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A B S T R A C T

Breast cancer stem cells (CSCs) can be identified by increased Aldefluor fluorescence

caused by increased expression of aldehyde dehydrogenase 1A3 (ALDH1A3), as well as

ALDH1A1 and ALDH2. In addition to being a CSC marker, ALDH1A3 regulates gene expres-

sion via retinoic acid (RA) signaling and plays a key role in the progression and chemo-

therapy resistance of cancer. Therefore, ALDH1A3 represents a druggable anti-cancer

target of interest. Since to date, there are no characterized ALDH1A3 isoform inhibitors,

drugs that were previously described as inhibiting the activity of other ALDH isoforms

were tested for anti-ALDH1A3 activity. Twelve drugs (3-hydroxy-DL-kynurenine, benomyl,

citral, chloral hydrate, cyanamide, daidzin, DEAB, disulfiram, gossypol, kynurenic acid, mo-

linate, and pargyline) were compared for their efficacy in inducing apoptosis and reducing

ALDH1A3, ALDH1A1 and ALDH2-associated Aldefluor fluorescence in breast cancer cells.

Citral was identified as the best inhibitor of ALDH1A3, reducing the Aldefluor fluorescence

in breast cancer cell lines and in a patient-derived tumor xenograft. Nanoparticle encapsu-

lated citral specifically reduced the enhanced tumor growth of MDA-MB-231 cells overex-

pressing ALDH1A3. To determine the potential mechanisms of citral-mediated tumor

growth inhibition, we performed cell proliferation, clonogenic, and gene expression assays.

Citral reduced ALDH1A3-mediated colony formation and expression of ALDH1A3-inducible

genes. In conclusion, citral is an effective ALDH1A3 inhibitor and is able to block ALDH1A3-

mediated breast tumor growth, potentially via blocking its colony forming and gene

expression regulation activity. The promise of ALDH1A3 inhibitors as adjuvant therapies

for patients with tumors that have a large population of high-ALDH1A3 CSCs is discussed.
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Abbreviations
ALDH aldehyde dehydrogenase

Citral-NP citral-nanoparticle encapsulated

CSC cancer stem cell

DEAB 4-diethylaminobenzaldehyde

FSC forward scatter

KD knockdown

NOD/SCID non-obese diabetic/severe combined

immunodeficiency

OE overexpression

PBS phosphate buffered saline

PDX patient-derived xenograft

PEG-b-PCL polyethylene glycol e block e

polycaprolactone

QPCR quantitative polymerase chain reaction

RA retinoic acid

SSC side scatter
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1. Introduction

First described in leukemia (Bonnet and Dick, 1997), and later

in solid tumors, cancer stem cells (CSCs) are a highly tumori-

genic subpopulation present within the heterogeneous tu-

mors of many cancers including breast cancer (Al-Hajj et al.,

2003). These cells share certain characteristics with normal

stem cells including the ability to self-renew and to differen-

tiate. CSCs also demonstrate a highly malignant phenotype,

being able to initiate tumors, and promote epithelial-to-

mesenchymal transition and metastasis (Al-Hajj et al., 2003;

Liu et al., 2014; Charafe-Jauffret et al., 2009). Most concerning

in terms of effective patient treatment and mitigating the

risk of recurrence is the resistance of CSCs to common chemo-

therapies and radiotherapy (Shafee et al., 2008; Diehn et al.,

2009). These characteristics suggest that CSCs must be elimi-

nated during treatment to avoid risk of relapse, and that this

subpopulation of cells is poised to avoid elimination. Thus,

therapies that target CSC activities may improve cancer treat-

ment efficacy and patient outcomes.

CSC-associated enzymes and signaling pathwaysmay pro-

vide novel avenues of therapeutic intervention, since these

pathways (e.g. Notch, Wnt, and Hedgehog (Takebe et al.,

2011)) and enzymes (e.g. aldehyde dehygrogenases; ALDHs)

are also mediators of tumorigenicity, metastasis, and therapy

resistance. A common biomarker for CSC identification is high

Aldefluor fluorescence associated with increased ALDH activ-

ity (Ginestier et al., 2007). ALDHs are a superfamily of enzymes

present in all three taxonomic domains with 19 isoforms

expressed in humans (Vasiliou and Nebert, 2005). ALDHs

convert aldehydes to carboxylic acids; metabolic processes

generate toxic aldehydes and ALDHs are required to maintain

cellular homeostasis. Furthermore, individual ALDH isoforms

have varied substrate specificity and more specialized func-

tions. Members of the ALDH1A family (ALDH1A1, ALDH1A2,

ALDH1A3) oxidize the vitamin A metabolite, retinal, to reti-

noic acid (RA), a developmental cell signaling and gene

expression induction molecule that also plays an important

role in cancer (Coyle et al., 2013).
Both ALDH1A1 and ALDH1A3, as well as other isoforms

(e.g. ALDH1A2, ALDH2 and ALDH7A1), have been implicated

as contributors to CSC-associated Aldefluor fluorescence,

with specific isoforms playing a more predominant role in

different cancers (Li et al., 2012; Marcato et al., 2011; Shao

et al., 2014; Hartomo et al., 2015; Moreb et al., 2012; van den

Hoogen et al., 2011). In particular, expression of the ALDH1A3

isoform is of primary importance for the Aldefluor fluores-

cence of breast cancer, lung cancer, melanoma, malignant

pleural mesothelioma, and head and neck cancer (Marcato

et al., 2011, 2015; Shao et al., 2014; Luo et al., 2012; Canino

et al., 2015; Kurth et al., 2015). In addition to being associated

with CSCs, expression of ALDH1A1 and ALDH1A3 often cor-

relates with poor prognosis in cancers such as breast, pros-

tate and lung, kidney, esophageal, and head and neck

(Charafe-Jauffret et al., 2009; Ginestier et al., 2007; Li et al.,

2012; Khoury et al., 2012; Wang et al., 2013; Yang et al.,

2014; Qian et al., 2014). ALDH1A3 has also been directly

implicated in tumor progression and therapy resistance.

For breast cancer, ALDH1A3 been shown to promote tumor

growth and metastasis though production of retinoic acid

(RA) and expression of RA-inducible genes (Marcato et al.,

2015). ALDH1A3 also promotes the growth of lung tumors,

glioblastoma, and melanoma (Shao et al., 2014; Mao et al.,

2013; Luo et al., 2012). Furthermore, it is associated with

the chemoresistant population of mesothelioma (Canino

et al., 2015) and is a causative agent in the radioresistant

population of head and neck cancer (Kurth et al., 2015).

Together, these results suggest that targeting CSC-

associated ALDH1A enzymes, in particular ALDH1A3, may

be an effective adjuvant cancer therapy (Luo et al., 2012;

Mao et al., 2013).

Due to their promise as an anti-CSC agent, several ALDH

inhibitors have been explored for anti-cancer activity. Pan-

ALDH inhibitor DEAB reduces growth of melanoma xeno-

grafts and the number of residual melanoma cells (Yue

et al., 2015). However, DEAB has a very short duration of ef-

ficacy in vivo and probably requires modification or encap-

sulation to have therapeutic value (Mahmoud et al., 1993).

Another ALDH inhibitor of considerable interest is disul-

firam, which can inhibit TGF-b induced “stem like” features

of MDA-MB-231 breast cancer cells (Han et al., 2015), in-

crease chemosensitivity (Raha et al., 2014), and also reduce

mammosphere formation (Liu et al., 2014). However, the

ability of disulfiram to directly inhibit ALDH in breast cancer

cells was not confirmed, and though mammospheres had

increased expression of ALDH1A3, disulfiram did not reduce

mammosphere-associated ALDH1A3 mRNA. Thus, the ef-

fect of specifically inhibiting ALDH1A3 has not been

explored yet, nor is the specificity of disulfiram for

ALDH1A3 known.

A panel of compounds known to inhibit at least one ALDH

isoform and with unknown ALDH1A3 inhibitory activity were

investigated for their potential as ALDH1A3 inhibitors in

breast cancer. Citral was identified as a strong inhibitor of

ALDH1A3 and reduced ALDH1A3-dependent colony forma-

tion, gene expression and tumour growth. To our knowledge,

this is the first study to characterize inhibitors of ALDH1A3

specifically, and is the first to show that inhibiting ALDH1A3

can slow breast tumor growth.

http://dx.doi.org/10.1016/j.molonc.2016.08.004
http://dx.doi.org/10.1016/j.molonc.2016.08.004
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2. Materials and methods

2.1. ALDH inhibitors and cell lines

All ALDH inhibitors were acquired from Sigma and dissolved

in the indicated vehicle (Supplementary Table 1). MDA-MB-

231, MDA-MB-468, or SKBR3 cells were challenged with dis-

solved drug or vehicle alone at the indicated final concentra-

tion. The cells were obtained from American Type Culture

Collection and the same ALDH isoform overexpression or

knockdown clones generated and validated in our prior publi-

cations (ALDH1A1 shRNA1, ALDH1A3 shRNA3 and ALDH2

shRNA2; Supplementary Table 2; Supplementary Figures

2e4) were used (Marcato et al., 2011, 2015). All cells were

cultured in Dulbecco’s Modified Eagle Medium (Invitrogen)

supplemented with 10% fetal bovine serum (Invitrogen), 1X

antibiotic-antimycotic (Invitrogen), and 0.25 mg/mL puromy-

cin (SigmaAldrich) in a 37�Chumidified chamberwith 5% CO2.

2.2. Aldefluor assay on patient-derived xenograft and
cell lines

A patient-derived xenograft (PDX) previously established in

female NOD/SCID mice (Marcato et al., 2011) was harvested

to generate cell suspensions. Red blood cells were lysed and

remaining cells were washed with PBS and Aldefluor assay

performed as per the manufacturer’s instructions (Stemcell

Technologies), with orwithout the addition of one of the panel

of drugs (Supplementary Table 1). To eliminate dead cells and

non-cancer cells of mouse origin, cells were stained with

viability stain 7-AAD (Biolegend) and anti-H2Kd (mouse histo-

compatibility class I) conjugated to Alexafluor 647 nm (Bio-

legend), respectively. Cell populations were identified using

a FACSCalibur flow cytometer (Becton Dickinson). Distinct

Aldefluor-positive and Aldefluor-negative populations in the

PDX were revealed after excluding debris, mouse, and dead

cells. For cell line assays anti-H2Kd stain was not used and

Aldefluor levels were quantified via mean fluorescence

intensity.

2.3. Quantifying live cells

Cells quantified for percentage of early and late apoptotic cells

via Alexafluor 488 conjugated- Annexin V (Invitrogen) and 7-

AAD (Biolegend) staining following the manufacturer’s proto-

col and analyzed with a FACSCalibur.

2.4. Generation of citral nanoparticles (Citral-NP)

Nanoparticle encapsulated citral (citral-NP) and empty nano-

particles (vehicle control) were generated based on Zeng

et al., 2015 protocols with few modifications (Zeng et al.,

2015). Briefly, 1 mL of a 0.5 mM polyethylene glycol-block-

polycaprolactone (Polymer Source, Quebec, CAN; PEG-b-PCL;

MW PEG: 10,000; MW PCL: 5000) solution was made in HPLC-

grade acetone (Thermofisher Scientific). Citral (16mg/mL), fol-

lowed by 1mL of PBSwas addedwhile vortexing to formnano-

particles. Rotary evaporation and nitrogen gas flushing

removed acetone. Samples were reconstituted and
centrifuged at 8000 � g for 5 min for the separation of two

distinct layers: an upper waxy layer containing polymer ag-

gregates and excess unencapsulated citral, and a lower more

fluid layer containing nanoparticles. The lower layer was

collected and unencapsulated citral and nanoparticles

>220 nm were removed by filtering (0.22 mm nylon syringe fil-

ter, Fisher Scientific).

2.5. HPLC determination of Citral-NP concentration

High performance liquid chromatography (HPLC) was utilized

to measure the concentration of nanoparticle encapsulated

citral. A known dilution of citral-NP was injected into a 18C

3.9 � 150 mm Symmetry column (Waters) and eluted at room

temperature with isocratic 40% water and 60% acetonitrile

(both, with 0.1% trifluoroacetic acid) for 10 min at a rate of

0.5mL/minusing aWaters 2695 separationsmodule and aWa-

ters 2487 dual l absorbance detector set at 254 nm. No peaks

were detected for PEG-b-PCL at this wavelength; whereas

acetone eluted at w2.55 min (Supplementary Figure 5).

2.6. In vivo citral-NP treatment

Eight week old NOD/SCID female mice were orthotopically

injected with 2 � 106 MDA-MB-231 vector control or ALDH1A3

overexpression cells, admixed in 1:1 ratiowith phenol red-free

high concentration matrigel (Fisher Scientific). Subsequently,

the mice were randomly divided into empty-NP (NT) or

citral-NP treatment groups (n¼ 6 per group) andwere injected

via tail vein every 3 or 4 days (alternating) with 100 mL of citral-

NP (0.4 mg/kg) or saline. Resulting tumor growth was quanti-

fied (length � width � height/2) and on day 38 the tumors

were harvested and weighed from euthanized mice.

2.7. In vitro growth rate analysis

Seeded cells were treated with 100 mM citral or vehicle control

and collected and counted 24 or 72 h later. Growth

rate ¼ number of cells at a time point/number of cells pre-

treatment, normalized to the vehicle control, no treatment

(NT) growth rate.

2.8. Colony forming assay

Seeded cells were treated with 100 mM citral or vehicle for 24 h

prior to re-seeding at very low confluency for single cell gener-

ation of colonies (20 cells/cm2 for MDA-MB-231 cells, 50 cells/

cm2 for MDA-MB-468 cells) and cultured for 13 days with me-

dia change every other day. Resulting colonieswere visualized

by methanol fixation and 0.5% crystal violet staining.

Colonies >50 cells were counted, and colony forming

efficiency ¼ number of colonies/number of seeded cells.

2.9. Quantitative PCR

After treatment with the ALDH inhibitors for 24 h, RNA from

the cells was extracted using TRIzol (Invitrogen) and the Pure-

link RNA kit (Invitrogen), and reverse transcribed with

iScript� cDNA Synthesis Kit (Bio-Rad) as per manufacturer’s

instructions. Real-time quantitative PCR (QPCR) used

http://dx.doi.org/10.1016/j.molonc.2016.08.004
http://dx.doi.org/10.1016/j.molonc.2016.08.004
http://dx.doi.org/10.1016/j.molonc.2016.08.004


M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 1 4 8 5e1 4 9 61488
SsoAdvanced Universal SYBR supermix (Bio-Rad) with gene-

specific primers (Supplementary Table 4) was performed as

per manufacturer’s instructions using a 96CFX Touch Real-

Time PCR Detection System (Bio-Rad). Standard curves were

generated to incorporate primer efficiencies and relative

levels of mRNA were calculated utilizing internal reference

gene B2M.
2.10. Statistical analysis

GraphPad Prism Version 4 was used to perform one-way

ANOVAs and post-hoc tests, or paired t-tests as indicated in

the figure legends. Significance is indicated as follows

p < 0.05*, p < 0.01**, p < 0.001***, and unless specified other-

wise, error bars represent SEM.
3. Results

3.1. Citral, DEAB, and benomyl eliminate the Aldefluor-
positive population of a breast cancer patient-derived
xenograft tumor

To identify a compound that would inhibit ALDH1A3 activity

specifically and ALDH1A3-mediated breast tumor growth,

we compiled a group of previously described ALDH inhibitors,

some of which had been tested for cytotoxic effects, tumor

growth inhibition potential, and anti-CSC activity

(Supplementary Table 3) (Koppaka et al., 2012). As a first

assessment of the ALDH inhibition capacity of the com-

pounds, we tested their ability to reduce Aldefluor fluores-

cence associated with CSCs(Ginestier et al., 2007; Marcato

et al., 2011). Using a PDX previously demonstrated to contain

Aldefluor-positive tumor initiating cells and high ALDH1A3

expression (Marcato et al., 2011), we quantified and compared

the efficiency of the 12 compounds (Koppaka et al., 2012) to

eliminate the Aldefluor-positive population from the PDX tu-

mor ex vivo. PDX cells from serial passages were incubated

with the Aldefluor substrate with increasing concentrations

of ALDH inhibitor. The mean percentage Aldefluor-positive
Figure 1 e Citral, benomyl, and DEAB eliminate the Aldefluor D popula

were added to harvested tumor cells of a PDX and Aldefluor assay performe

test. B) Representative dot plots.
cells in this PDX was 4.56%. Of the 12 inhibitors tested, citral,

DEAB and benomyl significantly reduced the Aldefluor-

positive population (Figure 1). Interestingly, disulfiram, which

has previously been used as an ALDH inhibitor in cancer

models (Raha et al., 2014), only partially eliminated the

Aldefluor-positive population (not significant). This suggests

that at least for this PDX, citral, DEAB and benomyl have supe-

rior activity against the Aldefluor-positive tumor population.
3.2. Citral is most effective at inhibiting Aldefluor
fluorescence induced by ALDH1A3

Multiple ALDH isoforms can contribute to the Aldefluor fluo-

rescence observed in breast cancer cells, with ALDH1A3, as

well as ALDH1A1 and ALDH2 to a lesser degree, being the

most important (Marcato et al., 2011). Therefore, cell lines

with defined ALDH isoform expression were utilized to

compare the specificity of the compounds for inhibiting the

production of Aldefluor fluorescence by a specific isoform.

For this purpose we used MDA-MB-231, MDA-MB-468 and

SKBR3 breast cancer cells.

MDA-MB-231 cells have very low endogenous Aldefluor

fluorescence (Marcato et al., 2011), and therefore served as a

good model system to introduce isoform-specific Aldefluor

fluorescence by overexpressing individual ALDH isoforms.

The low protein expression of ALDH1A1 and ALDH1A3 in

MDA-MB-231 cells in comparison to MDA-MB-468 cells was

previously reported via quantitative proteomics (Murphy

et al., 2014) and is visualized here by western blotting in

(Supplementary Figure 1). Overexpression of ALDH1A1 or

ALDH1A3 to a greater degree, significantly increased mean

Aldefluor fluorescence compared to that of cells with vector

control (Figure 2A and B, respectively). Expression of the

ALDH isoforms was previously shown (Marcato et al., 2015),

and illustrated here in Supplementary Figure 2. ALDH1A3-

specific Aldefluor fluorescence can also be modeled with

MDA-MB-468 breast cancer cells that have endogenously

high Aldefluor fluorescence dependent upon ALDH1A3

expression (Marcato et al., 2011). Knockdown ALDH1A3 cells

showed significantly reduced mean Aldefluor fluorescence
tion in a patient-derived xenograft (PDX) ex vivo. A) Indicated drugs

d. Significance determined by one-way ANOVA with Tukey post-hoc

http://dx.doi.org/10.1016/j.molonc.2016.08.004
http://dx.doi.org/10.1016/j.molonc.2016.08.004
http://dx.doi.org/10.1016/j.molonc.2016.08.004
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compared to scramble control (Figure 2B). Similarly, ALDH2-

associated Aldefluor fluorescence can be modeled with

SKBR3 breast cancer cells with high endogenous levels of

ALDH2 activity (Marcato et al., 2011). Knockdown ALDH2 cells

showed significantly lower mean Aldefluor fluorescence

compared to cells with scramble control (Figure 2C). The

reduction of ALDH1A3 and ALDH2 protein levels in the knock-

down cell lines was shown previously (Marcato et al., 2011),

and illustrated here in Supplementary Figures 3 and 4.

To assess the effect of the 12 compounds on Aldefluor fluo-

rescence induced by ALDH1A1, MDA-MB-231 cells overex-

pressing ALDH1A1 (ALDH1A1-OE) were incubated with

Aldefluor substrate in the presence of increasing drug concen-

trations. Only DEAB significantly reduced the mean Aldefluor

fluorescence of MDA-MB-231 ALDH1A1 cells (Figure 2A), sug-

gesting the other drugs were ineffective ALDH1A1 inhibitors

under the experimental conditions.

Similarly, to assess the effect of the inhibitors on Aldefluor

fluorescence mediated by ALDH1A3, increasing concentra-

tions of the compounds were added to MDA-MB-231 cells

with or without overexpression of ALDH1A3 (ALDH1A3-OE),

and to MDA-MB-468 cells with high endogenous ALDH1A3-

dependent Aldefluor fluorescence. Of the 12 inhibitors tested,

citral, DEAB and benomyl significantly reduced ALDH1A3-

mediated Aldefluor fluorescence production in the breast can-

cer cells (Figure 2B; Supplementary Figures 5 and 6); however,

citral was themost effective, significantly inhibiting ALDH1A3

at the lowest concentration of 1 mM.

Finally, ALDH2-dependent Aldefluor fluorescence produc-

tion was challenged with increasing concentrations of the

compounds applied to SKBR3 cells with predominately

ALDH2-dependent Aldefluor fluorescence. Citral, DEAB and

benomyl significantly reduced Aldefluor fluorescence of

SKBR3 cells to a similar extent, suggesting that all three com-

pounds effectively inhibit ALDH2 (Figure 2C). Therefore, in

terms of reducing Aldefluor fluorescence specifically associ-

atedwith ALDH1A3 or ALDH2, citral was themost effective in-

hibitor, while DEAB was the most effective general ALDH

inhibitor.
3.3. Disulfiram, gossypol, and citral induce apoptosis in
MDA-MB-231 cells

To compare the effect of the inhibitors on apoptosis and also

to test if ALDH1A3 expression has an effect on the sensitivity

of cells to apoptosis, we next assessed the ability of the panel

of inhibitors to induce apoptosis in MDA-MB-231, with or

without overexpression of ALDH1A3. Of all the drugs, disul-

firam most strongly induced apoptosis, which was magnified

in the ALDH1A3-OE cells (Figure 3). Gossypol also induced

apoptosis in the cells, regardless of ALDH1A3 expression. At

the highest concentration tested (100 mM), citral induced a

low level of cell death in MDA-MB-231 ALDH1A3-OE cells after

24 h, but did not appear to induce morphological changes

(Figure 3; Supplementary Figure 7). Citral was shown to induce

apoptosis and cell cycle arrest in other cancer cell lines

(Supplementary Table 3), although this is the first indication

that its effects on cell viability may be minimally related to

ALDH activity.
Taking into consideration all four assays (i.e. elimination of

Aldefluor-positive population in a PDX, reduction of

ALDH1A3-specific Aldefluor fluorescence in breast cancer

cells, and apoptosis induction which was associated with

ALDH1A3), citral stood out among the ALDH inhibitor panel

as a potentially effective ALDH1A3/Aldefluor fluorescence in-

hibitor. Therefore, we focused the remainder of our studies on

the ability of citral to inhibit ALDH1A3-mediated tumor

growth.

3.4. Nanoparticle encapsulated citral reduces ALDH1A3-
mediated tumor growth of MDA-MB-231 cells

Citral is a common component of fragrances and flavor addi-

tives and is known to degrade at acidic pH and under oxidative

stress (Ueno et al., 2004), suggesting it likely requires stabiliza-

tion or encapsulation to enhance in vivo bioavailability. Zeng

et al. reported a PEG-b-PCL micelle-encapsulation method

for citral (referred to as nanoparticle-encapsulated NP) (Zeng

et al., 2015). These authors also demonstrated that citral-NP

inhibited the tumor growth of murine mammary 4T1 tumor

cells implanted in the BALB/C mice (Zeng et al., 2015). In the

present study we found that intraperitoneal administration

of free citral was ineffective at reducing tumor growth of

MDA-MB-231 cells, regardless of ALDH1A3 expression

(Supplementary Figure 8). Therefore, we adapted the encapsu-

lation strategy devised by Zeng et al., to generate nanoparticle

encapsulated citral (citral-NP) and an empty nanoparticle con-

trol using PEG-b-PCL. HPLC confirmed that citral is composed

of two E and Z isomers in a 2:1 ratio, as reported by Zeng et al.

(Figure 4A). HPLC was used to quantify free citral and citral-

NP, and equivalent doses based on the HPLC quantification

had similar effects on Aldefluor fluorescence, indicating

citral-NPwas as bioactive as free citral (Figure 4B). The loading

efficiency of this citral-NP preparation was estimated to be

12.4% (Supplementary Materials and Methods). The mean

citral concentration for an individual preparation of citral-

NP was 8.05 mg/mL. Subsequently, the nanoparticle prepara-

tions were administered to mice bearing MDA-MB-231

ALDH1A3-OE or vector control tumors via tail vein injections.

As we previously reported, overexpression of ALDH1A3

increased tumor growth of MDA-MB-231 cells (Marcato et al.,

2015) (Figure 4C). Citral-NP significantly reduced tumor vol-

ume and tumor weight of MDA-MB-231 ALDH1A3-OE cells

but not MDA-MB-231 vector control cells (Figure 4C and D).

This suggests that the tumor growth inhibitory effect of citral

is related to its anti-ALDH activity, and in the case of ALDH1A3

expressing breast tumor cells, its specific inhibition of

ALDH1A3.

3.5. Citral reduces ALDH1A3-mediated colony formation

In order to further study the effect of citral on cancer cells, the

potential mechanisms for the ALDH1A3-specific tumor

growth reduction caused by this compoundwere investigated.

The minor apoptotic effects observed in Figure 3 upon treat-

ment of cells with 100 mM of citral are probably insufficient

to explain the observed tumor growth inhibition effects, since

citral inhibits ALDH1A3 activity at much lower concentrations

(i.e. 1 mM decreases Aldefluor fluorescence). Furthermore, the

http://dx.doi.org/10.1016/j.molonc.2016.08.004
http://dx.doi.org/10.1016/j.molonc.2016.08.004
http://dx.doi.org/10.1016/j.molonc.2016.08.004


Figure 2 e Citral is the best inhibitor of ALDH1A3-mediated Aldefluor positivity quantified by mean fluorescence intensity. A, B, C) The effect of

overexpression or knockdown of indicated ALDH isoform in Aldefluor positivity (relative mean fluorescence intensity, MFI) of the cell lines is show in
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Figure 3 e Disulfiram, gossypol, or citral induce apoptosis in MDA-MB-231 cells. A) MDA-MB-231 vector control and ALDH1A3-OE cells

were treated with indicated drugs for 24 h and assessed for live cells (percentage non-apoptotic cells) by FACS analysis of annexin-V-Alexafluor 488

and 7-AAD stained cells. Significance determined by one-way ANOVA with Tukey’s post-hoc test. B) Representative dot plots.
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effect of citral on cancer cell proliferation over 72 h was not

ALDH1A3-dependent (Figure 5A). Therefore, we assessed the

effects of citral on other cellular growth and signaling assays

that may be specific to ALDH1A3 activity and related to the

enhanced tumor growth mediated by the enzyme. Notably,

the colony formation assay (clonogenic assay) quantifies the

ability of a single cell to grow into a colony, and has been uti-

lized to illustrate CSC phenotype since it measures the ability

of the cells to undergo “unlimited” division (Fang et al., 2011).

In both MDA-MB-231 and MDA-MB-468 cells, higher ALDH1A3

expression was associated with increased colony formation.

Most importantly, citral reduced colony formation only in

those cell lines with high ALDH1A3 expression (Figure 5B

and C). The results from the colony formation assay mirror

the tumor growth assay results (Figure 4C and D), and suggest

citral may be inhibiting the enhanced ability of ALDH1A3

expressing MDA-MB-231 cells to form tumors.
the left panels. The effect of indicated drugs on Aldefluor positivity mediated

(A), or mediated by ALDH1A3 inMDA-MB-231 ALDH1A3-OE cells and in

ALDH2 in SKBR3 cells with intrinsic high ALDH2 (C). A, B, C) Significan
3.6. Citral inhibits ALDH1A3-mediated gene expression

To investigate the mechanism by which citral exerts its anti-

tumorigenic and anti-growth effects, we evaluated expression

of genes inducible by retinoic acid, or pluripotency and

markers associated with breast CSCs upon ALDH1A3 modula-

tion and citral treatment. The effects of ALDH1A3 on MDA-

MB-231 breast tumor growth and metastasis is dependent

upon its induction of RA signaling via expression of RA-

inducible genes (Marcato et al., 2015). Furthermore, expression

of RA-inducible genes in breast cancer is specifically dependent

upon expression ALDH1A3 (Marcato et al., 2015). Therefore, we

evaluated the effect of citral on ALDH1A3-induced expression

of RARb, RARRES1, and ELF3, all of which are RA-inducible

and contain retinoic acid response elements (RAREs) (Marcato

et al., 2015). Overexpression of ALDH1A3 in MDA-MB-231 cells

increased expression of RARb, RARRES1, and ELF3 (Figure 6A),
by ALDH1A1 in MDA-MB-231 ALDH1A1 overexpression (OE) cells

MDA-MB-468 cells with intrinsic high ALDH1A3 (B), or mediated by

ce determined by one-way ANOVA with Tukey’s post-hoc test.
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Figure 4 e Nanoparticle encapsulated citral reduces ALDH1A3-mediated MDA-MB-231 tumor growth. A) Nanoparticle encapsulated citral (citral-

NP) quantification via HPLC illustrated the two isomers present in citral and estimated the citral concentration. Three peaks present on the HPLC

chromatogram represent the “non-citral” products in the SIGMAcitral (elute 3.2min), the neral orE isomer (elute 6.4min), and the geranial orZ isomer

(elute 6.9 min). B) The effect of 100 mMcitral-NP and unencapsulated citral in the Aldefluor assay performed onMDA-MB-468 cells andMDA-MB-

231ALDH1A3-OEcells. C)Tumormeasurements inmice injectedwithMDA-MB-231 vector control or ALDH1A3-OEcells, with or without citral-

NP treatment. D) The resulting tumor weights. B, C, D) Significance determined by one-way ANOVA with Tukey’s post-hoc test.

Figure 5 e Citral reduces cell growth and ALDH1A3-mediated colony formation. A) MDA-MB-231 cells with or without ALDH1A3-OE and

MDA-MB-468 cells with or without knockdown of ALDH1A3 were treated with citral for 72 h and their growth rate normalized to no treatment.

B, C) MDA-MB-231 cells with or without ALDH1A3-OE and MDA-MB-468 cells with or without knockdown of ALDH1A3 were pre-treated

with 100 mM citral or vehicle for 24 h prior to colony formation assay. B) Representative images of colonies. A, C) Significance determined by one-

way ANOVA with Tukey’s post-hoc test.
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Figure 6 e Citral reduces ALDH1A3-mediated expression of retinoic acid-inducible genes. Relative mRNA expression levels of retinoic acid-

inducible genes RARb, RARRES1, and ELF3, pluripotency genes SOX2, NANOG, and POU5F1/Oct4, and CSC-associated genes ITAG6,

ALDH1A1, and CD44 was quantified by QPCR, normalized to control and B2M levels in MDA-MB-231 ALDH1A3-OE cells (A) and MDA-MB-

468 cells (B) with increasing citral treatment for 24 h compared to vehicle no treatment control. Significance of ALDH1A3-OE compared to control

MDA-MB-231 cells (A) andALDH1A3 knockdown compared to controlMDA-MB-468 cells (B) was determined by t-test. A, B) Significance of citral

treatments compared to vehicle no treatment determined by one-way ANOVA with Dunnett’s post-hoc test.
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while knockdown of ALDH1A3 in MDA-MB-468 cells reduced

expression of RARb, RARRES1, and ELF3 (Figure 6B). Citral

significantly reduced ALDH1A3-dependent expression of

RARb, RARRES1, and ELF3 in MDA-MB-231 cells (Figure 6A),

and reduced expression of RARb and RARRES1 in MDA-MB-

468 cells (Figure 6B).

In contrast, the expression of pluripotency and markers

associated with breast CSCs was not consistently altered by

ALDH1A3 expression or citral treatment MDA-MB-231 and

MDA-MB-468 cells (Figure 6A and B) (Akrap et al., 2016). While

ALDH1A3-KD and citral treatment increased ITGA6 expres-

sion in MDA-MB-468 cells, no change in expression was

observed in MDA-MB-231 cells. An opposite effect was seen

for ALDH1A1 expression where ALDH1A3-KD and citral treat-

ment reduced ALDH1A1 expression in MDA-MB-468, though

no change was observed in MDA-MB-231 cells. Gene expres-

sion of CSC-associated/marker CD44was also not consistently

altered by ALDH1A3 expression or citral treatment. This result

mirrors our cell surface expression analysis of breast CSC

markers CD24 and CD44; neither ALDH1A3 expression nor

citral treatment altered the percentage CD24�/CD44þ cells

in MDA-MB-231 cells (Supplementary Figure 10). Together,

the gene expression analysis strengthens the possibility that

citral’s inhibition of ALDH1A3-mediated tumor growth is

related to inhibition of ALDH1A3-induced retinoic acid

signaling.
4. Discussion

Breast CSCs are highly tumorigenic and resistant to conven-

tional therapies (Al-Hajj et al., 2003; Liu et al., 2014; Charafe-

Jauffret et al., 2009; Shafee et al., 2008; Diehn et al., 2009);

therefore, the presence of a residual population of CSCs after

treatment may increase a patient’s risk for relapse and jus-

tifies a search for compounds that target CSC-associated ac-

tivity. High ALDH activity is used as a biomarker for many

types of CSCs, and more recently it has been shown that

ALDH1A3 has a functional role in breast cancer, lung cancer,

melanoma, malignant pleural mesothelioma, and head and

neck cancer (Marcato et al., 2011, 2015; Shao et al., 2014; Luo

et al., 2012; Canino et al., 2015; Kurth et al., 2015). To date,

the inhibition of ALDH1A3 as a breast cancer therapy has

not been explored.

We evaluated 12 compounds with known inhibitory activ-

ity for other ALDH isoforms (with unknownALDH1A3 activity)

(Koppaka et al., 2012), and found that citral effectively

inhibited ALDH1A3. To our knowledge, this is the first time

that these compounds have been comparatively investigated

for ALDH inhibitory activity in live cells using the Aldefluor

assay. Previous cell-free enzymatic and/or in vivo assays

implied that chloral hydrate, citral, cyanamide, daidzin,

DEAB, disulfiram, gossypol, molinate, and pargyline inhibit

ALDH1A1 or ALDH2 (reviewed in Koppaka et al., 2012)

(Koppaka et al., 2012). Of the compounds we tested, only

DEAB, citral, and benomyl significantly inhibited ALDH1A3,

ALDH1A1, or ALDH2-mediated Aldefluor fluorescence in

breast cancer cells. The lack of positive results with the other

compounds could be attributed to the fact that the previous

studies reporting inhibition of ALDH isoformswere performed
using cell-free enzymatic assays or animal models. Several of

these compounds potentially require in vivo processing, as in

the case of cyanamide, which requires the action of catalase

to inhibit ALDH2, or pargyline which is activated in liver mi-

crosomes. Furthermore, the efficiency by which these com-

pounds can enter (and remain within) the cell is unknown

and could contribute to their lack of effects in the present

study.

Our 12 drug panel included disulfiram, a long-used drug in

the deterrence of alcohol abuse, which has also been exten-

sively tested previously for its anti-cancer properties

(Supplementary Table 3). The most commonly reported

anti-cancer mechanism of disulfiram is the inhibition of

the proteasome-mediated degradation pathway (Chen

et al., 2006). Specifically, when bound to copper, the disul-

firam/copper complex is a potent proteasome inhibitor,

thereby inducing apoptosis of cancer cells. In cancers with

clearly elevated copper levels such as glioblastoma multi-

forme, disulfiram treatment induces apoptosis and re-

sensitizes the tumors to temozolomide therapy (Liu et al.,

2012; Triscott et al., 2012). However, as illustrated by our find-

ings here, it is possible that the apoptotic effects of disulfiram

are not only attributable to its effects on proteasome-

inhibition, but may also be related to its ALDH enzyme inhi-

bition activity.

Another drug tested here, gossypol, induced notable

apoptosis in MDA-MB-231 cells. This is consistent with the

previously described pro-apoptotic activity of gossypol on

breast cancer cells (Supplementary Table 3). Interest in

gossypol as a breast cancer treatment stalled after a Phase I/

II clinical trial determined the compound has negligible anti-

tumor effects on refractory metastatic breast cancer. Further-

more, the lack of ALDH1A3-specific apoptotic effects induced

by gossypol decreased its relevance as a potential ALDH1A3-

specific inhibitor in this study.

Importantly, in addition to inhibiting Aldefluor fluores-

cence, citral treatment resulted in direct inhibition of

ALDH1A3-mediated breast tumor growth. It is probable that

citral inhibits general tumor growth by several mechanisms

such as autophagy or apoptosis (Zeng et al., 2015; Chaouki

et al., 2009), but this is the first report of ALDH1A3-specific in-

hibition resulting in decreased tumor growth. Since

ALDH1A3 canmediate breast cancer growth through upregu-

lating RA signaling (Marcato et al., 2015), and citral can

inhibit ALDH1A3-mediated expression of RA-inducible

genes, this is a likely mechanism for citral-mediated tumor

growth inhibition. The ideal cancer therapy would reduce tu-

mor mass as well as CSCs while sparing normal cells.

Notably, citral is reported to be less cytotoxic towards normal

mammary epithelial cells (MCF10A) than breast cancer cell

lines MCF7 andMDA-MB-231, suggesting a cancer-specific ef-

fect (Patel et al., 2015). A recent report demonstrated that

citral reduced tumor growth in the 4T1 syngeneic tumor

model; this growth inhibition was not associated with CSC

targeting (Zeng et al., 2015). In the present study we report

that citral reduced tumor growth driven by the CSC marker

ALDH1A3 as well as ALDH1A3-mediated colony formation.

Finally, while free citral was ineffective in vivo, nanoparticle

encapsulated citral reduced ALDH1A3-mediated tumor

growth, illustrating the beneficial effects of encapsulation
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in the in vivo delivery of drugs in the treatment of cancer.

Nanoparticle encapsulation for the delivery of anti-cancer

drugs has several advantages: particles are too large for renal

clearance or penetration of the endothelial junctions of

normal blood vessels, yet the particles are small enough to

extravasate the “leaky” vessels surrounding tumors (Greish,

2010). These characteristics define the enhanced-

permeability and retention effect, and are likely responsible

for the improved efficacy of citral-NP relative to free citral

observed in this study.

In conclusion this study conceptualizes the use of

ALDH1A3-specific inhibitors in the treatment of cancer and

illustrates the proof of principle that this enzymemay be tar-

geted to reduce tumor growth associated with ALDH1A3. It

would be worthwhile to investigate whether the anti-

cancer activity of citral that is observed in endometrial can-

cer, ovarian cancer, cervical cancer, B-lymphoma, and glio-

blastoma (Supplementary Table 3), can be partially

attributed to ALDH1A3 inhibition. Having illustrated the

proof of principle with citral, small molecule library

screening may identify ALDH1A3 inhibitors which are effec-

tive at nM concentrations, and therefore would likely be su-

perior novel drug candidates. Future studies with citral and

other ALDH1A3-specific inhibitors will determine if the

tumor-initiating potential and therapy resistance of

Aldefluor-positive identified CSCs can be abrogated with

such inhibitors. This could lead to the adjuvant application

of ALDH1A3-specific inhibition in the treatment of certain

cancers where ALDH1A3 plays a functional role in tumor

growth, metastasis and chemo- or radio-resistance

(Marcato et al., 2011, 2015; Luo et al., 2012; Canino et al.,

2015; Kurth et al., 2015).
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