invaded the matrigel and subsequently migrated to
the bottom of the transwell were fixed with 3.7% paraformalde-
hyde for 30min, stained with 1% crystal violet in 2% ethanol
for 30min, then viewed under a Nikon inverted light micro-
scope and photographed. Three biological repeats were per-
formed for each assay.

Quantitative real-time PCR assay

Total RNA was isolated using TRIzol reagent by the standard
protocol (Ambion, Austin, Texas, USA), and the concentration
was determined via 260/280 nm absorbance using a Nanodrop®
ND-1000 spectrophotometer (Thermo Scientific). Reverse tran-
scription reactions were performed using a Takara Kit (TaKaRa
Bio.Inc.) following the manufacturer’s instructions. The real-time
PCR was performed on an ABI PRISM 7900HT Sequence Detec-
tion System. Amplification was performed in a total volume of
20 uL, which contained 10 uL of kit-supplied QuantiTect™
SYBR® Green RT-PCR Master mix (Applied-Biosystems),
0.4 uL of each primer (10 uM), 2L of cDNA (50 ng RNA) and
7.2 nL ddH20. The PCR primer sequences are shown in Table 1.
The PCR cycling parameters were set as follows: 95°C for 5min
followed by 40 cycles of PCR reacting at 95°C for 15s, 60°C for
60s, 72°C for 5min. All measurements were conducted in tripli-
cate wells. GAPDH was used as an internal standard. The AACT
values were calculated from differences between the targeted
genes and GAPDH. Each experiment was repeated 3 times and
averages were calculated. All PCR reactions were repeated 3 times
independently. The relative quantification of the target mRNA
was evaluated using 2~ calculations.

Western blots

The extracted proteins were separated using 10% SDS-PAGE
gels. Blots were incubated at 4°C overnight with the primary
antibodies against NANOG (#4903S, 1:1000, Cell Signaling
Technology), OCT4 (#ab109183, 1:1,000, Abcam), SOX2

Table 1. Primer sequences.

Genes Forward sequence (5'® 3) Reverse sequence (5'® 3')
Nanog TTTGTGGGCCTGAAGAAAACT AGGGCTGTCCTGAATAAGCAG
CD44 CTGCCGCTTTGCAGGTGTA CATTGTGGGCAAGGTGCTATT
E-cadherin ~ ATTTTTCCCTCGACACCCGAT TCCCAGGCGTAGACCAAGA
N-cadherin  AGCCAACCTTAACTGAGGAGT GGCAAGTTGATTGGAGGGATG
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
Sox2 TACAGCATGTCCTACTCGCAG GAGGAAGAGGTAACCACAGGG
Oct4 CTTGAATCCCGAATGGAAAGGG  GTGTATATCCCAGGGTGATCCTC
Snail ACTGCAACAAGGAATACCTCAG  GCACTGGTACTTCTTGACATCTG
Slug TGTGACAAGGAATATGTGAGCC  TGAGCCCTCAGATTTGACCTG
Twist1 GTCCGCAGTCTTACGAGGAG GCTTGAGGGTCTGAATCTTGCT
ZEB1 TTACACCTTTGCATACAGAACCC  TTTACGATTACACCCAGACTGC
c-Myc GATTCTCTGCTCTCCTCGAC TCCAGACTCTGACCTTTTGC
Vimentin TCCAAGTTTGCTGACCTCTC TCAACGGCAAAGTTCTCTTC
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(#3579S, 1:1,000, Cell Signaling Technology), E-cadherin
(#3195, 1:1000, Cell Signaling Technology), N-cadherin
(#ab18203, 1:1000, Abcam), vimentin (#5741, 1:1000, Cell Sig-
naling Technology), LC3B (#2775, 1:1000, Cell Signaling Tech-
nology), and GAPDH (#5714, 1:2000, Cell Signaling
Technology), followed by incubation with secondary antibodies
(Santa Cruz Biotechnology) for 1 h at room temperature, then
detected using ECL Prime Western Blotting Detection Reagent
(GE Healthcare). Images were obtained using Image Lab 4.1.

Results

Doxycycline inhibits cell viability of breast cancer cells and
mammospheres

Cells from the luminal breast cancer line, MCF-7 and the triple-
negative cell line, MDA-MB-468 were treated with increasing
concentrations of doxycycline for 72 hours, and the effect of
doxycycline on cell viability was measured. Doxycycline inhibited
viability of breast cancer cells in a dose-dependent manner with
IC5, values (concentration of drug that inhibits 50% of cell via-
bility relative to untreated cells) for MCF-7 and MDA-MB-468
of 11.39 uM and 7.13 uM respectively (Fig. 1A, solid lines). In
addition, treatment with doxycycline significantly inhibited pro-
liferation of BCSC-enriched mammosphere cultures 72 hours
after a single treatment (Fig. 1A, dotted lines). However, in
agreement with other studies demonstrating that BCSCs are in
general more resistant to anticancer drugs,”* the ICs, values for
BCSC-enriched mammosphere cultures increased by more than
3-fold for both lines (37.5 uM and 29.1 uM for MCF7 and
MDA-MB-468, respectively) (Fig. 1A, dotted curves).

We further confirmed the toxic effect of doxycycline via clo-
nogenic assays. The number of colonies formed in the presence
of ICsy doses of doxycycline were significantly reduced com-
pared to controls in MCF7 and MDA-MB-468 lines (p = 0.0109
and p = 0.0042, respectively, Students paired, 2-tailed t-test)
(Fig. 1B). The inhibition of proliferation of these cells by doxycy-
cline treatment was in part due to the induction of apoptosis.
Exposure to doxycycline for 72 hours resulted in accumulation
of both early (Annexin-VP*/PI"*) and late (Annexin-V?*/PIP*)
apoptotic cells in both cell lines tested (Fig. 1C). Early apoptotic
cells (Annexin-VP**/PI"®) in the doxycycline treated group were
significantly increased compared to vehicle treated groups in
both cell lines (MCF7: p = 0.0054; MDA-MB-468: and p =
0.0021, Students paired, 2-tailed ¢-test) (Fig. 1D).

Doxycycline inhibits stem cell marker expression and
self-renewal in breast cancer stem cells

Next, we investigated the effect of doxycycline on the BCSC
population using a surface marker combination for BCSCs.
The CD44"CD24 " cell population has been shown to iden-
tify a subpopulation of cells in breast cancer enriched for
BCSCs.® Treatment with a single ICs, dose of doxycycline for
72 hours significantly decreased the CD44"CD24~"*"cell pop-
ulation by 51% and 59%, in MCF7 and MDA-MB-468 respec-
tively, compared to untreated cells (p < 0.05, Students paired,
2-tailed t-test) (Fig. 2A). The effect of doxycycline on the puta-
tive CD44"CD24 °"BCSC population was confirmed via
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Figure 1. Doxycycline inhibits cell viability of breast cancer cells. (A) Breast cancer cells propagated as monolayers (differentiated cultures, solid line) or mammospheres
(enriched in BCSCs, dotted line) were treated with the indicated concentrations of doxycycline for 72h. The % viability of cells at each doxycycline dose at the end of treat-
ment was measured using a Cell Counting Assay Kit. The horizontal dotted line represents the value of IC50 (MCF7 and MDA-MB-468 was 11.39 and 7.13uM, respectively).
(B) Doxycycline significantly reduced the number of colonies in both breast cancer cell lines, MCF7 and MDA-MB-468. (C-D) Doxycycline treatment induced both early
(Annexin-Vpo/Pineg) and late (Annexin-Vp,.o/Pis05) apoptotic cell death in both breast cancer lines.

functional mammosphere forming efficiency (MFE) assays, an
assay that is widely accepted as a functional assay for measuring
self-renewal capacity of stem cells.”> We observed that in addi-
tion to inhibiting proliferation of breast cancer cells (Fig. 1A),
doxycycline treatment with ICs, doses also significantly inhib-
ited the self-renewal capacity of BCSCs in both breast cancer
lines as measured by the MFE assay (MFE for MCF7: vehicle,
2.96%, doxycycline, 1.28%, p = 0.0001; MFE for MDA-MB-
468: vehicle, 4.14%, doxycycline, 1.41%, p = 0.0002, Students
unpaired, 2-tailed ¢-test) (Fig. 2B).

In order to further investigate the effect of doxycycline treat-
ment on the BCSC population, we analyzed the gene and protein
expression of stem cell-related factors. A single doxycycline treat-
ment resulted in significant down-regulation of stem cell-related
gene expression after 72 hours, such as nanog octd, sox2,
and c-myc (Fig. 2C). In addition, doxycycline treatment also
inhibited the mRNA expression of cd44 (Fig. 2C). The inhibition
at the gene level of these stem cell factors was accompanied by
lower protein levels after a single treatment with doxycycline
compared to untreated controls (Fig. 2D).

Doxycycline inhibits invasion, migration, and epithelial-
to-mesenchymal transition of breast cancer cells

BCSCs have been shown to have an invading phenotype** there-
fore, next we investigated whether the inhibition of viability by

doxycycline treatment affected the invasion and migration capa-
bilities of breast cancer cells. We performed transwell invasion
and migration assays in the absence and presence of matrigel
basement membrane.”> MCF?7 cells have relatively low migration
and invasion abilities’ therefore, we choose the MDA-MB-468
for these studies. Results showed that a 72-hour pre-treatment
with doxycycline significantly inhibits their invading and migrat-
ing abilities (Fig. 3). Migration and invasion efficiencies were
reduced by 52.08% (p = 0.023) and 52.88% (p = 0.0043,
Students paired, 2-tailed -test) respectively.

Invasion and subsequent migration of cancer cells is
often preceded and mediated by an epithelial-mesenchymal
transition.”” Therefore, we analyzed mRNA expression lev-
els of EMT-related genes in cells treated with doxycycline
and their untreated controls. Doxycycline treatment
resulted in a switch from expressing mesenchymal-related
genes (N-cadherin, vimentin, snail, ZEBI, and Twistl) to
expression of epithelial-related genes (such as E-cadherin)
(Fig. 4A), suggesting a doxycycline-induced conversion to
a mesenchymal-to-epithelial phenotype, otherwise knows
as MET.?® The effect on the mRNA levels of vimentin,
N-cadherin and E-cadherin were confirmed by analyzing
the levels of their protein products. As expected, doxycy-
cline treatment resulted in a suppression of mesenchymal-
associated protein levels (Fig. 4B), such as vimentin and
N-cadherin, with a concomitant increase in the protein
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Figure 2. Doxycycline inhibits self-renewal of breast cancer cells. Doxycycline decreased the % of CD44™CD247°" BCSC population in MCF7 and MDA-MB-468 cells (A), as
well as mammosphere formation efficiency in both lines tested (B). (C) Relative mRNA expression levels of self-renewal related genes are significantly downregulated in
doxycycline treated breast cancer cells. The dotted line represents mRNA expression of non-treated breast cancer cells. (D) Western blot analysis of the stem cell related
genes. (Data are reported as means =+ standard deviation, “p < 0.05, “*p < 0.01) MCF7 and MDA-MB-468 were treated with 11.39 uM and 7.13 uM doxycycline,

respectively.

levels of E-cadherin, a protein associated with an epithelial
phenotype.”’

Doxycycline suppresses autophagy markers

Autophagy has been shown to suppress tumor initiation at an
early stage however, it can also help cancer cells survive under
hypoxia, under-nutrition, antitumor therapies, and other stress
conditions® and is considered a general feature of solid
tumors.’"*> Earlier reports have also demonstrated an impor-
tant role for autophagy in the maintenance of CSCs and metas-
tasis.”>”* Thus, we decided to analyze the effect of doxycycline
on 2 autophagy-related proteins, LC-3BI and LC-3BII, as 2 of
the most specific biomarkers of autophagy with broad tissue

specificities and widely used in autophagy-related studies.’>**

Treatment with a single dose of doxycycline resulted in sup-
pression of protein levels of LC-3BI and LC-3BII in both cell
lines tested (Fig. 5A-B, Students unpaired, 2-tailed ¢-test), sug-
gesting a potential mechanism by which doxycycline treatment
mediates suppression of self-renewal in breast cancer stem cells.

Discussion

An increasing body of evidence demonstrates that breast cancer
cell populations enriched for cells that express “stem cell”
markers have significantly higher tumor-forming capacity,**>*°
and we have recently shown that this subpopulation of breast
cancer cells is important not only for tumor initiation, but also
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Figure 3. Doxycycline inhibits migration and invasion in MDA-MB-468 breast cancer cells. Doxycycline inhibits migration (A) and invasion (B) in MDA-MB-468 breast can-
cer cells in a transwell assay. MDA-MB-468 cells were treated with doxycycline for 72 h with a single dose of 1Cs.
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Figure 4. Doxycycline decreased the EMT phenotype in MDA-MB-468 breast cancer cells. (A) Relative mRNA expression levels of EMT-related genes in doxycycline treated
breast cancer cells. The dotted line represents mRNA expression of non-treated breast cancer cells. (Data are reported as means + standard deviation, *p < 0.05,
**p < 0.01) (B) Western-blot analysis for EMT-related proteins. MDA-MB-468 cells were treated with doxycycline for 72 h with a single dose of ICsy.

propagation.”” It is now believed that elimination of BCSCs is
necessary to achieve long-term tumor control.

These findings have launched an effort for identifying the
Achilles heel of CSCs with the goal of developing anti-cancer
drugs that not only eliminate the more differentiated cells
within tumors, but also effective against the CSC population.
Recently, Lamb et al. used an unbiased quantitative proteomic
profiling to identify the global phenotypic properties of cancer
stem cells (CSCs) that could be targeted across multiple tumor
types. They found that mitochondrial biogenesis was essential
for the anchorage-independent clonal expansion and survival
of CSCs, so this common feature could be utilized to target
CSCs and treat cancer effectively as a single disease of “stem-
ness”.*' Although contradicting evidence exists in the litera-
tures,”>” in agreement with the above studies, CSC have been
shown to depend more on mitochondrial oxidative metabolism
compared to their differentiated progeny in breast cancer and
glioblastoma  multiforme.”>**  Interestingly, ~doxycycline,
a member of the tetracycline family of broad-spectrum antibi-
otics, is known to interfere with mitochondrial metabolism by
interfering with mitochondrial biogenesis,” thus leading to
manageable side-effects.” Therefore, doxycycline has been con-
sidered as a candidate for targeting the populations of cells,
which rely on mitochondrial metabolism, such as BCSCs.”***'
To this effect, Lamb et al. demonstrated an effect of doxycycline
on the ability of breast cancer cells to form mammospheres,”

but these studies did not investigate additional effects of doxy-
cycline on BCSCs and its mechanism of action. Here, we have
extended these findings and demonstrate that doxycycline effi-
ciently inhibits cell proliferation, clonogenicity, invasion,
migration and the expression of stem cell markers as well as
epithelial-to-mesenchymal (EMT) transition markers.

In particular, doxycycline significantly inhibits proliferation
and BCSC self-renewal ability in MCF7 and MDA-MB-468 cell
lines, with ICs, values similar to those reported by Lamb et al.”
Of note, and in agreement with previous findings** serum-free
mammosphere cultures enriched in BCSCs were more resistant
to doxycycline compared to the more differentiated monolayer
cultures propagated in serum-supplemented media (Fig. 1A).
Furthermore, we demonstrated that this old drug was very effi-
cient at eliminating the CD44"CD24 °*"BCSC population as
shown in Figure 2A. The observation that doxycycline can
eliminate the BCSC population identified by the surface marker
profile (CD44"CD24 low) was confirmed by functional mam-
mophere formation assays (Fig. 2B). Finally, the inhibition of
self-renewal of BCSCs by doxycycline was accompanied by a
significant downregulation of stem cell-associated factors, such
as Oct4, Sox2, Nanog, c-myc and CD44 at the gene transcrip-
tional level (Fig. 2C) as well as protein level (Fig. 2D). It should
be emphasized, that since CD44"CD24 "°“BCSCs display a
mesenchymal state with high invasive capacity,'* our results on
the effect of doxycycline on BCSCs mainly apply to the
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Figure 5. Doxycycline inhibits decreases autophagy-related protein levels. LC3BI and LC3BII protein levels were analyzed (A) and measured (B) in MCF-7 and MDA-MB-468
cells after doxycycline treatment. MCF7 and MDA-MB-468 were treated with 11.39 and 7.13 M doxycycline for 72 h, respectively.



mesenchymal-like BCSCs, and that these conclusions do not
necessarily apply to epithelial-like, ALDH-pos BCSCs.'*'>"*

BCSC and EMT contributes to metastasis in breast cancer.”’
EMT refers to the initial stage of invasion and metastasis, dur-
ing the process of metastasis, during which the polarized epi-
thelial cells convert into motile mesenchymal cells.”” The
decrease expression of E-cadherin, which often occurs concur-
rently with increased expression of N-cadherin, is a critical step
in the EMT process. Expression of vimentin represents the
completely dedifferentiated state of tumor cells.”” Recently, Qin
Y et al. reported that doxycycline could reverse EMT and sup-
press the proliferation and metastasis of lung cancer cells.*'
Wan L et al. reported that combination of aspirin, lysine,
mifepristone and doxycycline have an inhibitory effect on the
expression of cell adhesion molecules and cancer metastasis.**
In the present study, we found that doxycycline treated breast
cancer cells have higher expression levels of E-cadherin, accom-
panied with lower expression levels of N-cadherin and vimen-
tin compared to the nontreated cells, indicating a reversal of
EMT (Fig. 3 and 4). These molecular changes were also associ-
ated by changes in migration and invasion ability, which were
significantly inhibited by a single treatment with doxycycline
(Fig. 3).

Evidence supports that autophagy plays double roles in can-
cer development, it acts not only as a kind of cell death form,
but also as a protective mode for the survival of cancer cells,
and can even enhance resistance to antitumor treatment.*>** In
mammals, the expression of membrane-bound microtubule-
associated protein chain 3 (LC3) has 3 isoforms, A, B, and C.
The B isoform, LC3B, which has 2 subtypes, LC3B-I and LC3B-
II, is one of the most specific biomarkers of autophagy.’***
LC3B expression as a common feature of solid tumors is associ-
ated with proliferation, metastasis, and poor outcome.’
Recently, Chen et al. found that LC3B acts as a potential prog-
nostic marker in local advanced breast cancer patients after
neoadjuvant chemotherapy.>’ In addition, a growing number
of studies suggest a link between autophagy and BCSCs.*>***
Guan et al. has reported that BCSCs have a higher autophagic
flux than non-CSC cells***’ and Cufi et al. has demonstrated
that autophagy positively regulates the CD44"CD24™ breast
cancer stem-like phenotype,** and Maycotte et al. reported that
autophagy supports BCSC maintenance by modulating IL6
secretion, and that inhibition of autophagy decreases cell sur-
vival, as well as mammosphere forming efficiency.*® Here, we
report that doxycycline down-regulates the autophagy-related
protein levels of LC-3BI and LC-3BII, suggesting a role for
autophagy in the doxycycline-induced suppression of prolifera-
tion, invasion, and self-renewal of breast cancer cells.

Repositioning of old drugs to new indications is an attractive
approach as it has the potential to save considerable effort and
time involved in the drug development process. Doxycycline is
an FDA-approved antibiotic which has been used to treat a
wide variety of bacterial and parasitic infections for nearly
50 years, and importantly without significant side effects.”'>"®
It has been found that doxycycline can down-regulate DNA-
PK and radiosensitize tumor initiating cells’® and Pulvino et al.
have reported that doxycycline could inhibit tumor growth of
diffuse large B-cell lymphoma.’' In combination with the study
presented here, these studies make doxycycline an attractive
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candidate for repurposing for cancer treatment. In the clinic,
doxycycline has favorable pharmacokinetics with a long serum
half-life (18-22h), when a standard dose of 200mg per day is
administered.”

In summary, our findings support that doxycycline, a FDA
approved drug, can inhibit proliferation of breast cancer cells,
as well as self-renewal of BCSCs. Part of the mechanism of inhi-
bition of self-renewal is due to the suppression of key develop-
mental stem cell factors, such as Oct4, Sox2, Nanog and c-myc.
Importantly, treatment with doxycycline results in inhibition of
EMT, invasion and migration of breast cancer cells, as EMT-
related markers are significantly down-regulated. Finally, doxy-
cycline treatment suppresses autophagy-related proteins, sug-
gesting a role autophagy in the doxycycline-induced effects. In
light of this study it is plausible to envisage clinical treatment
strategies for breast cancer patients that include this old drug to
prevent relapse and metastasis, and improve prognosis of breast
cancer patients.
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