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ABSTRACT: Signal response of several relevant protein−cofactor inter-
actions, united in one bioassay, may greatly enhance the ability to study the
intriguing molecular mechanisms of pathological process such as the tumor
immunological process of chronic inflammation and oxidative stress. Here, a
peptide-based multiplexed bioassay has been developed and applied in studying
the interactions among ferritin, p53, and heme under oxidative stress. In a
malignant breast cancer cell line, it can be observed that oxidative stress-
triggered nuclear co-translocations of heme and ferritin may lead to direct
molecular contact of ferritin with p53, to pass heme to p53, which subsequently
sequestered into the cytoplasm, therefore forming a possible new route of
tumor survival under oxidative stress, by using the stress to circumvent
oxidative stress-induced apoptosis. The observed peroxidase-like activity of
ferritin−heme and p53−heme complexes may also contribute to survival. Such
activity is observed most prominently in triple negative or the most malignant breast cancer subtype. These results may suggest
the possible future use of this bioassay in furthering the understanding of tumor molecular pathology, as well as the early
detection, diagnosis, and prognosis of cancer.

KEYWORDS: protein−cofactor interactions, protein interaction, P53, tumor survival, oxidative stress, peptide-based biosensing,
electrochemical biosensor

Pathological development is an extremely complicated
process involving large numbers of interconnected

biofactors.1−3 For example, cancerous conditions arise from
chronic inflammation or prolonged local “oxidative stress”.4−8

This process is featured by numerous crosstalks among cellular
and extracellular components of many different metabolic or
immuno roles.9−12 Trying to elucidate the molecular
mechanisms behind such complex interplays, biomedical
studies commonly employ conventional biomolecular methods
such as western blotting, electrophoresis, etc. Such multi-
procedure methods are usually time-consuming and labor-
intensive, to the effect that it is often only practical for one
research work to focus on one protein at a time, studying the
interactions between no more than two relevant components.

This situation greatly impairs the effort to obtain a
comprehensive understanding of cancer molecular pathology.
On the other hand, novel biosensing methods are often
constructed in a simple assay form, in ready-to-be-used
fashion.13−16 The simplicity and multiplexity of these new
biosensing methods may be promising in analyzing, in an
integrated manner, the interactions and activities of several
factors so that it might even become possible to shed light on a
whole new pathway of cancer-related pathological reactions.
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In this work, a possible pathway for tumor survival under
oxidative stress is unveiled using a newly constructed
multiplexed peptide-based bioassay, in observing the inter-
actions between proteins and heme with varied redox activity.
Oxidative stress is, epidemiologically, the cause of many
cancers such as hepatocellular carcinoma.17−20 However, the
complicated and usually confusing interactions among
proteins, metal ions, and other bioactive cofactors in
oxidatively stressed conditions deny a clear-cut boundary
between inflammatory condition and the early phase of
cancerous development, thereby often nullifying the efforts
of early detection and therapeutic intervention. On the other
hand, it is currently believed that cancer can originate from
prolonged local oxidative stress through the “screening” of
cells: most cells end in apoptotic death due to oxidative stress-
induced failure of stabilizing cellular redox potential, while the
residual survivors who have successfully override this oxidative
stress-induced apoptosis then become the progenitor of tumor
colonies.21−24 So, it may not be improper to postulate that
there must be some interplay between factors respectively
regulating oxidative stress and apoptosis. Indeed, previous
reports can support this hypothesis, only that the evidence is
circumstantial and often isolated. Here, using a newly designed
peptide-based bioassay, the crosstalk between redox-regulating
factors such as ferritin and heme, and apoptotic regulatory
factor p53, can be observed. And it may be supposed that
future early screen targeting this feature may not fail to
discriminate early development toward cancerous growth from
seemingly benign colonies of local inflammation.
This integrated bioanalysis of protein−cofactor interactions

and activity is made possible by peptide but not the other type
of recently developed artificial targeting ligand, namely, nucleic
acid aptamer, because aptamer has limited availability of target
proteins. When faced with several interconnected target
proteins in an integrated analysis, it is more often than not
that appropriate aptamers cannot be found for all of the target
proteins. On the other hand, peptides derived from the same
amino acids comprising proteins make peptides apt to mimic
protein interactions. Meanwhile, peptides, like nucleic acids,

have a simple and definite structure, enabling more versatile
designs of low cost, compared to antibodies. Using this
peptide-based assay, we can observe, in a tumor cell line,
oxidative stress-induced nuclear co-translocation of ferritin and
heme. Then, this nucleus-relocated ferritin, through direct
contact with p53, transfers heme to p53. This results in p53−
heme co-exportation from the nucleus. Through this
mechanism, tumor cells employ oxidative stress to suppress
the apoptotic activity of p53, facilitating their survival under
hostile environment lethal to a normal cell, and may, at the
same time, further their own cancerous phenotype. This
discovery demonstrates the efficiency of the proposed peptide-
based biosensing method in analyzing the interconnected
activities of several proteins and biofactors, and this analysis,
applied in clinical tissue samples, also shows the parallel
between observed activity and the prognosis of cancer,
indicating the feasibility of targeting such tumor survival
mechanism as an effective way to detect early procancerous
activity.

■ EXPERIMENTAL SECTION
Chemicals and Biological Materials. Peptide probe 1 for

ferritin (HSNTYYFPKGGK25-11-Mercaptoundecanoic acid (MUA))
and probe 2 for p53 (YGRKKRRQRRR26-(MUA)) were custom-
synthesized as lyophilized powder, purity > 95%, by Shanghai Science
Peptide Co., Ltd. Recombinant p53 was from Novusbio; 5,5′-(2,5-
furandiyl)bis-2-thiophenemethanol (RITA) from R&D system,
equine spleen ferritin (multidomain macromolecule with an iron
core, MV 440 kDa, as claimed and certified by the provider), MUA, 9-
mercapto-1-nonanol (MN), methyl viologen (MV), cucurbit[8]uril
(Q[8]), methylene blue (MB), and heme were from Sigma-Aldrich;
and double-stranded DNA (5′ to 3′, GCGCGCGC, complementary
stand: 5′ to 3′, GCGCGCGC, annealed together after heating to 80
°C) was from TaKaRa Biotechnology. All of the other chemicals were
of analytical grade. The solutions of the peptide probe were prepared
by dissolving the powder to 10 μM with 100 mM phosphate-buffered
saline (PBS) (pH 7.4). The stock solution of heme (800 μM) was
freshly prepared in dimethyl sulfoxide and stored in the dark. RITA
was diluted to 2 μM with 100 mM PBS (pH 7.0). The MB-
intercalated DNA label was prepared by incubating 10 μM annealed
double-stranded DNA with 100 μM MB in 100 mM PBS (pH 7.0),

Scheme 1. Proposed Method for Studying Ferritin−p53−Heme Interactions; Not Drawn to Scale
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for 1 h and at room temperature, followed by dialysis against blank
PBS to remove free MB. The host−guest MV-in-Q8 label in Scheme
1g was prepared as follows: Briefly, MV and Q8 powder of equal
molar amounts were dissolved in 100 mM PBS (pH 7.0) to 750 μM,
followed by moderate vortex agitating overnight. This solution was
freshly prepared each time and was brought to its experimental
application immediately subsequent to the agitation process. The
originally buffered ferritin was 100 mM PBS (pH 7.0) to various
desired concentrations as the standard samples. The original buffered
p53 was dissolved with 100 mM PBS, pH 7.4 to the desired
concentrations. All solutions were prepared with double-distilled
water, which was purified with a Milli-Q purification system to a
specific resistance of 18 MΩ cm. MDA-MB-231 (ATCC) was
maintained in Leibovitz’s L-15, 10% fetal bovine serum, and in a
humidified atmosphere with no extra CO2 at 37 °C. For the detection,
the cells were treated with 0.5 mM H2O2 for 1 h27 in 24-well culture
plates (Nanjing Protein in Biotechnology Co.) at a density of 1 × 104

cells/cm2. The cells were then collected, diluted (each sample
contains roughly 1 × 105 cells), and fractioned using a nuclear
extraction kit (Active motif). Both the nuclear and cytoplasmic
samples were then used for detection. For the detection of clinical
samples, serum samples were collected from patients of breast cancer
and benign conditions at Nanjing Medical University Affiliated Wuxi
People’s Hospital after obtaining consent from the local ethics
committee. The samples were from the primary lesion, the adjacent
normal tissue, as well as from the liver metastatic site. The retrieved
samples were immediately sliced on ice to 1 mm3, followed by
digestion with type II collagenase at 37 °C for 30 min. The resulted
supernatant was centrifugated at 800 rpm for 5 min, and the pellet
was resuspended with 100 mM PBS and fractioned with a nuclear
fraction kit (Active motif) following the instruction of the
manufacturer. The nuclear and cytoplasmic fractions were then
used as the targets in the corresponding detections.
Electrode Treatment. Transparent Au slides (ITO slides ion-

sprit with roughly 100 Å Au layer) were cut to fit the size of the
cuvette used for spectra measurement. These slides were cleaned by
sonicating for 20 min in ethanolamine (20 wt %) at around 37 °C.
After drying under mild stream of nitrogen, the slides were immersed
in the assembly solution (2.5 μM probe 1 or probe 2 and 5 mM
tris(2-carboxyethyl)phosphine hydrochloride (TCEP) in 10 mM PBS,
pH 7.4) at 4 °C for 16 h, and TCEP was adopted to prevent disulfide
formation between peptide probes. The slides were then immersed in
9-mercaptononanol (MN) solution (1 mM MN in 100 mM PBS, pH
7.4) at room temperature for 3 h.
Detection. By using standard samples to validate the proposed set

of assays, the probe 1-modified slide was incubated with ferritin at 37
°C for appropriate time, and after gentle rinsing with ddH2O and 5%
Tween-20, electrochemical measurement of protein reduction or Fe-
ion release was carried out (Scheme 1b). Alternatively, the slide was
incubated in tandem with ferritin and 100 mM PBS (pH 7.0)-diluted
heme (for 10 min) to study heme binding using fluorescence
quenching or the peroxidase-like activity (Scheme 1d), which was
measured as below: the slide was dipped in a 1 mM HCl solution (1
mL) containing 0.43 mg/mL ο-phenylenediamine (OPD) for 1 min,
and the obtained copper-ion containing solution was treated with
boiling water for 15 min. The signal response of the generated DPA
was then recorded using a freshly prepared bare gold electrode in the
above reaction solution. For studying ferritin−p53 interaction, the
probe 1-modified slide was incubated in sequence with standard
samples of ferritin, p53, and the 1:1 mixture of RITA and MB-
intercalated DNA label, before being brought to electrochemical
measurement of MB response (Scheme 1e). The probe 2-modified
slide was incubated first with p53 at 37 °C for proper time and then
with 750 μM MV-in-Q8 label at room temperature for 30 min,
followed by gentle rinsing with ddH2O and 5% Tween-20 before
electrochemical measurement (Scheme 1g). Alternatively, the slide,
after incubation with p53, was further incubated with 100 mM PBS
(pH 7.0)-diluted heme (for 10 min) to study heme binding using the
peroxidase-like activity (Scheme 1h), which was measured similarly as
above, but with 100 μM H2O2 added to facilitate the detection. The

detection of cellular samples was similarly conducted, with the
collected cytoplasmic and nuclear fractions evenly divided into five
parts for the above set of five assays.

Experimental Measurements. Isothermal titration calorimetry
(ITC) measurements were conducted using a MicroCal ITC200
System (GE Healthcare Life Sciences). The titration was conducted at
25 °C. The titration schedule consisted of 38 consecutive injections of
1 μL with at least a 120 s interval between injections. Heats of
dilution, measured by titrating beyond saturation, were subtracted
from each data set. All solutions were degassed prior to titration. The
data were analyzed using Origin 7.0 software. Fluorescence emission
spectra of surfaces were measured using a QM-4/2005 fluorescence
spectrometer (Photon Technology International, Inc., Birmingham,
NJ) equipped with a xenon lamp. This light source and the detector
were in the same plane at right angle to each other. The slides were
kept in a water-filled cuvette at 60° from the base of the cuvette for
fluorescence measurements. The surface with the gold film was kept
away from the light source and toward the detector. Activating peak
wavelength for dityrosine is 325 nm, while that for 3,4-
dihydroxyphenylalanine is around 360 nm. Surface plasma resonance
(SPR) measurements were performed with an Autolab ESPRIT
system (Echo Chemie B.V., the Netherlands) equipped with a 670 nm
monochromatic p-polarized light resource. Electrochemical measure-
ments were carried out on a CHI660E Potentiostat (CH Instruments)
with a conventional three-electrode system: the modified electrode as
the working electrode, a saturated calomel electrode (SCE) as the
reference electrode, and a platinum wire as the counter electrode.
Square-wave voltammograms were recorded in 100 mM PBS, pH 7.4,
which was deoxygenated by purging with nitrogen gas and maintained
under this inert atmosphere during the electrochemical measure-
ments. The experimental parameters for EIS: bias potential, 0.224 V
vs SCE; amplitude, 5 mV; frequency range, 0.1 Hz−10 kHz;
electrolyte solution: 5 mM Fe(CN)6

3−/4− with 1 M KCl. The data are
obtained from at least three times of independent experiments, and
the error bars are shown in the figures.

■ RESULTS AND DISCUSSION

Peptide-based biosensing interfaces have first been designed
for studying the interactions among ferritin, p53, and heme
(Scheme 1). Ferritin-targeting peptide probes are immobilized
on ITO slide (Scheme 1a) as the sensing surface for
quantifying ferritin, studying ferritin−heme and ferritin−p53
interactions. The peptide probe targets the “pore” structures
on the surface of ferritin,25 which, after being captured by the
probes, can be quantified electrochemically either by
irreversible protein reduction28 or by the reversible release of
Fe(II) ion29 (Scheme 1a). Heme binding with the surface-
captured ferritin can be observed by accelerated release of
Fe(II) ion promoted by heme30 (Scheme 1b), or more
sensitively by the peroxidase-like activity of ferritin−heme
complex31 (Scheme 1c), in which the heme promotes release
of Fe(II) that may generate H2O2 through Fenton-like
reactions, while the generated H2O2 can be consumed by
heme-catalyzed oxidation of ο-phenylenediamine (OPD) to
electroactive 2,3-diaminophenazine (DAP); meanwhile, the
released Fe(II) can be savaged by ferritin, back to its ferrous
core. Binding of p53 to the captured ferritin can be examined
using a p53-targeting small-molecule probe “RITA” (5,5′-(2,5-
furandiyl)bis-2-thiophenemethanol) targeting the N-terminal
transactivation domain32,33 (Scheme 1d), away from the
potential p53−ferritin binding site.34 This probe can also
promote protein-DNA cross-linking,35 by this method using a
methylene blue (MB)-intercalated double-stranded DNA, the
ferritin-bound p53 can be labeled (Scheme 1e). On the other
hand, using a peptide probe targeting the tetramerization
domain of p53,26 it can also be directly quantified and the
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heme−p53 interaction can be observed (Scheme 1f−h). In
quantifying the binding of p53 with the peptide probes, methyl
viologen (MV)-in-cucurbit[8]uril (Q8) host−guest label36 is
introduced to specifically mark the exposed tyrosine moieties
on the surface of the captured p53 molecules (Scheme 1g);
while the effect of heme binding with the captured p53 can be
examined by the peroxidase-like activity37,38 of p53−heme
using OPD as the substrate in the presence of H2O2 (Scheme
1h).
Ferritin is a hollow protein shell enveloping a ferrous core,

so ferritin molecules captured by the surface probes exhibit a
peak around −0.55 V (vs Ag/AgCl), due to partial reduction of
the outer protein shell28 (Figure 1a inset), while more
prominent signal readout can be observed around −0.2 V
(Figure 1a) that may represent the release of Fe(II) ion.29

Since every ferritin shell encloses hundreds of Fe atoms, this
signal is much more sensitive than the reduction and is
therefore chosen for the following applications. The interaction
of ferritin with the targeting probe has also been investigated
using isothermal calorimetry (ITC) method (Figure S1a),
showing a typical sigmoid binding curve. The ferritin−probe
interaction has also been optimized for the incubation time
(Figure S2).
Ferritin−heme interaction is first investigated using standard

ferritin and heme samples. The surface-captured standard
ferritin is incubated with heme, and the characteristic 330 nm
peak emission of ferritin (excited at 290 nm)31 can be observed
gradually quenched by gradually higher concentration of heme
(Figure 1b). Meanwhile, the time course of Fe(II) release is
greatly shortened by heme binding (Figure 1c),30 pointing to
possible consumption of the released Fe(II) by heme. By

adding OPD as a substrate, oxidative conversion of OPD to
DAP can be observed (Figure 1d), with observable evolution
of H2O2 recorded (inset of Figure 1d), indicating possible
peroxidase-like activity of the heme−ferritin complex as
proposed above.31 This catalytic method is also applicable to
detect the potential formation of ferritin−heme complex in
biological samples, while the observation of quenched ferritin
fluorescence as well as the accelerated Fe(II) release must rely
on standard heme-free ferritin as a control, so the catalytic
activity is selected for detecting the ferritin−heme interaction
in the following applications. The relatively weak ferritin−
heme interaction can also be confirmed using the ITC method
(Figure S1b).
Using an N-terminal targeting small-molecule probe,31

standard p53 incubated with surface-captured standard ferritin
is found to remain bound with ferritin,34 as confirmed by the
stepwise surface plasma resonance (SPR) sensorgram recorded
upon the serial surface binding of ferritin, p53, RITA, and MB-
intercalated DNA label (Figure 2a), supplemented by the
gradual increase of MB electrochemical response by using p53
of gradually higher concentration (Figure 2b). This protocol of
RITA recognition of p53 tandem p53-DNA cross-linking can
also be employed for biological sample without standard
proteins as the control. The interaction of moderate strength
between p53 and ferritin can also be observed using ITC
method (Figure S1c).
A second ITO sensing surface is modified with a peptide

derived from HIV virus, targeting the tetramerization domain
of p53,26 away from the potential binding site of heme inside
the core domain.39 This peptide can capture p53 targets
(peptide−p53 interaction as confirmed using the ITC method

Figure 1. (a) Quantifying the ferritin captured by the surface-immobilized probe in Scheme 1a, using the released Fe(II) ion as signal readout;
inset: quantification by ferritin reduction. (b) Quantification of gradually higher concentration of heme binding with 33 nM ferritin, by heme
quenching the ferritin fluorescence. (c) Effect of heme binding to ferritin: acceleration of Fe(II) ion release, recorded by the peak response of
Fe(II) released; inset: corresponding kinetic of Fe(II) ion release in the presence/absence of heme. (d) Effect of heme−ferritin interaction:
peroxidase-like activity of ferritin−heme complex, recorded by gradually increased DAP production; inset: H2O2 evolution recorded during the
process of catalytic DAP generation (the red arrow marks the direction of cyclic voltammetric scan).
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(Figure S1d), and the incubation time for the interaction has
also been optimized (Figure S3)), and the captured p53 is
labeled using a “host−guest” label of MV-in-Q8 as we have
demonstrated previously,36 yielding quantitative response with
p53 concentration (Figure 2c), similar to the above
quantitative result of ferritin detection.
Incubation of heme with the surface-captured p53 also

results in peroxidase-like activity in the presence of added
H2O2, in proportion to the concentration of heme used for
incubation (Figure 2d), indicating p53 binding with heme to

form a peroxidase-like complex. ITC data (Figure S1e) also
support the presence of such a p53−heme interaction. The
specificity of the ferritin and p53 probe have also been
examined using various heme proteins as the control (Figure
S4), and the specificity is found satisfactory.
Therefore, two peptide-modified biosensing interfaces have

been constructed to examine five types of signal readout
marking the complicated interplay among p53, ferritin, and
heme (Scheme 1): the electroactivity of (1) released Fe(II) for
ferritin detection, (2) DAP for ferritin−heme interaction, (3)
MB for ferritin−p53 interaction, (4) Q8 for p53 detection, and
again (5) DAP for ferritin−heme interaction, (1)−(3) on the
surface bearing the ferritin-targeting probe while (4) and (5)
with the p53-targeting probe-modified surface.
This method is then applied to detect ferritin−p53−heme

interactions in MDA-MB-231, a malignant cell line of breast
cancer,40 subject to oxidative stress. In the absence of oxidative
stress, as a parallel control, the above set of five simple assays
are conducted (Figure 3a−e) in detecting, separately, the
cytoplasmic and the nuclear samples. This procedure is
repeated for the cells that have undergone the treatment
(Figure 4a−e). The two sets of results are summarized, for
clearance, in Table 1. It is clear that before oxidative stress,
ferritin resides dominantly in the cytoplasm, but with only low
level of peroxidase-like activity indicating heme−ferritin
interactions, while p53 dominantly locates in the nucleus,
without observable heme interaction. On the contrary after, the
stress, cytoplasmic ferritin is observed to decrease with a
corresponding increase in the nuclear portion of the samples,
both portions feature much more evident heme-induced
peroxidase-like response; and p53 binding on the nuclear
ferritin can be observed, for the first time. Meanwhile,
compared to the situation in the absence of the stress,
cytoplasmic p53 evidently increases with a corresponding
moderate decrease in the nucleus. For both locations, heme-
induced response with p53 is evident.

Figure 2. (a) Surface plasma resonance (SPR) sensorgram obtained
by sequentially flowing (1) ferritin (3.3 nM), (2) p53 (33 nM), (3)
RITA (1 μM), and (4) MB-intercalated DNA label across a gold slide
modified by the ferritin-targeting probes. (b) Quantification of p53
binding with the surface-captured 3.3 nM ferritin, as illustrated in
Scheme 1d,e, recorded as MB response. (c) Quantification of p53
captured by surface-immobilized probe shown in Scheme 1f, recorded
as MV response. (d) Effect of heme−p53 interaction: peroxidase-like
activity of ferritin−heme complex, recorded by gradually increased
DAP production.

Figure 3. Detection of ferritin (a), ferritin−heme interaction (b), ferritin−p53 interaction (c), p53 (d), and p53−heme interaction, (e) in the
cytoplasmic and nuclear fractions of MDA-MB-231 collected at 106 cells/mL, in the absence of oxidative stress.
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These results may allow a reconstruction of the following
process triggered by the oxidative stress: the cytoplasmic
ferritin first binds with free heme to initiate their co-
translocation into the nucleus, where ferritin establishes direct
molecular contact with p53,34 the ferritin-bound heme
molecules then redistribute, some of which may bind with
p53 (both ferritin−heme and p53−heme interactions only
have moderate binding strength comparable to each other, as
we have examined above with ITC), and then, nuclear
exportation of p53, with associated heme,41 seems to initiate.
This hypothesized process, derived from the above results, may
benefit the survival of cancer cell under oxidative stress by both
the ferritin nuclear importation and p53 nuclear exportation:
ferritin is reported to protect the genome or chromosomes by
relieving the strands of topological stress induced by oxidative
cleavage and cross-linking of DNA,42,43 while it is well known
that p53’s function is turned off by nuclear exportation and
subsequent ubiquitin-induced digestion, and the function of
p53 under oxidative stress is to initiate apoptotic gene
transcription in the nucleus. Besides, the catalytic redox
activity of both ferritin−heme and p53−heme39,41 complexes,
as we have observed here, may be connected with these
subcellular translocations and antiapoptotic activities: the
ferritin−heme complex, by its peroxidase activity, may be
directly involved in the above-described nicking activity for
genome protection; while the p53−heme complex may act as a

scavenger of reactive oxygen species in the cytoplasm, and its
gradual oxidative modification may finally dispose this complex
to the ubiquitin-induced digestion. So, from our observation, in
connection with previous reports, it seems oxidative stress may,
in some types of cancer cells, induce a countermeasure
involving components of both cellular redox potential
regulation and apoptotic control, such as we have observed
and proposed here that ferritin is recruited into the nucleus to
protect the genome, while p53 is outcast from the nucleus to
shut down the oxidative stress-induced apoptosis, and,
interestingly, both processes are coordinated using heme.
Such mechanisms may provide a tentative explanation as to the
current controversy over the fluctuating and sometimes
contradict effect of antioxidative therapy in many types of
cancer.
Finally, detection of clinical tissue samples using the

proposed method has also been attempted, using biopsy
samples retrieved from breast cancer patients, and the set of
the above five indicators show statistically significant difference
between the cancerous and the paracancerous benign tissue
(Figure 5a), while the heme-induced peroxidase-like activity of

ferritin can be detected in nuclear portions of the samples,
showing an agreement with prognostic grouping (Figure 5b):
elevated ferritin peroxidase-like activity is strongly connected
with triple-negative breast cancer, the most malignant subtype
of breast cancer currently lacking any effective targeted
therapy, consistent with previous literature report.40

■ CONCLUSIONS
We have here developed a peptide-based method to enable a
set of simple assays to be readily applied in studying the
interactions of several proteins and cofactors engaged in a
particular pathological molecular mechanism. This strategy is
demonstrated in studying the procancerous interactions among
ferritin, p53, and heme. In a malignant cancer cell line, it can
be observed that, under oxidative stress, cytoplasmic ferritin
can bind with heme and co-translocate with it into the nucleus,
where direct molecular contact with p53 takes place and p53

Figure 4. Detection of the above five aspects of ferritin−p53−heme
interactions in fractions of MDA-MB-231 having undergone oxidative
stress. Ferritin (a), ferritin−heme interaction (b), ferritin−p53
interaction (c), p53 (d), and p53−heme interaction (e) in the
cytoplasmic and nuclear fractions of MDA-MB-231 collected at 106

cells/mL.

Table 1. Summary of the Cellular Results in Figures 3 and 4.

no oxidative
stress ferritin

ferritin−
heme

ferritin−
p53 p53

p53−
heme

cytoplasm √ low × × ×
nucleus × × × √ ×
under oxidative
stress

ferritin ferritin−
heme

ferritin−
p53

p53 p53−
heme

cytoplasm low √ low √ √
nucleus √ √ √ low √

Figure 5. Box charts of the distribution of various detected signals in
clinical biopsy samples. (a) The above five indexes as detected in the
cancerous and paracancerous samples retrieved from victims of triple-
negative breast cancer. (b) Nuclear ferritin−heme interaction
detected in samples of different breast conditions.
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becomes heme-bound and in turn co-translocates with heme
back to the cytoplasm. These observations taken together may
support a hypothetic mechanism, among many currently
proposed mechanisms, of tumor survival under oxidative
stress, in which the tumor cells seem to manipulate the
oxidative stress-induced events to counter the induced
apoptosis. The interactions of ferritin and p53, with the
heme cofactor, also result in peroxidase-like activity observed
for the protein−heme complexes, and this type of activity is
also supposed to be involved in the tumor survival mechanism.
This activity is observed elevated in triple negative, or the most
malignant type of breast cancer, suggesting a possible role of
the proposed mechanism of surviving the procancerous
oxidative stress in promoting cancer development. Using the
proposed method to target such features involving multiple
factors in cancer-promoting activity may also be a potential
means for cancer early detection, diagnosis, and prognosis in
the future.
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