
Abstract. Background: Rapidly-dividing cancer cells have
higher requirement for iron compared to non-transformed cells,
making iron chelating a potential anticancer strategy. In the
present study we compared the anticancer activity of
uncommon iron chelator aurintricarboxylic acid (ATA) with the
known deferoxamine (DFO). Materials and Methods: We
investigated the impact of ATA and DFO on the viability and
proliferation of MCF-7 cancer cells. Moreover we performed
enzymatic activity assays and computational analysis of the
ATA and DFO effects on pro-oncogenic phosphatases PTP1B
and SHP2. Results: ATA and DFO decrease the viability and
proliferation of breast cancer cells, but only ATA considerably
reduces the activity of PTP1B and SHP2 phosphatases. Our
studies indicated that ATA strongly inactivates and binds in the
PTP1B and SHP2 active site, interacting with arginine residue
essential for enzyme activity. Conclusion: We confirmed that
iron chelating can be considered as a potential strategy for the
adjunctive treatment of breast cancer.

Breast cancer is one of the most common female tumors
worldwide and the number of breast cancer cases is continually
growing (1). Because of the genetic and environmental factors,
breast cancer is more often becoming a problem of younger
women (2). Previous studies showed that the development of
breast cancer is involved with tyrosine phosphorylation pathway
disorders (3). Tyrosine phosphorylation is controlled by careful

balance of activity of tyrosine kinases and tyrosine phosphatases
(4). Protein tyrosine phosphatases PTP1B and SHP2 are
overexpressed in breast cancer cell lines and promote tumor
growth (5, 6). Phosphatases PTP1B and SHP2 may constitute
promising targets for the development of new anticancer
diagnostic and therapeutic strategies (7). Previous studies have
shown that aurintricarboxylic acid (ATA) (Figure 1A) is a very
effective inhibitor of protein tyrosine phosphatases YopH and
CD45 (8, 9). ATA is not only known to inhibit protein tyrosine
phosphatases, but also nucleic acid binding enzymes, such as
reverse transcriptase, DNA and RNA polymerase, topoisomerase
and nuclease (10). Taking the above studies into consideration,
it is readily concluded that ATA is a remarkable compound,
which should be seriously considered as a drug for the treatment
of numerous diseases, with a particular focus on cancer. The
previous studies confirmed that aurintricarboxylic acid decreases
proliferative potential of human ovarian SKOV3 as well as
human breast cancer MCF-7 and T47D cells (11, 12). Recently
it has been also found that treatment with ATA enhanced glioma
cell sensitivity to both the chemotherapeutic agent temozolomide
and radiation-induced cell death (13). 

ATA is a polyaromatic carboxylic acid derivative
exhibiting polyanionic and metal chelating properties, which
may be essential for anti-cancer activity (14), as iron
chelators are considered as potential anti-tumor agents (15).
Recent studies showed that iron deprivation is promising
strategy for cancer therapy investigation (16). Iron is an
essential element for cell physiology being critical for DNA
synthesis. Rapidly-dividing cancer cells have higher
requirement for iron comparing to their non-transformed
counterparts, making them particularly sensitive to iron
depletion. Deferoxamine (DFO) (Figure 1B) was the most
studied iron chelator, and the first one introduced into clinical
practice. DFO is used for the treatment of iron-overload
disease and to remove excess iron that accumulates with
chronic blood transfusions (17), but it has also been shown
to possess anticancer activity (18).
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Here we present the studies on the effect of iron chelators
ATA and DFO on the viability and proliferation of MCF-7
breast cancer cells. We also compare the impact of ATA and
DFO on the enzymatic activity of pro-oncogenic PTP1B and
SHP2 phosphatases.

Materials and Methods 

Reagents. Phosphatases PTP1B (No. SRP0215) and SHP2 (No.
SRP0217) were obtained from Sigma Aldrich. MCF-7 cell line was
purchased from The European Collection of Cell Cultures (ECACC).
Aurintricarboxylic acid (No. A1895), deferoxamine (No. D9533),
cell media, supplements and other reagents were obtained from
Sigma Aldrich. Cell proliferation assay kit was obtained from
BioAssay Systems.

Cell culture. The cells were cultured in DMEM medium supplemented
with 10% fetal bovine serum, 100 μg/ml penicillin/streptomycin and
2 mM L-glutamine. The culture was maintained at 37˚C and in an
atmosphere containing 5% CO2. The cell culture density was kept to
maximum 1×106 cells/ml. At least every two days the medium was
replaced with the fresh one, and the cells were counted and reseeded
to maintain the recommended density. 

Cell viability test. The cells (1×106 cells/ml) untreated (control) or
treated with solutions of ATA and DFO after the appropriate
incubation time were suspended in solution of 5 mg/mL MTT(3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) in DMEM
without phenol red. The 100-μl samples were incubated for 3 to 4 h
at 37˚C in 96-well plates. When the purple precipitate was clearly
visible under the microscope, 100 μl of DMSO was added to each
well and the plate was left in the dark for 15 min. The absorbance
at 590 nm was determined using a microplate reader.

Fluorescent assay for cell proliferation. The cells (1×106 cells/ml)
untreated (control) or treated with solutions of ATA and DFO after
the appropriate incubation time were suspended in solution of
CellQuantiBlue reagent of resazurin. The 200-μl samples were
incubated for 1 to 5 hat 37˚C in 96-well plates. The fluorescence
intensity of highly fluorescent product (resorufin) was measured
using a fluorescence reader (excitation wavelength=530-570 nm,
emission wavelength=590-620 nm).

PTP1B and SHP2 activity assay. The solutions of the recombinant
PTP1B and SHP2 phosphatase were prepared in 10 mM HEPES
buffer pH 7.4. The final concentration of phosphatases in reaction
samples was 1.5 μg/ml (3.3 nM). The enzymes were untreated
(control) or treated with solutions of oxidized and reduced lipoic
acids. The assay was performed in 96-well microplates, and the final
volume of each sample was 200 μl. The enzymatic activity of
phosphatases was measured at 37˚C at 405 nm on a microplate
reader Jupiter (Biogenet) using DigiRead Communication Software
(Asys Hitech GmbH), using 2-mM chromogenic substrate para-
nitrophenyl phosphate (pNPP).

Docking studies. The initial structure of PTP1B was imported from
the RCSB protein data bank (www.pdb.org) with code 5K9V.pdb and
SHP2 with code 5EHR.pdb. The structures were minimized using
Amber10:EHT force field of the Molecular Operating Environment
software (MOE, Chemical Computing Group). The ligands were
removed from pdb files and ATA or DFO were docked into the
structures. A docking simulation was performed, where the binding
site was assumed to be the active site. The side chains were kept free
to move during force field refinement. Alpha PMI is the placement
method used with default settings (sample per conformation =10,
maximum poses=250). London dG rescoring was used with Alpha
PMI placement. Termination criteria for force field refinement were
set as gradient=0.001 and iterations =500.
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Figure 1. Structures of (A) aurintricarboxylic acid and (B) deferoxamine.



Statistical analysis. The experiments were performed at least three
times. The data were applied and analyzed with GraphPad Prism
(GraphPad Software v.4). Statistical analyses were performed using
ANOVA combined with Tukey’s test or t-test combined with
Wilcoxon test. The data were expressed as means±SD. Differences
between means were considered significant for p<0.05.

Results
ATA and DFO effect on MCF-7 breast cancer cell viability
and proliferation. We evaluated the effect of ATA and DFO
on the viability of MCF-7 breast cancer cell line. We found
that ATA and DFO are able to decrease the cell viability in
concentration-dependent manner. After 24 h of treatment, the
viability of cells was significantly (p<0.05) decreased by 1,

100 μM DFO and 100 μM ATA (Figure 2). 1-μM ATA has no
impact on cell viability, whereas 1 μM DFO has already
inhibitory effect (p<0.05). After 48 h of treatment, the
viability of cells was significantly (p<0.001) decreased by 1,
100 μM DFO and 100 μM ATA, as well as by 1 μM ATA
(p<0.001) (Figure 2).

We measured the effect of ATA and DFO on cell
proliferation with fluorescence assay and found that DFO has
a stronger inhibitory effect on MCF-7 cell proliferation than
ATA (Figure 3). After 24 h incubation time 1 μM as well as
100 μM DFO induced significant (p<0.001) inhibition of
MCF-7 cell proliferation, whereas ATA was effective only in
100 μM. The same effect was observed after 48 h incubation
time, both concentrations of DFO and only100 μM ATA
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Figure 2. Cell viability of MCF-7 breast cancer cell line after treatment for 24 and 48 h with (A) 1 μM, 100 μM aurintricarboxylic acid (ATA) and
(B) deferoxamine (DFO) measured with MTT-based cell viability test. Data presented as percent of the control viability (100%, cells not treated),
mean±SD (n=3). One-way Anova test combined with Tukey test. *Means were significantly different from control (p<0.001). **Means were
significantly different from control (p<0.05). 

Figure 3. Cell proliferation of MCF-7 breast cancer cell line after treatment for 24 and 48 h with (A) 1 μM, 100 μM aurintricarboxylic acid (ATA)
and (B) deferoxamine (DFO) measured with resazurin-based fluorescent cell proliferation test. Data presented as a percent of the control (100%,
cells not treated), mean±SD (n=3). One-way Anova test combined with Tukey test. *Means were significantly different from control (p<0.001).



significantly (p<0.001) decreased the cell proliferation of
MCF-7 cells (Figure 3).

Inhibitory effect of ATA and DFO on enzymatic activity of
PTP1B, SHP2 phosphatases. In the next step, we examined
the effect of ATA and DFO on enzymatic activity of protein
tyrosine phosphatases PTP1B and SHP2. In order to assess
the inhibitory effect of ATA and DFO on PTP1B and SHP2
phosphatases we performed an enzymatic activity assay of
recombinant PTPs after treatment and 30 min incubation with
tested compounds. We found that ATA and DFO are able to
decrease the enzymatic activity of PTP1B and SHP2, but ATA
showed much greater inhibitory activity than DFO (Figure 4).
The inhibition of phosphatases was concentration-dependent.
The effect of ATA was increasing relative to concentration
and was slight for 100 nM ATA, while 1 μM ATA induced
strong inhibition of PTP1B and SHP2 phosphatases (Figure
4A and C). 100 μM DFO decreased no more than 20% of the
activity of PTP1B and SHP2 (Figure 4B and D).

Calculations of IC50 values of ATA and DFO on PTP1B and
SHP2 phosphatases. To compare the influence of ATA and
DFO on PTP1B and SHP2 we calculate IC50 values (Table I).
We used different concentrations of ATA an DFO and 30-min

incubation time for phosphatases with compounds. We
calculated IC50 values based on a plot presenting ATA and
DFO concentration versus percentage of the enzymatic
activity of recombinant PTP1B and SHP2 measured as
absorbance with pNPP substrate. The pNPP concentration for
IC50 calculations was equal to Km value determined for
PTP1B and SHP2, where Km value is defined as substrate
concentration at which enzyme activity is half-maximal.
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Figure 4. (A) Enzymatic activity of PTP1B phosphatase after 30 min of treatment with different concentrations of aurintricarboxylic acid (ATA).
(B) Enzymatic activity of PTP1B phosphatase after 30 min of treatment with different concentrations of deferoxamine (DFO). (C) Enzymatic activity
of SHP2 phosphatase after 30 min of treatment with different concentrations of aurintricarboxylic acid (ATA). (D) Enzymatic activity of SHP2
phosphatase after 30 min of treatment with different concentrations of deferoxamine (DFO). Data presented as percent of the control enzymatic
activity (100%, cells not treated), mean±SD (n=3).

Table I. The inhibitory properties of aurintricarboxylic acid (ATA) and
deferoxamine (DFO) to PTP1B and SHP2 phosphatases presented as
IC50 values. IC50 values were determined from a plot presenting
inhibitor concentration versus percentage of the enzymatic activity
measured as absorbance with pNPP substrate after 30 minutes
incubation with inhibitors, at substrate concentration equal to Km
value. Data presented as an estimated concentration from the plot. 

                                                         Calculated IC50 values

Phosphatase                               ATA                                    DFO

PTP1B                              0.93±0.028 μM                  2.54±0.68 mM
SHP2                               0.517±0.021 μM                 2.91±0.76 mM 



The obtained results indicated that DFO is able to decrease
the enzymatic activity of selected phosphatases, but is much
more weaker than ATA. DFO was effective in a concentration
in a range of about 2-3 mM (Table I). The calculated IC50 value
of ATA showed that it is strong inhibitor of PTP1B and SHP2
phosphatases and is effective in concentration below 1 μM. We
observed the tendency that ATA induced more selective
inhibition of SHP2 than PTP1B phosphatase (Table I).

ATA losses inhibitory activity in the presence of catalase. In the
next step we performed an enzymatic activity assay of
recombinant PTP1B and SHP2 in presence and absence of
catalase to evaluate if the hydrogen peroxide generation is
involved in the inactivation. As we expected from our previous
studies (8), the inhibitory effect of ATA was abolished in a
presence of catalase (Figure 5). We found that catalase has no
impact on inhibition caused by DFO (Figure 5). 

Docking studies of ATA and DFO in PTP1B and SHP2 binding
site. ATA and DFO molecules were docked into the 3D
structures of PTP1B and SHP2 in order to investigate the
possibility of binding and conformation. We performed flexible
docking and retained top 30 conformations from docking runs.
In all 30 conformations ATA and DFO are bound to the active
site of PTP1B and SHP2, as shown in Figure 6. The docking
studies showed that ATA and DFO are not precluded to bind in
the active site of PTP1B and SHP2. Both compounds can be
easily accommodated inside the binding site and binds
specifically in a catalytic center of PTP1B and SHP2.

The binding simulations of PTP1B and SHP2 with ATA and
DFO. To study the binding conformation of ATA and DFO in
the PTP1B and SHP2 active sites we identified top scoring
poses from docking studies. The interactions of ATA and
DFO in the PTP1B and SHP2 binding site are presented as a
PLIF diagrams (protein ligand interaction fingerprints) in

Figure 7. The dotted line around the molecule shows solvent
contact and dotted arrows represent hydrogen bonds between
amino acid residues from PTPs and inhibitor. As shown in the
PLIF diagrams (Figure 7A and C), ATA is able to utilize its
carboxyl groups to interact with active site arginine residues
of PTP1B (Arg221) and SHP2 (Arg465), essential for their
enzymatic activity. We have not observed any interactions of
DFO with essential residues in PTP1B and SHP2 active site
(Figure 7B and D).

Discussion

Breast cancer is found to be one of the most common cancers
among women worldwide and usually undergoes with
complicated etiology and multiple organ metastasis. Its therapy
includes surgery, radiotherapy or adjuvant chemotherapy. There
are many studies showing the involvement of tyrosine
phosphorylation pathways disorders in many types of cancer,
among others, tyrosine phosphatases PTP1B and SHP2 in
induction of breast cancer (3). PTP1B dephosphorylates
tyrosine kinases, i.e. HER1/EGFR, Src, JAK and STAT,
involved in the development of breast cancer (5, 20). Mutations
of protein tyrosine phosphatase SHP2 have been found in
breast cancer cells, and thus, SHP2 can be a promising target
in anticancer therapy (6). Due to the key part of phosphatases
PTP1B and SHP2, inhibition of their activity may constitute a
promising strategy for the treatment of breast cancer (7).

Previous studies showed that ATA can be considered an
inhibitor of pro-oncogenic PTP1B and SHP2, as it is very
effective inhibitor of other protein tyrosine phosphatases (8,
9). Here we showed that ATA can significantly decrease the
activity of PTP1B as well as SHP2 (Figure 4A and C), and is
much more effective that DFO (Figure 4B and 4D). The
differences in inhibitory effect can be due to different binding
conformation and interactions of ATA and DFO in the active
site of PTP1B and SHP2. The docking analysis we performed

Kuban-Jankowska et al: ATA and DFO in Breast Cancer Treatment

4803

Figure 5. (A) Enzymatic activity of PTP1B phosphatase after 30 min of treatment with 1 μM aurintricarboxylic acid (ATA) and deferoxamine (DFO)
in presence and absence of catalase. (B) Enzymatic activity of SHP2 phosphatase after 30 min of treatment with 1 μM aurintricarboxylic acid (ATA)
and deferoxamine (DFO) in presence and absence of catalase. Data are presented as percent of the control enzymatic activity (100%, cells not
treated), mean±SD (n=3). One-way Anova test combined with Tukey test. *Means were significantly different from control (p<0.001). **Means
were significantly different from control (p<0.05).
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Figure 6. Computational analysis of aurintricarboxylic acid (ATA) and deferoxamine (DFO) binding with PTP1B and SHP2. (A) The site of binding
for top 30 conformations of ATA (blue) and DFO (green) obtained from docking of ATA and DFO into the PTP1B structure. In each conformation
ATA and DFO bind in the PTP1B active site. (B) The site of binding for top 30 conformations of ATA obtained from docking of ATA into the SHP2
structure. In each conformation ATA binds in the SHP2 active site. (C) The site of binding for top 30 conformations of DFO obtained from docking
of DFO into the SHP2 structure. In each conformation DFO binds in the SHP2 active site.

Figure 7. (A) The PLIF diagram for the best binding pose of aurintricarboxylic acid (ATA) in the PTP1B active site. In predicted binding pose, the carboxyl
group of ATA interacts with active-site arginine residues of PTP1B (Arg221). (B) The PLIF diagram for the best binding pose of deferoxamine (DFO) in
the PTP1B active site. C) The PLIF diagram for the best binding pose of ATA in the SHP2 active site. In predicted binding pose, the carboxyl group of
ATA interacts with active site arginine residues of SHP2 (Arg465). (D) The PLIF diagram for the best binding pose of DFO in the SHP2 active site.



allowed us to observe, that although both compounds are not
precluded to bind the active sites of PTP1B and SHP2, only
ATA interacts with the catalytic arginine residue (Figure 7A
and C). The positively-charged arginine residue of the PTP1B
and SHP2 active site is likely to attract the negatively charged
carboxyl groups from ATA. The arginine residue (Arg221 in
PTP1B and Arg465 in SHP2) in the catalytic pocket of
tyrosine phosphatases is responsible for ligand binding and is
essential for enzyme activity (21-23). Moreover, the
inhibitory effect of ATA was abolished in a presence of
catalase (Figure 5A and B), which is allowing us to conclude
that inactivation of PTP1B and SHP2 can be due to active-
site directed oxidation of catalytic cysteine residue, as
previously observed for ATA-induced inactivation of bacterial
YopH phosphatase (9).

ATA was already found to have an inhibitory effect on
cancer cells and enhance sensitivity for chemotherapy (13).
ATA is known to possess metal-chelating properties, which
could be important mechanism of action of ATA in anti-cancer
treatment (14). Previous studies showed that compounds with
iron chelating properties may have significant impact in cancer
metabolism and can be considered in chemotherapy (16, 19).
Recently we have shown, among other groups, that lipoic acid
(LA) has inhibitory effect on MCF-7 cell viability and
proliferation (24-27), as well as on activity of pro-oncogenic
phosphatases PTP1B and SHP2 (27). Lipoic acid is also known
to has metal-chelating properties, which can be possible anti-
cancer mechanism of LA action (28).

Rapidly-dividing cancer cells have a higher iron
requirement than cells dividing properly. Tumor cells are thus
sensitive to decrease of iron (15). This enables the use of iron
chelators as a new concept for the design of cancer
treatments. The study of iron chelators as anti-tumor agents
is still in its infancy. Iron is important for cellular
proliferation and this is demonstrated by observations that
iron-depletion results in cell cycle arrest and also apoptosis
(29). In addition, many iron chelators are known to inhibit
ribonucleotide reductase, the iron-containing enzyme that is
the rate-limiting step for DNA synthesis (30).

In this study, we found inhibitory effect of uncommon iron
chelator ATA and well-known DFO on cancer cell viability
and proliferation using breast cancer cell line MCF-7 model.
The anticancer mechanism of ATA needs to be further
evaluated. However, ATA was determined to inhibit TWEAK-
induced glioma cell chemotactic migration and invasion via
inhibition of Rac1 activation (13). While, DFO was found to
have growth-arresting and apoptosis-inducing effect via
modification of the VCAM-1 adhesion molecule expression
(31). ATA and DFO are membrane-permeable ferric chelators.
Their moderate anti-proliferative effect on the breast cancer
cell line MCF-7 may be interpreted as a consequence of
deprivation of ferric ion. Some of the anti-cancer compounds
utilized in breast cancer chemotherapy, e.g. dasatinib,

saracatinib or bosutinib, are inhibitors of Src kinases, which
in turn are dephosphorylated by PTP1B phosphatase (32).
Increased levels and activity of Src kinases are widely
reported in human cancers including breast cancer, and its
important role in oncogenic processes makes it a potential
target for therapeutic intervention (33). Inhibition of the
activity of PTP1B by ATA alters the regulatory pathway and
can lead to inactivation of PTP1B-targeted proteins, i.a. Src
kinases. Previous studies showed that anti-tumor effect of Fe
chelators, such as DFO, may be partly due to N-myc
downstream regulated gene-1 (Ndrg-1) up-regulation, which
reduces cancer cell growth and metastasis in breast, colon,
prostate and pancreatic cancer (34). Further studies are
needed to investigate if the inhibitory effect of ATA and DFO
on viability and proliferation of MCF-7 cells involves up-
regulation of Ndrg-1 gene.

In summary, we showed that ATA and DFO decrease the
viability of breast cancer cells and have inhibitory effect on
enzymatic activity of potentially oncogenic phosphatases
PTP1B and SHP2. Our studies confirmed that ATA and DFO
can be considered potential agents for the treatment of breast
cancer, possibly as an adjuvant therapy with other known
systemic therapeutic agents. Moreover, many anti-cancer
drugs induce generation of reactive oxygen species (ROS)
(35). ATA and DFO have been reported to decrease the
intracellular ROS level and probably inhibition of Fenton
reaction (36). Thus, ATA and DFO apart from their inhibitory
effect on tumor cells, could scavenge free radicals and ROS
produced by systemic anticancer agents.
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