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ABSTRACT

Here, we propose a new strategy for the treatment of early cancerous lesions and
advanced metastatic disease, via the selective targeting of cancer stem cells (CSCs),
a.k.a., tumor-initiating cells (TICs). We searched for a global phenotypic characteristic
that was highly conserved among cancer stem cells, across multiple tumor types,
to provide a mutation-independent approach to cancer therapy. This would allow
us to target cancer stem cells, effectively treating cancer as a single disease
of “stemness”, independently of the tumor tissue type. Using this approach, we
LGHQWL,{HG D FRQVHUYHG SKHQRW\SLF ZHDN SRLQW + D VWULFW GHSHQGHQFH
biogenesis for the clonal expansion and survival of cancer stem cells. Interestingly,
several classes of FDA-approved antibiotics inhibit mitochondrial biogenesis as a
known “side-effect”, which could be harnessed instead as a “therapeutic effect”.
Based on this analysis, we now show that 4-to-5 different classes of FDA-approved
drugs can be used to eradicate cancer stem cells, in 12 different cancer cell lines,
across 8 different tumor types (breast, DCIS, ovarian, prostate, lung, pancreatic,
PHODQRPD DQG JOLREODVWRPD EUDLQ 7KHVH ¢YH FODVVHVY RI PLWRFKRQGL
antibiotics include: the erythromycins, the tetracyclines, the glycylcyclines, an anti-
parasitic drug, and chloramphenicol. Functional data are presented for one antibiotic
in each drug class: azithromycin, doxycycline, tigecycline, pyrvinium pamoate, as
well as chloramphenicol, as proof-of-concept. Importantly, many of these drugs are
non-toxic for normal cells, likely reducing the side effects of anti-cancer therapy.
Thus, we now propose to treat cancer like an infectious disease, by repurposing FDA-
approved antibiotics for anti-cancer therapy, across multiple tumor types. These drug
FODVVHVY VKRXOG DOVR EH FRQVLGHUHG IRU SUHYHQWLRQ VWXGLHVY VSHFL¢F
prevention of tumor recurrence and distant metastasis. Finally, recent clinical trials
with doxycycline and azithromycin (intended to target cancer-associated infections,
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but not cancer cells) have already shown positive therapeutic effects in cancer
patients, although their ability to eradicate cancer stem cells was not yet appreciated.

INTRODUCTION the CSC population.
Here, we show that 4-to-5 different classes of
Next generation sequencing and many other very FDA-approved antibiotics, which inhibit mitochondrial
sophisticated means of mutational analysis have given us biogenesis as an “off-target” effect, can be used to
an incredibly detailed view, or “molecular portrait”, of the eradicate cancer stem cells, in 12 different cancer cell
GLYHUVLW\ RI JHQHWLF PRGL¢FDW lireg \ackysg [BWiffRrert XumoG types (boeast, KBLIS,
development of human cancers [1-5]. ovarian, prostate, lung, pancreatic, melanoma, and
Despite this knowledge of the genomic landscape  glioblastoma (brain)). Thus, future clinical trials for testing
RI FDQFHU LW VWLOO UHPDLQV H[WWKHPHO\FEE) FIXOWHWR RIGVMRMKIRQGULD
what are the primary “driver-mutations”, in the context of ~ in multiple cancer types, are now clearly clinically
a “sea” of many other genetic changes [1-5]. The emerging Wwarranted. Overall, the use of generic antibiotics for
picture is that while a few driver-mutations are common DQWL FDQFHU WKHUDS\ VKRXOG VLJQL
WR FHUWDLQ VSHFL¢{F FDQFHU VXE a/pd8ienycane,DrkingtraimentQn g scoassitperinithe
is fairly unique in its complexity of genetic changes and  developing world.
that several divergent cancer cell clones may also co-exist,
within a single tumor [1-5]. RESULTS
This enormous level of detail and genetic complexity
PDNHV LW H[WUHPHO\ GLI¢(¢FXOW WR GHVLJQ QHZ GLDJQRVWLFV DQG
targeted-therapeutics, to achieve the goals of personalized Qverall approach: Finding an Achilles’ heel in
medl_cme. There are numerous examp_les in cll_nlcal cancer stem cells
practice of how targeting the suspected “driver mutations”
has been disappointing. Cancer control is frequently short
lived, even when these drugs are proven to be effective. Recently, we used an unbiased proteomics approach
For example, the BRAF inhibitor vemurafenib is approved o identify what makes cancer stem cells relatively unique,
for the treatment of patients whose melanoma harborsthe DV FRPSDUHG ZLWK WEXONY FDQFHU FH
V600E mutation, which is thought to be a driver mutation ~ We characterized the proteome of mammo-spheres derived
[6, 7]. However, after treatment with vemurafenib, cancer URP WZR GLIITHUHQW (5 EUHDVW FDC
progression occurs within six months in the vast majority 0&) DQG 7 ' FHOOV > @ ,QWHUHVWLQJ
of these patients with V60OE mutations [6, 7]. MCF7 mammao-spheres show the marked over-expression
Instead, an alternative approach would be to focus of >60 mitochondrial-related proteins, as compared with
on what is common between different tumor types, rather monolayers; nine of these mitochondrial proteins were
than on what is divergent between different cancers. LQ¢QLWHO\ XSUHJXODWHG LQ PDPPR
One common tractable target may be the property of ¢QGLQJV DUH FRQVLVWHQW ZLWK WKH

“stemness” in cancer cells. are anabolic and that they may require mitochondrial
Recently, Tomasetti and Vogelstein showed that the ~ biogenesis for their survival and proliferative expansion
life-time risk of two-thirds of cancers could simply be > @

DFFRXQWHG IRU E\ WKH QXPEHU RI WL P Fpvesitkiphypathesis yare dipegtly, 1ecg we, ook

stem cells undergo cell division [8]. This is consistent DGYDQWDJH RI WKH NQRZQ VLGH HIIHF
with the idea that during aging, somatic mutations may antibiotics. Because mitochondria evolved from bacteria
accumulate in tissue stem cells, driving the formation of ~ that were originally engulfed by eukaryotic cells millions

cancer stem cells [8]. They further concluded that these ©Of years ago (known as the “endosymbiotic theory of
somatic mutations accounted for more cancer cases than Mitochondrial evolution”) [10, 11], many classes of FDA-
HLWKHU LQKHULWHG JHQHWLF GLVH3Reved antipigtigs aciuallyteyget mitpehpndiiavgsd @

risk factors. These observations are also consistent with Mild side-effect, which is well-tolerated in most patients.

the idea that cancer is essentially a disease of “stemness” ORUH VSHFL¢{¢FDOO\ WKH HU\WK
gone awry [7, 8]. chloramphenicol selectively bind to the large subunit of

Based on this rather simple premise, using unbiased the mitochondrial ribosome and inhibit mitochondrial
TXDQWLWDWLYH SURWHRPLF SUR¢ ®ipggnesis, lgy preyanting the tranglatipnofmytgchondrial
on identifying a global phenotypic property of cancer  Proteins, maml_y related to the _mltochondnal OXPHOS
stem cells (CSCs) that could be targeted across multiple complexes (Figure 1A). Similarly, the tetracyclines
WXPRU W\SHV :H KDYH LGHQWL:;HBQ®KICAFSOR\EPUWHWOERIVK ELQG ZLW
strict dependence on mitochondrial biogenesis, for the small subunit of the mitochondrial ribosome and inhibit
anchorage-independent clonal expansion and survival of ~mitochondrial biogenesis as well (Figure 1A).
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Thus, these four large classes of antibiotics
all function as known inhibitors of mitochondrial
biogenesis in mammalian cells. This would allow us to
use these antibiotics as “investigational tools” to assess
if mitochondrial biogenesis is absolutely required for
the survival and propagation of cancer stem cells. If
successful, these FDA-approved antibiotics could then
be re-purposed for the treatment of cancer, to achieve the

eradication or more effective elimination of cancer stem
cells (Figure 1B).

If mitochondrial biogenesis is indeed required for
the propagation of all cancer stem cells, then this new
therapeutic approach could be applied across multiple
cancer types, perhaps in a mutation independent fashion.
In essence, we would be treating cancer based instead on
a common global phenotypic property that is characteristic

A
Bacterial Mitochondrial
Ribosomes (70S) Ribosomes (55S)
Tetracycline Tetracycline
Erythromycin Glycyleycline Erythromycin Glycyleycline
Chloramphenicol Chloramphenicol
Primary Target Manageable Side-Effects
B
Re-purpose
FDA-Approved
Antibiotics
Target
Mitochondrial
Biogenesis cHy
He MNANS "‘;70 5
‘ {\/&NW o”\r—.—fo”"o\—..)\o
. T e Y
Eradicate AN { > 'S
Cancer Stem = 2
Cells c

Figure 1: Treating cancer like an infectious disease, with antibioticRecently, using unbiased proteomics analysis, we showed

that mitochondrial proteins were highly upregulated in MCF7 and T47D tumor-spheres, as directly compared with monolayer cells.
Thus, we set out to test the hypothesis that tumor-sphere formation was strictly dependent on mitochondrial biogenesis. Interestingly,
several known classes of FDA-approved antibiotics function as inhibitors of mitochondrial biogenesis, which results in manageable side-
effects. (A) Bacterial and mitochondrial ribosomes are closely related. Erythromycins and chloramphenicol target the large mitochondrial
ribosome, while tetracyclines and glycylcyclines target the small mitochondrial ribosomes, because of conserved similarities with bacterial
ribosomes. (B) Examples of FDA-approved antibiotics are shown. The structures of erythromycin (a) and tetracycline (b) are shown, along
with pyrvinium pamoate (c). Here, we tested the hypothesis that these different classes of FDA-approved antibiotics could be re-purposed
for the targeting of mitochondrial biogenesis and the eradication of cancer stem cells.
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Table 1: Twelve Cancer Cell Models with Broad Applicability

Cancer Types Cell Lines

Breast (ER+) MCF7

T47D
Breast (ER-) MDA-MB-231
DCIS MCF10.DCIS.com (“pre-malignant”)
Ovarian SKOV3

Tov21G

ES2
Prostate PC3
Pancreatic MIA PaCa2
Lung A549
Melanoma A375
Glioblastoma U-87 MG

12 Cell Lines Representing 8 Different Types of Cancer.

of cancer stem cells, allowing this approach to be more
broadly applied perhaps to any cancer type (Figure 2).

The Erythromycins: Azithromycin as an example

Azithromycin is a macrolide antibiotic that is
currently used for the treatment of many types of bacterial
infections. Azithromycin is a derivative of erythromycin,
and is generally more potent and is more slowly eliminated
than erythromycin, allowing infections to be treated
relatively quickly, over 3-to-5 days. Overall, it shows
broad-spectrum anti-bacterial activity. Mechanistically,

Figure 2: Treating cancer phenotypically as a single
disease of increased “stemness” Developing a
mutation-independent approach to cancer therapy.
One idea is that we could potentially treat cancer as a single
disease, if we could identify a global phenotypic characteristic
that is conserved across multiple cancer types. For this purpose,
we focused on tumor-initiating cells (TICs), a.k.a., cancer stem
cells (CSCs), as they share many common properties, such as
anchorage-independent growth, i.e., tumor-sphere formation
under low-attachment conditions. This global phenotypic
property appears to be functionally dependent on increased
mitochondrial biogenesis.

azithromycin inhibits bacterial growth by preventing
protein synthesis. Azithromycin directly binds to the

6 VXEXQLW RI WKH EDFWHULDO ULEF
inhibits the translation of MRNA species into protein.
Importantly, the 50S bacterial ribosome is homologous the

6 PLWRFKRQGULDO ULERVRPH ,Q IDFW
ribosomal subunits have directly-related mitochondrial
homologues in eukaryotic cells. As such, erythromycin-
related antibiotics, e.g., azithromycin, behave as inhibitors
of mitochondrial biogenesis.

7KXV DV D ¢UVW VWHS ZH FKRVI
HI¢FDF\ RI DJLWKURP\FLQ )RU WKLV S
was tested for its ability to inhibit mammo-sphere
formation using MCF7 and T47D cells, over a range of
concentrations. Interestingly, in MCF7 cells, azithromycin
inhibited mammo-sphere formation with an IC-50 of ~50
MM; similar results were also obtained in T47D cells
(Figure 3).
$V D FRQVHTXHQFH RI WKHVH SRVLW

tested the ability of azithromycin to inhibit tumor-sphere
formation in a wide-variety of cell lines derived from
many different tumor types, including ER(-) breast cancer,
ovarian, lung, pancreatic, and prostate cancer, as well as
melanoma (summarized in Table 1). For simplicity, we
used a single concentration of 250 uM. Figure 4 (panels A
and B) directly shows that azithromycin inhibited tumor-
sphere formation in these 8 additional well-established
cell lines, representing 6 different cancer types. Thus,

Figure 3: Azithromycin dose-dependently inhibits
tumor-sphere formation in MCF7 and T47D cells,

two commonly used ER(+) breast cancer cell lines.
Azithromycin was initially tested over the range of 50 pM to
250 pM. Note that 250 uM was the most effective. (*)p <0.001.
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azithromycin was effective against
formation in all 10 cell lines tested.

tumor-sphere

The Tetracyclines: Doxycycline provides proof-of-
concept

Tetracycline is a broad-spectrum antibiotic that
is commonly used for the treatment many bacterial
infections, and functions as an inhibitor of protein synthesis
in bacteria. Today, it is mainly used for the treatment of
acne. However, the term “tetracyclines” is also used to

describe a class of related semi-synthetic derivatives, that
all contain the same chemically-conserved four-member
ring structure, that is characteristic of tetracycline.
Tetracyclines show bacterio-static activity against nearly
all aerobic and anaerobic bacteria, including both Gram-
positive and Gram-negative types. Tetracyclines inhibit
protein synthesis by preventing the binding of activated
aminoacyl-tRNAs to the A-site on the 30S subunit of
bacterial ribosomes. As such, they reversibly inhibit the
addition of new amino acids to the growing polypeptide
chain, during protein synthesis. Importantly, the 30S
bacterial ribosome is homologous the 28S mitochondrial

Figure 4: Azithromycin inhibits tumor-sphere formation in eight other cell lines, derived from diverse cancer types.

YRU VLPSOLFLW\ WKH HI¢{FDF\ RI
RYDULDQ FDQFHU FHOO OLQHV >6.29

(6

DILWKURP\FLQ ZDV WHVWHG DW D FRQFHQWUDWLR
@ SURVWDWH >3& @

TRY *@ % /XQJ >$
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ribosome, accounting for the manageable side-effects of
the tetracyclines. As a consequence, tetracycline-based
antibiotics are inhibitors of mitochondrial biogenesis.
Doxycycline is a tetracycline-derivative with markedly
LPSURYHG HI,FDF\ DQG VWDELOLW
DSSURYHG LQ WKH ODWH V QHDU

7KXV ZH QH[W HYDOXDWHG W
tetracycline-based  antibiotic, doxycycline.  More
VSHFL;FDOO\
mammo-sphere formation using MCF7 and T47D cells,
over a large range of concentrations, from 1 uM to 250
pM. Interestingly, in MCF7 cells, doxycycline inhibited
mammo-sphere formation with an IC-50 between 2 and 10
UM; virtually identical results were also obtained in T47D
cells (Figure 5).

We then tested the ability of doxycycline to inhibit
tumor-sphere formation in a broad panel of cancer cell
lines derived from many different tumor types (Table 1).
For simplicity, we used a single concentration of 50 pM.
Figure 6 (panels A and B) directly shows that doxycycline
inhibited tumor-sphere formation in all of these well-
established cell lines. Thus, doxycycline was effective
against tumor-sphere formation in all 10 cell lines tested,
across 6 different cancer types.

Figure 5: Doxycycline dose-dependently inhibits
tumor-sphere formation in MCF7 and T47D cells,
two commonly used ER(+) breast cancer cell lines.
Doxcycline was initially tested over the range of 1 uM to 250
MM. Note that 50-to-100 uM was the most effective. (*)p <0.001.

7KH *O\F\OF\FOLQHV 7LJHF\FOLQH

The glycylcyclines are a relatively new antibiotic

%I)aéz EPE(S %\e Ef&é%@t% L);[h tetracyclines. The

%chﬁ!lpe If‘jf'ﬁt.\alncﬁ'l h%vlbﬁve essentially the same

mechanism of action as the tetracyclines, as they prevent

GR[\F\FOLQH ZDV WHYV \Rﬂﬁt{?”"’}' ‘UOEW yﬁ;&;;ié'g_a@f{h V\}‘ﬁraﬁ:ﬁ"gg%ﬁw

glycylcyclines bind to t erial riboso

thereby inhibiting the binding of a given aminoacyl-tRNA
to the A-site of the ribosome. Importantly, it appears that
glycylcyclines bind more tightly to the ribosome, than
the tetracyclines. Currently, tigecycline is the only FDA-
approved glycylcycline. Similarly, the glycylcyclines are
inhibitors of mitochondrial biogenesis.

Interestingly, quantitatively  similar  results
were obtained with tigecycline, as compared with
doxycycline, showing that it also has the capacity to
inhibit tumor-sphere formation, across all 10 cell lines

GHVLIJQHG WR '

WHVWHG 7LJHF\FOLQH ZDV (UVW WHVYV

mammo-sphere formation using MCF7 and T47D cells,
over a concentration range, from 10 pM to 50 pM.
Interestingly, in both MCF7 and T47D cells, tigecycline
inhibited mammo-sphere formation with an IC-50 between
10 and 25 uM (Figure 7). For simplicity, we used a single
concentration of 50 pM, in all eight other cell lines, which

VLIQL:{FDQWO\ LQKLELWHG WXPRU VSKF

Anti-parasitc drugs: Pyrvinium pamoate

Pyrvinium is a cyanine dye, which is an FDA-
approved anti-helmintic drug, that has been used to treat
pinworms, as well as strongyloidiasis in humans. It was
UVW DSSURYHG E\ WKH )'$ LQ
of enterobiasis, and is known to act as an inhibitor of
mitochondrial oxidative phosphorylation (OXPHOS),
under both normoxia and hypoxic conditions. Several
forms of pyrvinium have been prepared, with different
DQLRQV +HUH ZH WHVWHG WKH
pamoate. We used this approach to further validate that
mitochondrial function was indeed critical for the survival
and propagation of cancer stem cells.

For this purpose, pyrvinium pamoate was tested for
its ability to inhibit mammo-sphere formation using MCF7
and T47D cells, over a range of concentrations, from 1 nM
to 500 nM. Interestingly, in both MCF7 and T47D cells,
pyrvinium pamoate inhibited mammo-sphere formation
ZLWK DQ ,& EHWZHHQ a WR QO

As such, we next tested the ability of pyrvinium
pamoate to inhibit tumor-sphere formation in a wide-
variety of cell lines derived from many different tumor
types (listed in Table 1); we used two concentrations of
250 nM and 500 nM. Figure 10 (panels A and B) illustrates
that pyrvinium pamoate inhibited tumor-sphere formation
across the entire cell line panel; pyrvinium pamoate was
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Figure 6: Doxycycline inhibits tumor-sphere formation in eight other cell lines, derived from diverse cancer typeSor
VLPSOLFLW\ WKH HI¢FDF\ RI GR[\F\FOLQH ZzDV WHVWHG DW D FRQFHQWUDWLRQ RI
FDQFHU FHOO OLQHV >6.29 (6 TRY *@ % /XQJ >$% @ SURVWDWH >3& @ PHODQR
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effective against tumor-sphere formation in all 10 cell
lines tested, in the nano-molar range.

(l¢FDF\ RI IRXU FODVVHYV RI DQWLELI%_W

and Glioblastoma CSCs

7R
of antibiotics, we also determined their effectiveness in
inhibiting tumor-sphere formation using two other well-
established cell lines. One was a DCIS-based human cell
line, namely MCF10.DCIS.com, which is often used to
model pre-malignant mammary lesions in breast cancer
patients. The other was derived from one of the most
malignant and aggressive tumor types, glioblastoma (brain
cancer; U-87 MG).

Figure 11 (panels A and B) shows that all four

Evaluating possible toxicity in “bulk” cancer cells
DQG QRUPDO (EUREODVWYV

0 e\lfaﬁjg\/te é] p%é‘s%lt\a/ t\o/\>/(icit§Ldf60ur approach on

"EXON” FDQFHU FHOOV DQG QRUPDO ¢ E!
MCF7 cell monolayers and ii) hTERT-immortalized skin

IXUWKHU DVVHVV WKH HI,{FDFAERIRERBYM VR X 6 ODWWHWVHG WKHLU

assay. For these experiments, we focused on two drugs,
namely doxycycline and pyrvinium pamoate.

For doxycycline, we used a concentration range
from 50 pM to 500 pM. Note that there was little or no
toxicity observed in MCF7 cell monolayers or hTERT-
%- ¢EUREODVWV RYHU WKLV HQWLUH 1
and B). Importantly, 50 uM doxycycline reduced MCF7
PDPPRVSKHUH IRUPDWLRQ E\ !
there is no toxicity for MCF7 cell monolayers or normal

)LJ

FODVVHV RI DQWLELRWLFV VLIQL¢FREWRE Q QX WAL VDG DIV X¥RRQF M Q MHIDHW LR Q

formation in both DCIS.com and U-87 MG cells. Thus,
our approach can also be used to target both pre-malignant
lesions, such as DCIS, or even the most invasive and
aggressive cancer types, such as glioblastoma.

Importantly, azithromycin, doxycycline, and
tigecycline are all known to cross the blood-brain barrier,
making the treatment of brain cancer with these antibiotics
feasible.

Figure 7: Tigecycline dose-dependently inhibits
tumor-sphere formation in MCF7 and T47D cells,
two commonly used ER(+) breast cancer cell lines.
Tigecycline was initially tested over the range of 10 uM to 50
MUM. Note that 50 pM was the most effective. (*)p <0.001.

eliminates CSC expansion (and even at 10X times higher).

For pyrvinium pamoate, we used a concentration
range from 500 nM to 5 uM. Importantly, there was
little or no toxicity observed in MCF7 cell monolayers
RU K7(57 %- ¢EUREODVWY )LJXUH
Interestingly, 500 nM pyrvinium pamoate reduced MCF7
PDPPRVSKHUH IRUPDWLRQ E\ !
there is little or no toxicity for MCF7 cell monolayers or
QRUPDO ¢EUREODVWY DW D FRQFHQWU
expansion (and even at 10X times higher).

Importantly, we observed very limited toxicity,
which is consistent with fact that these are well-tolerated
antibiotics that are already FDA-approved for patient
therapy, but are normally used in the context of infectious
disease.

YLIX

Chloramphenicol

Chloramphenicol is a bacterio-static antibiotic used
for the treatment of a number of bacterial infections,
ZKLFK ¢UVW EHFDPH DYDLODEOH LQ \
typical broad-spectrum antibiotic. Like the eyrthromycins
and the tetracyclines, it functions as an inhibitor of protein
synthesis, by binding to the 50S bacterial ribosomal
subunit, thereby inhibiting peptide bond formation.
ORUH VSHFL¢FDOO\ LW LQKLELWY SHS!'
preventing protein chain elongation. Similarly, in
mammalian cells, chloramphenicol behaves an inhibitor
of mitochondrial biogenesis.

7KXV ZH FKRVH WR HYDOXDWH
chloramphenicol and determined its ability to inhibit
mammo-sphere formation using MCF7 cells, over a range
of concentrations from 10 pM to 1 mM. Interestingly, in
MCF7 cells, chloramphenicol inhibited mammo-sphere
formation with an IC-50 of ~200 uM (Figure 14). As
such, we have now shown that four independent antibiotic
inhibitors of mitochondrial biogenesis (azithromycin,
doxycycline, tigecycline, and chloramphenicol) all
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Figure 8: Tigecycline inhibits tumor-sphere formation in eight other cell lines, derived from diverse cancer typesor
VLPSOLFLW\ WKH HI{(FDF\ RI WLIJHF\FOLQH ZzDV WHVWHG DW D FRQFHQWUDWLRQ RI
FDQFHU FHOO OLQHV >6.29 (6 TRY *@ % /XQJ >$% @ SURVWDWH >3& @ PHODQR
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effectively inhibit mammo-sphere formation. However, of up to 4-to-6 months or more (200 mg per day).
chloramphenicol was the least potent of the mitochondrial  Doxycycline also encourages the growth of normal stem

inhibitors that we tested. FHOOV KDV DQWL LQADPPDWRU\ SURSH
lifespan, in certain experimental contexts [12-14]. Thus,
DISCUSSION the toxic side effects of anti-cancer therapy would be
minimized.
Here, we showed that 4-to-5 different classes of Doxycycline has also been used in human tumor

FDA-approved antibiotics can be used to selectively target [HQRJUDIWY DQG RWKHU DQLPDO PRGHC
CSCs, across multiple tumor types. Mechanistically, these ~ tumor burden and even metastatic cancer cell growth [15-
antibiotics converge on three main mitochondrial targets, ~ 20]. For example, in pancreatic tumor xenografts (with
as summarized in Figure 15. Thus, molecular disruption ~PANC-1 cells), doxycycline treatment reduced tumor
of mitochondrial biogenesis or OXPHOS would be a JURZWK E\ a > @ ,Q D [HQRJUDIW
novel therapeutic strategy for the eradication of CSCs. cancer bone metastasis (with MDA-MB-231 cells),
$V D UHVXOW RXU ¢QGLQJV KDY H dexyercling trqapnsih reguses poreynpd heperassociated
the initiation of new clinical trials, for the re-purposing VRIW WLVVXH WXPRU PDVV E\ ! DQG
of antibiotics for the treatment of various cancer types, > @ +RZHYHU LWV DQWL FDQFHU DF!
inc|uding “pre-ma”gnant" and advanced metastatic the inhibition of matriX-meta”OprOtEinases (MMPS),
disease. rather than the targeting of mitochondrial biogenesis, and

This new therapeutic strategy takes advantage of doxycycline has not been previously implicated in the
the manageable side-effects of these antibiotics, which Selective eradication of cancer stem cells [15-20].

affect eukaryotic mitochondria, although these compounds 2XU UHVXOWYV DUH FRQVLVWHQW ZL
are currently used for the broad-spectrum treatment of that metformin, a widely used anti-diabetic drug, which
bacterial and parasitic infectious diseases. functions as a mitochondrial inhibitor, can also be used to

In this regard, doxycycline is relatively attractive  Selectively target CSCs [21, 22]. Metformin functionally
as a new anti-cancer agent, as it has a long half-life inhibits OXPHOS by targeting complex | of the electron
systemically and has been used successfully for the long- transport chain and can even induce lactic acidosis,
term treatment of patients with urinary tract infections ~ a@s a lethal side effect [21, 22]. As a result, the use of

(UTI), prostatitis or acne, for extended periods of time, ~ antibiotics, such as doxycycline, may provide a safer and
far more effective alternative to anti-cancer therapy with

metformin.

Our global phenotypic approach to target cancer as
a single disease of stemness, may also help to avoid drug
resistance. We speculate that genetic changes (oncogenic
PXWDWLRQV DPSOL,{FDWLRQV GHOHWL
loss) all converge on “stemness” in tumor-initiating
CSCs (Figure 16), driving tumor recurrence, metastasis
and drug resistance. Thus, it would be advantageous to
phenotypically target “stemness” directly, instead of
targeting individual genetic changes, in different cancer
types. This would allow the treatment of cancer in a
mutation-independent fashion.

Finally, recent clinical trials with doxycycline
and azithromycin (intended to treat cancer-associated
infections, but not cancer cells) both show positive
therapeutic effects in cancer patients, although their
selective effects on eradicating cancer stem cells were
not yet known or appreciated [23-26]. These trials were
performed on advanced or treatment-resistant patients
with B-cell lymphoma (doxycycline) or lung cancer
(azithromycin), respectively [23-26]. For example, in
OXQJ FDQFHUV D]JLWKURP\FLQ VLJQLF
SDWLHQW VXUYLYDO IURP W R D C

cells, two commonly used ER(+) breast cancer cell [26]. Interestingly, it was noted that even lymphoma
lines. Pyrvinium pamoate was initially tested over the range of SDWLHQWV WKDW ZHUH *EDFWHULD IL

1 nM to 500 nM. Note that 250 nM and 500 nM were the most & 3-week course of dOXyCyC_”ne therapy, and showed
effective. (*)p <0.001. complete remission of the disease [27]. These results

Figure 9: Pyrvinium pamoate dose-dependently
inhibits tumor-sphere formation in MCF7 and T47D
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Figure 10: Pyrvinium pamoate inhibits tumor-sphere formation in eight other cell lines, derived from diverse cancer

types. )RU VLPSOLFLW\ WKH HI,(FDF\ RI S\UYLQLXP SDPRDWH ZDV WHVWHG DW D FRQF
EUHDVW >0'$ 0% @ DQG RYDULDQ FDQFHU FHOO OLQHV >6.29 (6 TRY *@ % /X
pancreatic [MIA PaCa2].
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Figure 11: Four FDA-approved antibiotic classes also inhibit tumor-sphere formation in DCIS and glioblastoma cell
lines. Antibiotics were tested at the following concentrations: azithromycin (250 uM), doxycycline (50 pM), tigecycline (50 uM), and
pyrvinium pamoate (250 and 500 nM). Note that all four antibiotics classes inhibit tumor-sphere formation, in both DCIS and glioblastoma

cell lines. (A) DCIS.com; (B) U-87 MG. (*)p <0.001.
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Figure 13: Pyrvinium pamoate does not affect the
Figure 12: Doxycycline does not affect the viability of YLDELOLW)\ RI 3EXON" FDQFHU FHOOV R
SEXON" FDQFHU FHOOV RWQ@BIPDO HEWREOMOWVPRQROD\HUV % K7(57 %- V
FHOO PRQROD\HUV % K7(57 %- VNLQ viadhity REsOddaniitavvelyd l8aEurdd Lu¥ing the MTS assay.
was quantitatively measured using the MTS assay. Doxcycline  Pyrvinium pamoate was tested over the range of 500 nM to 5
was tested over the range of 50 pM to 500 pM, with little or no UM, with little or no effects on cell viability.

effects on cell viability.

Figure 14: Chloramphenicol dose-dependently inhibits tumor-sphere formation in MCF7 cellswe determined the
ability of chloramphenicol to inhibit mammo-sphere formation using MCF7 cells, over a range of concentrations from 10 pM to 1 mM.
Interestingly, in MCF7 cells, chloramphenicol inhibited mammo-sphere formation with an IC-50 of ~200 pM. (*)p <0.002.
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VXJIJHVW WKDW WKH DQWLELRWLFfh¢ ABHRDEHHe dhoma HeellH gV Yarkoks Uthie
actually infection-independent. B-RAF(V600E) mutation and we showed that CSCs
7TKXV IXWXUH FOLQLFDO WUL D Odérive trorditiis\c8ll lin@ dre Wighlitséhdigvie B Rl four of
of mitochondrially-targetd antibiotics in multiple cancer the antibiotics that we tested (azithromcyin, doxycycline,
types are now clearly clinically warranted. In this regard, tigecycline, and pyrvinium pamoate). As such, additional
a clinical trial with doxycycline in patients with advanced cellular studies, and new clinical trails in melanoma
EUHDVW FDQFHU DQG ERQH PHW D \patibntsLwith IBYRAFQnLRtioRs] may\Vib&Vvisdicated, to
FOLQLFDOWULDOV JRY FW VKRZ 1&@&xplore the use & lrfEiRafics. O \
a trial of doxycycline in relapsed patients with non-
KRGIJNLQTY O\PSKRPD KDV DOVR EHHQ LQLWLDWHG KWWSV
FOLQLFDOWULDOV JRY FW VKRZ 1&7 L, QWHUHVWLQJO\

Figure 15: Summary of drug discovery.7KH ¢YH FODVVHV Rl DQWLELRWLFV WKDW ZH WHVWHG DL
corresponding molecular targets, which all converge on mitochondrial biogenesis or OXPHOS.

Figure 16: A mutation-independent approach to cancer therapyWe speculate that genetic changes (oncogenic mutations,

DPSOL{FDWLRQV GHOHWLRQV DQG WXPRU VXSSUHVVRU ORVV DOO FRQYHUJH RQ
metastasis and drug resistance. Thus, it would be advantageous to phenotypically target “stemness” directly, instead of targeting individual
genetic changes, in different cancer types. This would allow the treatment of cancer as a single disease of stemness, in a mutation-

independent fashion.

www.impactjournals.com/oncotarget 4582 Oncotarget



MATERIALS AND METHODS

Materials

Cancer cell lines were purchased from the ATCC or 2.

other commercially available sources. Antibiotics were all
obtained commercially from Sigma-Aldrich. Gibco-brand
FHOO FXOWXUH PHGLD '0(0 )
Technologies.

Tumor-sphere Culture 4.

A single cell suspension was prepared using
HQJ\PDWLF [ 7U\SVLQ ('7$ 6LJPD %
and manual disaggregation (25 gauge needle) to create a
single cell suspension. Cells were plated at a density of

FHOOV FP
%
in culture dishes coated with (2-hydroxyethylmethacrylate) 7

SRO\ +(0$ 6LJPD 3 >
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