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ARTICLE INFO ABSTRACT

Keywords: Iron chelation has already been proposed to be a feasible strategy for cancer therapeutics in that reinforced iron
Iron chelation demand is demonstrated in cancer cells, and quite a few iron chelators have been developed for this purpose.
DFCAF Desferrioxamine (DFO), an iron chelator approved by the U.S. Food and Drug Administration (FDA), has been
gf/ﬁ_s extensively examined to remove extra iron. However, DFO has been found to harbor limited efficacies in

combating cancer cells due to poor cellular permeability. In the current study, we synthesized the DFO deri-
vative, named as desferrioxamine-caffeine dimer (DFCAF) by linking DFO to caffeine with high purity and
excellent stability. Our data showed that DFCAF displayed greater cellular permeability to chelate intracellular
iron in 4T1 breast cancer cells than DFO, posing more inhibition on cell growth and cellular motility/invasion.
Importantly, DFCAF was uncovered to remarkably deplete cancer stem cells (CSCs), as characterized by the
remarkable decrease of the CD44*/M&h/CD24 ~/1°% and ALDH */"&" subpopulation. In parallel, DFCAF was also
found to greatly reverse epithelial-mesenchymal transition (EMT), suggesting the potential application to re-
strain tumor progression and metastasis. Collectively, these data unveiled the improved efficacy to target cancer

Cancer therapeutics

cells and to deplete CSCs, thus opening a new path for better cancer therapeutics through iron chelation.

1. Introduction

Iron (Fe) is essentially involved in diverse cellular processes, in-
cluding energy production, enzyme-mediated functions, DNA synthesis
and electron transfer [1,2]. However, the iron level has to be con-
certedly governed to maintain fine-tuned iron recycling, whereas dis-
ordered iron metabolism would result in various diseases including
cancers [3,4]. For example, reinforced iron supply has been uncovered
to enhance tumor progression [5,6]. To this end, iron chelation has
been examined to restrain tumor growth by starving tumor cells from
iron as an essential nutrient [7,8]. Thus far, a few iron chelators have
been tested for the purpose of tumor treatment. Of them, deferoxamine
(DFO) represents a family of widely used iron chelators to remove ex-
cess iron in many diseases with iron overload [9], and further to treat

cancers [10,11]. However, the current DFO family members still suffer
from a few drawbacks, such as limited cellular permeability, fast
clearance and low efficacy in targeting cancer cells [12]. Under this
context, new DFO derivatives are sought for better performance in
targeting cancer cells.

Cancer stem cells (CSCs) represent a tiny subpopulation of cancer
cells in the tumor, and harbor some unique characteristics, e.g. the
capabilities in self-renewal and generating heterogenic cancer cell po-
pulations [13]. Importantly, CSCs are thought to be the likely source of
tumor initiation, progression, drug resistance, metastasis and recur-
rence [14,15]. Thus, targeting CSCs is becoming a promising strategy to
treat cancers, especially for advanced cancers [16]. CSCs are rapidly
dividing cells, requiring sufficient iron supply for cell growth and
proliferation [17]. Given this property, we hypothesize that CSCs could
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be targeted through iron chelation.

In the current study, we aimed to synthesize the DFO derivative and
target the CSCs in breast cancer. We first synthesized the desferriox-
amine-caffeine (DFCAF) by linking DFO to caffeine, a very safe and
highly biologically penetrable molecule, as we established previously
[12]. Our combined data uncovered the improved efficacy of DFCAF in
chelating iron and depleting CSCs. This study would open a new path
for cancer therapeutics through enhanced iron chelation.

2. Materials and methods
2.1. DFCAF synthesis and characterization

DFCAF synthesis was carried out according to our previous proto-
cols [12], based on the conjugation of DFO with theophylline-7-acetic
acid (T7A) assisted by N-(3-dimethylaminopropyl)-N’-ethylcarbodii-
mide to form a covalent amide bond between the siderophore and the
caffeine moiety. DFCAF was obtained as a beige powder, being in-
soluble in water and slightly soluble (up to 2 mM) in DMSO. Elemental
analysis (C34Hs6N10011°1.5 H20): calculated (%), C, 50.6; H, 7.36; N,
17.3. Found (%): C, 50.7; H, 7.18; N, 17.1. Moreover, 300 MHz re-
presentative 1H-NMR spectra were determined for DFCAF dissolved in
DMSO-d6 (Agilent INOVA). As shown in Fig. S1, 1H NMR (300 MHz,
DMSO-dg) 8y (ppm): 1.14-1.29 (m, 6 H), 1.29-1.58 (m, 12 H), 1.95 (s,
3H), 2.21-2.31 (m, 4 H), 2.54-2.61 (m, 4 H), 2.95-3.10 (m, 6 H), 3.20
(s, 3H), 3.41-3.50 (m merged with s, 9H), 4.93 (s, 2H), 7.77 (t, 2H,
J = 6Hz), 7.99 (s, 1H), 8.18 (t, 1H, J = 6 Hz, corresponding to the
newly formed amide bond between T7A and DFO), 9.61 (broad s, 2 H),
and 9.65 (broad s, 1H). Effective coupling of the caffeine moiety to
DFO was detected by the appearance of vc—o (xanthine ring) at 1667
and 1706 cm ™!, which is absent in DFO, and by the disappearance of
the carboxylic stretch of T7A at 688 cm ™' with Perkin-Elmer Frontier
(Fig. S2). LCI/MS for DFCAF (C34Hs¢N19011; 780.8 g/mol; Fig. S3):
Charge 1+, experimental Mw = 781.5g/mol; Charge 2+, experi-
mental Mw = 391.2 g/mol, as described previously [12]. The purity of
this compound is > 95%. After dissolving in DMSO and being saved at
—20 °C for more than a year, DFCAF still revealed a potent efficacy in
iron chelation, demonstrating its excellent stability.

2.2. Cell culture

Murine breast cancer cell line 4T1 was obtained from the American
Type Culture Collection (Manassas, VA, USA), and 4T1 cells were cul-
tured in phenol red-free RPMI-1640 medium (Gibco BRL Life
Technologies Inc, USA) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (Invitrogen) in a humidified in-
cubator with 5% CO, at 37 °C.

2.3. Measurement of intracellular iron

After treatment with DFO (Sigma-Aldrich) and DFCAF at 20 uM for
24 h, cells were washed with PBS and then incubated with Calcein-AM
(ATT Bioquest, Inc.) at 1.0 uM, a cell-permeant form of calcein, for
20 min. Thereafter, cells were washed with PBS twice, and iron binding
efficacy was determined through flow cytometry analysis.

2.4. Western blot analysis

Western blotting was carried out following the standard procedure,
as previously described [18]. Antibodies used here were described in
Supplementary Table 1. B-actin was used as a loading control for nor-
malization.

2.5. CCKS8 cell viability assay

Cell viability was assessed through the CCK8 assay following the
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manufacturer’s protocol (Solarbio Science & Technology Co., Ltd.,
Beijing, China). In brief, 5000 cells were inoculated into 96-well plates,
and cells were then subjected to different concentration of DFO and
DFCAF at 2.5, 5, 10 and 20 pM for 24 h. Cell viability was then de-
termined with the provided reagents.

2.6. Mammosphere formation assay

Mmmospheres originated from 4T1 cells were cultured in 6-well
ultra-low attachment plates (Corning Costar Inc, Corning, NY, USA)
with 2000 to 5000 cells/mL per well in serum-free DMEM/F-12
medium (Gibco BRL Life Technologies Inc, USA) supplemented with
20ng/mL EGF (PeproTech), 4 ug/mL insulin (PeproTech), 20 ng/mL
basic FGF (PeproTech) and 0.4% B27 (Invitrogen). During culture, half
of medium was replaced every other day with fresh medium. Spheres
were counted and imaged 7 d after continuous culture.

2.7. Limiting dilution assay

Briefly, cells were seeded into 96-well ultra-low attachment culture
plates (Corning Costar Inc, Corning, NY, USA) with varied cell numbers,
followed by treatment with 20uM of DFCAF and DFO for 7 d.
Afterwards, tumor spheres were examined and counted.

2.8. CSC determination by flow cytometry

Original 4T1 cells and cells collected from 4T1 cell-derived mam-
mospheres with or without treatment were incubated with 10% FBS for
30 min, followed by incubation with anti-CD24 and anti-CD44 anti-
bodies (BioLegend) for 20 min at 22 °C in the dark. After washing with
PBS for three times, cells were collected and analyzed by flow cyto-
metry.

2.9. ALDH level analysis

After treatment, cells were fixed with 4% methanol for 5min and
thereafter with 0.1% PBS-Tween (Solarbio Science & Technology Co.,
Ltd., Beijing, China) for 15 min. Then, fixed cells were incubated with
10% FBS for 30 min at 22 °C, followed by incubation with an anti-ALDH
antibody (Abcam) for 30 min and afterwards the FITC-conjugated anti-
rabbit secondary antibody (Proteintech) for 30 min at 22 °C. Cells were
finally collected and analyzed through flow cytometry using the
NovoCyte 1040 flow cytometer (ACEA Biosciences Inc., China), as
previously reported [19,20].

2.10. Wound-healing assay

Wound-healing assay was performed according to the established
method [21]. In brief, cells were seeded at 4.0 x 10° cells/well in 6-
well plates, and were cultured to reach a full confluency. After scraping
the cell monolayer, cells were washed off with PBS, and the plates were
then treated with DFO and DFCAF at 20 uM. Plates were imaged after
24 h.

2.11. Transwell cellular motility/invasion assay

Transwell chambers equipped with 8 um pore size (Corning Costar
Inc, Corning, NY, USA) were used to determine the cellular motility/
invasion ability of 4T1 cancer cells in response to DFCAF relative to
DFO. Cells were seeded onto the upper wells with 3 x 10* cells/well,
and conditioned medium (phenol red-free RPMI-1640 medium sup-
plemented with 10% FBS and 1% penicillin/streptomycin) was added
into the bottom chambers. Cells were then cultured for 16 h upon the
treatment with DFO and DFCAF at 20 uM. Finally, transmigrated cells
were visualized with 0.1% crystal violet (Solarbio Science &
Technology Co., Ltd., Beijing, China) under a microscope (Hamamatsu



B. Lietal

(A

)

Caffeine DFO

1 CHy
CHy

Bevr

CHy |

J\,,/\/\/\HL/\/'L
0

(B)
AN00. DFCAF 3
3 DFO =
|8 =ct g 25
& 3
= | 60- 5> 2
c 3 a
3 | 40. =245
S o9
= Qe 1
8 20. E=
; _ § 05
1054 10¢ 107 107 5 0
CA-AM fluorescence
(€)
100 072 061 MW
L-ferritin | s e o0 19 kDa
B-actin | W - | 42 kDa
Ctrl DFO DFCAF
A) ®) et
121 @
4T1 cells % DFCAF @
21-1- -~ DFO z
S10 -
g0 . &
T0.9. }2
O v
038 *  DFCAF
071l : . . . .
0 25 5 10 20 2
Concentration (uM)
(©)

Ctrl DFO

DFCAF

100 50 25 10 5100 50 25 10 5

100 50 25 10 5 (celis perwell)

al T

E
o

®

Photonics Co., Ltd., China).

2.12. S

The Independent t-test and One-Way ANOVA test were used to
analyze the experimental data. Data were presented in mean = SD.
Here, P < 0.05 was considered statistically significant.
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3. Results and discussion

Fig. 1. DFCAF displayed a greater efficacy to
chelate iron than DFO.

(A) A scheme delineating the synthesis of
DFCAF from DFO and caffeine. (B) The de-
termination of the intracellular iron con-
centration with the calcein-AM probe. The 4T1
cancer cells were treated with 20 uM of DFO
and DFCAF for 24 h, respectively, and calcein-
AM fluorescent intensity was determined
through flow cytometry. Quantified data were
shown in the right panel (n = 3). (C) Protein
concentration of ferritin light chain (L-ferritin)
was assessed through Western blot analysis in
4T1 cells upon DFO and DFCAF at 20 uM for
24 h.

Fig. 2. DFCAF manifested a greater capability
to suppress cell viability and sphere formation.
(A) Cell viability evaluation of 4T1 cells re-
sponding to DFO and DFCAF at various con-
centrations for 24 h through CCK8 assay. (B)
Sphere formation assay of 4T1 cells upon
treatment with 20 uM DFO and DFCAF in 6-
well plates for 7 d. Quantified data (n = 4) for
sphere numbers per plate were shown in the
bottom right corner. (C) Capability of sphere
formation from single cell for 4T1 cells in re-
sponse to 20 pM DFO and DFCAF in 96-well
plates for 7 d. Representative 96-well plates
harboring mammoshperes in each well
Quantified data (5 cells per well) of three in-
dependent experiments were shown in the
right panel.

3.1. DFCAF displayed a greater capability in chelating intracellular iron

To overcome the inherent drawbacks of DFO including limited

we here synthesized DFCAF
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cellular permeability and low efficiency in targeting cancer cells [22],

for iron chelation by incorporating caffeine

into DFO molecule (Fig. 1A), according to our previous study [12].
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Fig. 3. DFCAF showed a greater ability to deplete CSCs than DFO.

(A) Percentage of CD44%/CD24~ subpopulation of 4T1 cells responding to DFO and DFCAF at 20 uM for 24 h. Quantified data were presented in the right panel
(n = 3). (B) Proportion of CD44*/CD24~ subpopulation in 4T1-derived spheres responding to 20 uM DFO and DFCAF for 7 d (n = 3). Relative expression of ALDH,
as characterized by mean fluorescent intensity in 4T1 cells (C) and 4T1-derived mammospheres (D) treated with 20 uM DFO and DFCAF for 24 h.

First, the iron binding efficacy of DFCAF was determined through flow
cytometry analysis using the calcein-AM probe, which manifests a
greater green-fluorescent intensity upon the reduction of intracellular
iron and reflects the efficacy of iron chelation. After DFO treatment, the
fluorescent intensity of intracellular calcein-AM was significantly in-
creased by 43% in 4T1 cells compared to the untreated cells (Fig. 1B
and S4, P < 0.001). By contrast, DFCAF further depleted the in-
tracellular iron level relative to DFO-treated cells, as demonstrated by
80% elevation of fluorescent intensity in cells upon calcein-AM in
comparison to untreated cells (Fig. 1B and S4, P < 0.001). To corro-
borate these findings, we looked into the intracellular iron mass
through the level of L-ferritin, which is a key subunit of iron storage
protein [23]. Similarly, the protein level of L-ferritin was decreased by
28% in 4T1 cells upon DFO treatment compared to untreated cells, and
further declined by 39% in DFCAF-treated cells (Fig. 1C). These data
thus suggested a more potent capability of DFCAF in chelating in-
tracellular iron than DFO.

3.2. DFCAF inhibited cell viability and sphere formation of cancer cells

As iron supply is essential for cell growth and survival through a
number of intertwined cellular processes including DNA replication,
electron transfer, respiration, and enzyme activities [24-26], cell via-
bility was assessed in 4T1 cells upon treatment of DFCAF and DFO. As
shown in Fig. 2A, DFO impeded cell viability in a dose-dependent

manner with a max inhibition of 9% in comparison to untreated cells,
consistent with previous reports [12]. Strikingly, to a greater extent,
DFCAF suppressed cell viability in a dose-dependent manner at the
same concentrations with a max inhibition of 19% relative to untreated
cells (Fig. 2A, P < 0.05). Afterwards, we determined the capability of
sphere formation, a fundamental characteristic of tumorigenicity fol-
lowing a standard protocol as previously described [27]. As delineated
in Fig. 2B, tumorspheres with typical morphological characteristics, e.g.
solid and round structures with varied size, were formed from 4T1 cells.
However, the formation of tumor spheres was inhibited by DFO, and
further inhibited by DFCAF, as evidenced by 37% and 63% reduction of
sphere numbers per well, respectively (Fig. 2B, P < 0.05). Moreover,
the average sphere size also showed 38% and 59% reduction for cells
treated with DFO and DFCAF, respectively, compared to untreated cells
(Fig. S5, P < 0.001). To substantiate this finding, we used another
strategy to determine sphere formation, limiting dilution assay in 96-
well plates [28,29]. In accordance to the above results, the frequency of
sphere formation was greatly repressed by DFO and DFCAF in wells
starting with all numbers of cells except with 100 cells, as illustrated by
the 96-well layout and quantified data (Fig. 2C). For example, the
frequency of sphere formation was suppressed by 33% and 50% for the
wells with 5 cells upon DFO and DFCAF treatment, compared to the
according control without treatment, respectively (Fig. 2C, P < 0.05).
These results thus revealed more potent inhibition of DFCAF on sphere
formation than DFO, and also implied greater cellular permeability of
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Fig. 4. DFCAF repressed the expression of CSC markers.

Protein amount of STAT3, phosphorylated-STAT3 (P-STAT3), Slug, Sox2,
Nanog and ferritin light chain (L-ferritin) in 4T1 cancer cells treated with
DFCAF at 2.5 and 20 uM for 24 h through Western blotting. B-actin served as a
loading control.

DFCAF than DFO.

3.3. DFCAF diminished the subpopulation of CSCs

Next, we investigated the potential impact of DFCAF on the pool of
the CSC subpopulation, which is thought to be the driving force of
tumor progression, metastasis, relapse and chemoresistance [30-32]. It
has been reported that the relative mass of CSCs can be represented by
CD44 */high /cD24 ~/1° subpopulation and ALDH ™/Mi€! cells [33-35].
As shown in Fig. 3A, DFO repressed the proportion of CD44*/hish/
CD24~""" subpopulation from 15% in untreated 4T1 cells to 11%
(P < 0.05). Importantly, DFCAF depleted the proportion of CD44*/
high /cpog4 —/low subpopulation to 6% (P < 0.05). Furthermore, we
examined the proportion alterations of CD44*/h8h/CD24~/1oW syb-
population in mammospheres. Consistent with previous findings [36],
significantly enriched CD44*/"ig" /CD24 /"% cells were defined in 4T1
cell-derived mammospheres compared to parental 4T1 cells (53% vs
15%, P < 0.001) (Fig. 3A and B). Furthermore, DFCAF diminished
CD44 */high /CcD2471°% cells more dramatically than DFO (19% vs 6%,
P < 0.05), relative to untreated cells (Fig. 3B).

To substantiate these data on the changes of CD44 */high /cD24 ~/low
subpopulation, the percentage of ALDH*/M" cells was further ex-
amined [37,38]. The mean fluorescent intensity of ALDH in 4T1 cells
was measured by flow cytology (Fig. S6A). As shown in Fig. 3C, the
percentage of ALDH */M8" cells was greatly reduced by 45% and 60% in
parental 4T1 cells upon DFO and DFCAF treatments, respectively,
compared to untreated cells (P < 0.05). Meanwhile, we observed
greater reduction of ALDH* """ cells by DFCAF than DFO in 4T1 cell-
derived mammospheres (Fig. 3D and S6B, P < 0.001), confirming the
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greater capability of DFCAF to deplete CSCs.

Thus far, a few markers have been proposed to recognize CSCs,
including phosphorylated STAT3 (P-STAT3) [39], Nanog [40], Sox2
[41] and Slug [42]. Subjected to the reduction of intracellular iron mass
in cells upon DFCAF at 2.5 and 20 pM, as reflected by the decrease of L-
ferritin, the CSC markers, namely P-STAT3, Nanog, Sox2 and Slug, were
remarkably compromised in cells treated with DFCAF, especially at
20 uM (Fig. 4). To this end, these results together supported the ratio-
nale of iron chelation to diminish CSC subpopulation. Our data also
demonstrated a more potent capability of DFCAF to diminish CSC
subpopulation than DFO, suggesting a greater efficacy of DFCAF for
targeting CSCs.

3.4. DFCAF restrained cancer cell motility and invasion

Given that CSCs are believed to the driving force of tumor metas-
tasis and epithelial-mesenchymal transition (EMT) [43], we next in-
vestigated the influence of DFCAF treatment on cancer cell motility,
invasion and EMT. As shown in Fig. 5A, DFO and DFCAF inhibited cell
mobility of 4T1 cells by 47% and 71%, compared to untreated cells
(P < 0.05), respectively, as demonstrated by the wound-healing assay.
In support of this finding, cell motility/invasion of 4T1 cells was re-
pressed by 44% and 68% by DFO and DFCAF, respectively, compared to
untreated cells (Fig. 5B, P < 0.05), as characterized by the transwell
assay. The capability of cellular motility/invasion is closely dictated by
the EMT properties of cancer cells [44-46]. Thereafter, we embarked on
the alterations of EMT markers in 4T1 cells upon DFCAF treatment. As
shown in Fig. 5C, an increased level of an epithelial marker, E-cadherin,
and reversely a decreased level of a mesenchymal marker, N-cadherin,
were found in 4T1 cells upon DFCAF treatment, especially at 20 uM
(Fig. 5C). These data thus suggested largely compromised EMT for 4T1
cells responding to DFCAF, accounting for reduced cellular motility and
invasion, as observed above. Collectively, our data revealed a potent
efficacy of DFCAF in inhibiting cell motility/invasion and EMT.

4. Conclusions

To summarize, our combined data uncovered a greater capability of
the DFO derivative, DFCAF, to chelate intracellular iron with a greater
efficacy than DFO. DFCAF showed much better performance in sup-
pressing cell growth and restraining cellular mobility/invasion than
DFO. Moreover, DFCAF was uncovered to remarkably deplete CSC
subpopulation and to reverse EMT, which has not been recognized
through the strategy of iron chelation in the past. Together, our data
unveiled enhanced cellular permeability of DFACF to target cancer cells
and even CSCs, resulting in compromised cell growth, cellular motility/
invasion and EMT.
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