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Background and objectives:  Cancer stem cells (CSCs) have been implicated in
tumor initiation, recurrence, metastatic spread and poor srvival in multiple tumor
types, breast cancers included. CSCs selectively overexpss key mitochondrial-related
proteins and inhibition of mitochondrial function may re@sent a new potential approach
for the eradication of CSCs. Because mitochondria evolveddm bacteria, many classes
of FDA-approved antibiotics, including doxycycline, actally target mitochondria. Our
clinical pilot study aimed to determine whether short-ternpre-operative treatment with
oral doxycycline results in reduction of CSCs in early breasancer patients.

Methods: Doxycycline was administered orally for 14 days before sugyy for a daily
dose of 200 mg. Immuno-histochemical analysis of formalinxed paraf n-embedded

(FFPE) samples from 15 patients, of which 9 were treated wittloxycycline and 6 were
controls (no treatment), was performed with known biomarkes of “stemness” (CD44,
ALDH1), mitochondria (TOMMZ20), cell proliferation (Ki67%27), apoptosis (cleaved
caspase-3), and neo-angiogenesis (CD31). For each patiernthe analysis was performed
both on pre-operative specimens (core-biopsies) and surgal specimens. Changes from
baseline to post-treatment were assessed with MedCalc 12 (opairedt-test) and ANOVA.

Results:  Post-doxycycline tumor samples demonstrated a statisticdy signi cant
decrease in the stemness marker CD44 g-value < 0.005), when compared
to pre-doxycycline tumor samples. More specically, CD44 évels were reduced
between 17.65 and 66.67%, in 8 out of 9 patients treated with a@xycycline.
In contrast, only one patient showed a rise in CD44, by 15%. Cerall, this
represents a positive response rate of nearly 90%. Similaesults were also obtained
with ALDH1, another marker of stemness. In contrast, marker of mitochondria,
proliferation, apoptosis, and neo-angiogenesis, were aflimilar between the two groups.
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Scatena et al. Doxycycline Effectively Reduces CSCs

Conclusions: Quantitative decreases in CD44 and ALDH1 expression are caistent
with pre-clinical experiments and suggest that doxycycliea can selectively eradicate
CSCs in breast cancer patientsin vivo. Future studies (with larger numbers of patients)
will be conducted to validate these promising pilot studies

Keywords: doxycycline, mitochondria, cancer stem cells, tr anslational study, mitochondrial biogenesis

INTRODUCTION ER(-)], lung, ovarian, pancreatic, and prostate carcinomas, as
well as glioblastoma (GBM) and melanom&3). Remarkably,
Tumor-initiating  cells  (TICs) share many functional doxycycline inhibited CSC propagation across this entire panel
characteristics with normal stem cells and are importanipf diverse cell lineslQ).
drivers of tumor initiation and cancer progression—/). As Further mechanistic studies, using luciferase based assays
such, new therapies for targeting TICs [a.k.a., cancer s&ha ¢ in MCF7 cells (a human breast cancer cell line) revealed
(CSCs)] could be used for cancer prevention. Interestinglythat doxycycline treatment e ectively inhibits CSC signalin
circulating tumor cells (CTCs) can also functionally bebas across multiple pathways, including Wnt, Notch, Hedgehog and
initiators of tumor formation. STAT1/3-signaling 14). Therefore, doxycycline is an excellent
Because of their resistance to conventional anti-canceyandidate for drug repurposing, in clinical pilot studies aimed
treatments (i.e., chemo-therapy and radio-therapy), CS@s aat validating its ability to target CSCs in cancer patients.
also thought to underpin the cellular and molecular basis oAs such, here we evaluated the ability of doxycycline to
tumor recurrence, distant metastasis and ultimately mezt target CSCs in breast cancer patienis vivo, using well-
failure, in most cancer types£6). Thus, new treatment strategies established CSC markers (CD44 and ALDH1) as a read-
are urgently needed to help remedy this unmet clinical needut.
(1-4). The ability of doxycycline to target breast CS@ssitro has
One simplistic idea is to identify novel therapeutic targétstt  already been con rmed independently 7, 18) and extended to
are relatively unique to CSCs, which can be then be inhihititdl ~ several other classes of antibiotics and mitochondrial GRS
FDA-approved drugs that show few side e ects and have excelleitthibitors (19-24). Consistent with these ndings, mitochondrial
safety pro les (-3). We recently used this promising approachmass is increased in CSC5( 26) and high expression
to identify mitochondria in CSCs as a conserved therapeutitevels of mitochondrial markers directly correlates withopo
target (7). In this context, the antibiotic doxycycline emergedclinical outcome in ovarian 47) and breast cancer patients
as an excellent candidate for drug repurposi®g9). In 1967, (29.
Doxycycline was rst approved by the FDA, more than 50 years Finally, as early as 2002, it was rst reported that doxycyclin
ago. It shows minimal side e ects and is currently used world-€ ectively reduces bone metastasis, by up t60-80%, in an
wide as a broad-spectrum antibiotic, mainly for the treatrnen in vivo pre-clinical murine model of human breast canceg),
of acne and acne rosacea. Doxycycline has excellent pharmaééechanistically, these ndings may be due to the ability of
kinetics’ with very good oral absorption G_OO%) and a |Ong dOXycyC"ne to eradicate CSCs, although this hypOtheSiS wias no
serum half-life (18-22 h), at the standard dose of 200 mg pgr datested at that time.
Doxycycline functionally behaves as a non-toxic inhibitor
of mitochondrial biogenesis, because of the evolutioparlRESULTS
conserved similarities between bacterial ribosomes and
mitochondrial ribosomes 10-12). Therefore, this “manageable Description of the Breast Cancer Patient
side-e ect” of doxycycline could be repurposed as a “therameutiPopuIation
e ect,” to target and inhibit mitochondrial biogenesis in CS A summary diagram highlighting the organizational struetu

(13 14. of this doxycycline “window-of-opportunity” study (Phase 1§
Previously, doxycycline has been used clinically to targ&hown inFigure 1
cancer-associated infections, with promising resultsjifegato a A total of 15 female patients with early breast cancer

complete pathological response (CPR) or “remission” in patientgarticipated in the current pilot study. Nine patients received
with MALT lymphoma (15 16). Interestingly, this CPR did doxycycline (200mg per day) for a 14-day period, while
not correlate with the presence of micro-organisms, possiblgix patients remained untreated. A summary of the clinical
suggesting that doxycycline might be acting on the tumotscel characteristics of the patient population are showTable 1
themselves. Briey, in the doxycycline treatment group, patient age at

In 2015, the Sotgia/Lisanti laboratory rst demonstrateddiagnosis ranged between 42 and 65 years of age, tumor size
that doxycycline treatment was su cient to successfully thal was between 10 and 30 mm, and 6 out of 9 patients were grade
the propagation of CSCm vitro (13, 14). For this purpose, 2. In addition, 7 out of 9 patients were EB), with 6 being of
we tested 12 dierent human tumor cell lines, representingthe luminal A sub-type and one of the luminal B sub-type. In
eight di erent cancer types, such as DCIS, breast [ER§nd  addition, two patients were of the HER2) sub-type.
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i Srminind Status of Biomarkers in Tumor Tissue
Sections, Before and After Receiving Oral
- 15t Tumor Tissue biopsy — at Breast Cancer Diagnosis DOXycycl | ne
2 1 \ We quantitatively assessed the expression of several diverse
5 BemieiandhrdlofCare vt 2: Control - Standard-of-Care biomarkers in para n-embedded tumor tissue sections. These
5 % — + Doxycycline (200-mg per day; (No Doxycycline treatment) included markers of “stemness” (CD44, ALDH1), mitochoradri
;g fonieop) (TOMM20), cell proliferation (Ki67, p27), apoptosis (cleaved
§ < \ ' caspase-3), and neo-angiogenesis (CD31).
& 2" Tumor Tissue sample - at Curative Surgery Figure 2highlights that most of the tumor markers remained
— l unchanged before and after receiving oral doxycycline wie
o b e es exception of CD44—a marker of “stemness.” More speci cally,
Using Well-Accepted and Investigational Biomarkers: CD44 was reduced on average b}AO% @ < 0005)1 in
Primary Endpoint is Cell Proliferation, as measured using Ki67 the patients eXamined. Note that 4 out Of 9 patients Showed
l reductions of 50% or greater in CD44.
Al Patients Continue with Standard-of.Care: The results of multi-variate analysis are included as
Clinical Treatment, with Radiological Follow-up Supplemental Information and demonstrated that CD44
reductions remained signi cant (ANOVA;p < 0.0007) and
FIGURE 1 | Schematic diagram summarizing the organizational structe of were independent of all the other variables tested [inclgdin
‘t‘he_DoxycycIine cIinich ’|’)ilot study. N_ote that this Phase_l_l _ histological grade (1, 2, 3), tumor diameter type (small, éjrg
‘Window-of-Opportunity” format provides an excellent chical mechanism for
evaluating FDA-approved antibiotics, as potential candates for drug and molecular SUbtype] (Sé-ables Sl_S])SIn contrast, cleaved
repurposing. caspase-3 levels appeared to be elevated after receiving oral

doxycycline; however, this did not reach statistical sigance,
exceptin the case of low histological grade (Bese S4.

TABLE 1 | Clinical characteristics of the patient population. Figure 3 shows a waterfall plOt of CD44 eXpreSSion in the

9 individual breast cancer patients. Remarkably, CD44 levels
Treated patients  Age  Tumor size (mm)  Grade Molecular subtype were reduced between 17.65 and 66.67%, in 8 out of 9 patients
Case 1 " 1 5 Luminal A _treated wi_th doxycycline_. Repres_entative ima_ges of this réauc
Case 2 5 15 s HER2pos in C_3D44 immuno-staining are |IIl_Jstrated |rF|gur(_e41_‘or two
Case 4 o o3 s HERzpos patients. In contrast, only one patlgqt showed a rise in CD44, b.

_ 15%. Overall, this represents a positive response rate approaching
case s 52 10 2 Luminal A 90%. It is worth noting that the levels of cleaved caspase-3 were
case 7 46 12 2 Luminal A most strikingly elevated in the two patients (Cases 8 & 14) tha
Case 8 46 27 2 LuminalB showed the largest reductions in CD44 expressiBigire 5).

Case 13 50 10 2 Luminal A Therefore, a certain threshold level may need to be reached t
Case 14 52 13 L Luminal A augment the activation of caspase-3.
Case 15 44 30 2 Luminal A The two patients of the HERZ() sub-type, also showed
Untreated patients positivity for another stem cell marker, namely ALDHI.
Interestingly, ALDH1 levels were reduced by nearly 60% ia on
Case 3 71 25 3 Luminal B patient (Case 2), while ALDH1 levels were reduced (80%
Case 6 50 15 2 Luminal A in the other patient (Case 4)F{gure 6), all in response to
Case 9 51 12 2 Luminal A doxycycline. These results are also consistent with reductions
Case 10 48 25 3 Luminal B CD44; in these same two HERZY patients, CD44 levels were
Case 11 a1 21 > Luminal A reduced by nearly 40% (Case 2) and 60% (Case 4), respectively
Case 12 69 16 3 LuminalHErRzpos  (Figure 3).

Status of Biomarkers in Tumor Tissue
Sections From the Untreated Control

In the untreated control group, patient age ranged betweesroup, Before and After Surgery
41 and 71 years of age, and tumor size was betwedn contrast to our results with the doxycycline treated patie
12 to 25mm; 3 patients were grade 2 and 3 patientpopulation, patients in the untreated control group did not
were grade 3. All 6 patients were ER( with 3 of the show any statistically signi cant changes in the expressibn
luminal A sub-type, 2 of the luminal B sub-type and CD44, when tumor tissue sections were compared before and
one showing characteristics of both luminal/HER2(sub- after surgery Figure S). The results of multi-variate analysis

types. are included as Supplemental Informatioraples S11-S)mnd
Thus, both groups were well-matched for age and clinicashowed that CD44 remained unchanged (5alele SI3ANOVA,;
characteristics. P< 0.7707).

Frontiers in Oncology | www.frontiersin.org 3 October 2018 | Volume 8 | Article 452


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Scatena et al. Doxycycline Effectively Reduces CSCs

KI67 CD44
120 120
100
* ok ok
&0 60 "
40 40
N PRL POST u PRE POSTY
w
g
< g Cleaved Caspase 3 p27
il 18
g - 160 F
-— 140
@ 2 < 12
£ g 10
g’o s 80
c 0
g¢
S = [
N 0 PiE POST PRE POS
CD31 TOMM20
120 120
100 100 "
: I I
40 40
2 oot POST : £ar 2OST
FIGURE 2 | Effects of doxycycline administration on the expression dix different classes of biomarkers in early breast canceratients (Ki67, Cleaved Caspase-3,
CD31, CD44, p27, and TOMM20). Note that only CD44 levels wersigni cantly reduced on average by nearly 40% (***p < 0.005), while the levels of other markers
remained unchanged. The results of multi-variate analysere included as Supplemental Information and show that CD44emained signi cant (ANOVA;p < 0.0007)
and was independent of all the other variables tested [histogical grade (1, 2, 3), diameter type (small, large) and neslular subtype] (seeTables S1-S15).

Therefore, surgery itself was not su cient to signi cantly cell lines in culture, which showed signi cant reductionsthe
change the expression levels of the tumor markers examine@D44(C)/CD24(-/low) CSC population, after treatment with

including CD44. doxycycline (7). In addition, the expression levels of other
“stemness” markers (Oct4, Sox2, Nanog and CD44) were also
DISCUSSION reduced by>50%, in response to doxycycline, as assessed by

mMRNA levels and independently conrmed by immuno-blot

Here, we conducted a clinical pilot study with doxycycline, toanalysis {7).

assess its e ects in early breast cancer patients. Importantgt Similarly, doxycycline has been shown to reduce ALDM(

biomarkers tested remained unchanged, with the exception direast CSCs in HERE( and triple-negative human breast

CD44, which was reduced on average by nearly 40%, in a perié@ncer cell lines vitro (18). As such, doxycycline may be useful

of only two weeks of treatment. Analysis of waterfall plotadat for targeting both the CD44%) and ALDH(C) sub-populations

revealed thatin 8 out of 9 patients treated with doxycycline4@  of human breast CSC<{, 19).

levels were reduced between 17.65 and 66.67%. In contrast, on The levels of cleaved caspase-3 appeared to be elevated

one patient showed a rise in CD44, by 15%. Two patients dfter treatment with Doxycycline; however, this did not reac

the HER2C) sub-type, also showed positivity for another stemstatistical signi cance in all the tumor grades. Nevertss,

cell marker, namely ALDH1. In these HERZ)patients, ALDH1 Doxycycline has been shown to induce apoptosis in human breast

levels were reduced by nearly 60% in one patient, while ALDHgancer cell line vitro (17).

levels were reduced by 90% in the other patient, in response to

doxycycline. Thus, oral doxycycline treatment e ectivelgueed CONCLUSIONS

the expression of two CSC markers, in early breast cancer

patients. Pre-operative treatment with oral doxycycline (200mg per
Our currentin vivoresults are consistent with recent ndings day) for 2 weeks is sucient to reduce both CD44 and

in MCF7 and MDA-MB-468 cells, two human breast cancerALDH1 expression in tumor tissue from early breast cancer
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FIGURE 3 | Effect of doxycycline administration on the expression of B44 in
early breast cancer patients: Waterfall plot. Note that CD4levels were
reduced between 17.65 and 66.67%, in 8 out of 9 patients treagd. In
contrast, only one patient showed a rise in CD44, by 15%. Oveill, this
represents a positive response rate of nearly 90%. Also, netthat 4 out of 9
patients showed reductions of 50% or greater in CD44.

patients. However, additional clinical studies (with largatient

numbers) will be required to further validate these promgsin

clinical pilot studies.

MATERIALS AND METHODS

Trial Construction, Ethical Review and EU

Clinical Trial Registration
A Phase Il clinical trial (pre-operative “window” studyigure 1)

is: To determine whether short-term (2-weeks) pre-operative
treatment with oral doxycycline of stage I-to-Ill early st
cancer patients results in inhibition of tumor proliferation
markers, as determined by a reduction in tumor Ki67 from
baseline (pre-treatment) to post-treatment (at time of suagic
excision). Doxycycline (Bassado-brand) was administeratly,
100-mg twice a day for a total of 200-mg per day, for
a period of 14-days. During this period, the control group
received no medical therapy (i.e., standard of care: waifting
surgery). Information about study subjects is kept con dant
and managed according to the requirements of the EU and
Italian regulations. All of our breast cancer cases were N
Special Type, invasive carcinomas), previously known as&tiuct
carcinomas.

Plasma Doxycycline Levels

Doxycycline oral intake was validated by measuring the
concentrations in plasma samples, obtained immediately prior
to surgery [meanC/— SD, 0.76 0.41 mg/L, range 0.25-1.57
mg/L]. Doxycycline levels were determined by mass spectiigme
analysis. This precise monitoring con rmed the compliance of
patients to the planned treatment regimen, proposed to them at
the time of enrollment.

Immuno-Staining Reagents
Antibodies for immuno-staining were purchased
commercial sources, as brie y summarizedliable S16

from

Immuno-Staining and Quantitation

Tumor expression of Ki67, p27, cleaved caspase 3, CD31, CSC
markers (CD44, ALDH1), and mitochondria (TOMMZ20) was
performed on formalin- xed para n-embedded tumor tissues.
Tissue sections (4 micron) were de-para nized with xylene
and rehydrated through a graded alcohol series. After nigsi
with phosphate bu er saline (PBS) sample were immersed in
sodium citrate bu er (pH 6) for p27 and cleaved caspase 3 and
in UNMASKER bu er (pH 7,8) for CD44, TOMM20, ADLH1,
and heated in a microwave oven at 100 The endogenous
peroxidase was blocked by 10 min incubation in 3%0H.
After blocking with normal goat serum for 10 min at room
temperature, the slides were further incubated overnight at
4 C with the following primary antibodies: mouse anti CD44

for the use of oral doxycycline in early breast cancer pasient(1:1000, clone 156-3C11), mouse anti-ALDH1A1, (1:500, clone
was submitted, reviewed, and approved by the local and ndtion@d03410), rabbit anti cleaved caspase 3 (Aspl75; 1:150)t rabbi
ethics committees at the Pisa University Hospital and thenti-p27 (1:250) and mouse anti TOMMZ20 (1:250, clone F-10). A
Italian Ministry of Health (Rome, Italy). All patients underwe  biotin conjugated goat derived secondary antibody was applied
informed written consent, prior to their inclusion in the followed by the enzyme-labeled streptavidin and substrate
study. Doxycycline was administered during the “window-of chromogen (Rabbit/Mouse speci c HRP/DAB-ABC detection
opportunity,” after diagnosis and exactly 14 days before tite d IHC kit, Abcam). Slides were counterstained with hematoxyl

of surgery, while the patient was waiting for tumor excisionThe immunostaining for Ki67 (ready to use, clone MIB-1,
at surgery. The acronym for the trial is ABC (Antibiotics for Dako) and CD31 (ready to use, clone JC70, Ventana Medical
Breast Cancer) and the EudraCT registration number is 201685ystems) instead was performed in an automated immunostaine
000871-26. EudraCT is the European Clinical Trials DatabagBenchMark Ultra, Ventana Medical Systems). Staining intensity
(European Union Drug Regulating Authorities Clinical Trials). and percentage of positive tumor cells was measured. Ki67 is a
The full title of the study is: “A Phase Il Open-Label Randoediz nuclear marker expressed in all phases of the cell cycle except
Controlled Pre-Surgical Feasibility Study of Doxycyclm&arly  Gg. The “Ki67 index” (percentage of nuclei showing nuclear
Breast Cancer.” The objective and primary goal of the trialmmuno-reactivity of any intensity) was determined as per
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FIGURE 4 | Effect of doxycycline administration on the expression of B44 in early breast cancer patients: Representative imageare shown. Note that treatment
with doxycycline reduces the expression of CD44, as seen byrimuno-histochemical staining. Representative images fra two case are shown. Magni cation, 40X.

FIGURE 5 | Effect of doxycycline administration on the levels of clead
caspase 3 in early breast cancer patients. Note that the levs of cleaved
caspase 3 showed the largest increases in two patients, whic demonstrated
the highest reductions in CD44 levels (Cases 8 and14); compa with

Figure 3. In addition, the levels of cleaved caspase 3 were increased 4 out
of 9 patients studied ( 44 %).

FIGURE 6 | Effect of doxycycline administration on the expression of BlDH1
in HER2(C) early breast cancer patients. The two patients of the HERE(
sub-type, also showed positivity for another stem cell marr, namely ALDH1.
Note that ALDH1 levels were reduced by nearly 60% in one patie (Case 2),
while ALDH1 levels were reduced by 90% in the other patient @e 4), in
response to doxycycline.

routine protocols. p27 (nuclear staining) is a cell cycle infoibi

that negatively correlates with Ki67. Caspase-3 (cytoplasmic
and/or nuclear staining) is synthesized as an inactive proyme
which is activated by cleavage in cells undergoing apoptosis.
CD31 (membranous staining) is expressed by endothelial cells
and is used as a marker of angiogenesis. CD44 (membranous
staining: complete or incomplete, of any intensity) and ALDH1
(cytoplasmic staining) are well-established markers tha ar
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elevated in cells with “stem-like” characteristics. TOMM20the idea of a doxycycline-based breast cancer clinical tridl a
(cytoplasmic staining), a central component of the receptowrote a rst draft of the clinical trial. CS, MR, AD, GF, CM,
complex responsible for the recognition and translocation oMG, CMM, and AN edited and implemented the clinical trial.
cytosolically synthesized mitochondrial preproteins, isdias a CS processed the tissue samples and generated the nal gures.
marker of mitochondria. Staining percentage of positive tumo MM performed immuno-staining on the tissue sections. AD
cells was measured independently by two blinded-patholegistperformed the analysis of the doxycycline blood dosages. PA
Discrepancies in interpretation or scoring< $% of cases) performed the statistical analyses. FS and ML wrote the raftdr
were resolved by consensus conference at a double-head#fdhe paper, which was edited and approved by all the co-authors.
microscope. All changes in tumor markers were analyzed as

a percentage (pre-post/pre x 100) and an absolute (pre-pos@UNDlNG

change from baseline.

This work was supported by generous donations from

Sgatlsltlcalfﬁnalyskls fore th the Healthy Life Foundation (HLF) and the Foxpoint
The values of the markers before the treatment were oureeiz Foundation (to FS and MPL), as well as The Pisa Science

(100%), and all the other values measured after the treatmept) - 4ation (to the University Hospital of Pisa). The
are presented as a post/pre ratio, to point out any increases Athors also wish to thank Katia De leso from the
decreases from the reference value. The values in the graphs ﬂnmunohistochemistry Laboratory, Department of Laborator
represented by the average value of each endpoint, VVith\ml""tiMedicine, Azienda Ospedaliero-Universitaria Pisana, Pisa,
standard error of the mean (SEM). The signi cant di erences taly.

were assessed with MedCalc 12 (unpaite@st). Values of

p <0.05 were considered statistically signi cant. Multi-zé

analysis with ANOVA was also carried out and the results oSUPPLEMENTARY MATERIAL

this analysis are included as Supplementary Information (see . . .
Tables S1-S15 The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.38&nc.
2018.00452/full#supplementary-material

Figure S1 | Expression of six different classes of biomarkers in earlyr&ast cancer

L . . atients. In contrast to our results with the doxycycline trated patient population,
The ABC trial is bemg carried out at the Breast Care CenteEatients in the untreated control group did not show any sighncant changes in the

at the Pisa University Hospital. Patient recruitment is led bYexpression of tumor markers, when tumor sections were compeed, before and
the surgeons (MR and MG). FS and ML initially conceivedafter surgery.
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