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Background: The role of transferrin receptor-1 (TfR1) in cell signaling remains unknown.
Results:Using gambogic acid, we found that TfR1 is bound to Src and its phosphorylation at Tyr20 potentiates breast cancer cell
survival.
Conclusion: In addition to its iron uptake function, TfR1 is involved in cell survival.
Significance: High expression of TfR1 in cancer cells presents a therapeutic target for gambogic acid and Src inhibitor.

Transferrin receptor 1 (TfR1) is a ubiquitous type II mem-
brane receptor with 61 amino acids in the N-terminal cytoplas-
mic region. TfR1 is highly expressed in cancer cells, particularly
under iron deficient conditions. Overexpression of TfR1 is
thought to meet the increased requirement of iron uptake nec-
essary for cell growth. In the present study, we used transferrin
(Tf), a known ligand of TfR1, and gambogic acid (GA), an apop-
tosis-inducing agent and newly identified TfR1 ligand to inves-
tigate the signaling role of TfR1 in breast cancer cells.We found
thatGAbut notTf induced apoptosis in aTfR1-dependentman-
ner in breast cancerMDA-MB-231 cells. Estrogen receptor-pos-
itive MCF-7 cells lack caspase-3 and were not responsive to GA
treatment. GA activated the three major signaling pathways of
theMAPKfamily,aswellascaspase-3, -8,andPoly(ADP-ribose)-
polymerase apoptotic pathway. Interestingly, only Src inhibitor
PP2 greatly sensitized the cells to GA-mediated apoptosis. Fur-
ther investigations by confocal fluorescence microscopy and
immunoprecipitation revealed that Src and TfR1 are constitu-
tively bound. Using TfR1-deficient CHO TRVB cells, point
mutation studies showed that Tyr20 within the 20YTRF23 motif
of the cytoplasmic region of TfR1 is the phosphorylation site by
Src. TfR1 Tyr20 phosphomutants were more sensitive to GA-
mediated apoptosis. Our results indicate that, albeit its iron
uptake function, TfR1 is a signalingmolecule and tyrosine phos-
phorylation at position 20 by Src enhances anti-apoptosis and
potentiates breast cancer cell survival.

Transferrin receptor-1 (TfR1,2 also known as CD71) is an
essential membrane protein involved in iron uptake and the
regulation of cell growth (1). TfR1 knock-out embryos die
before embryonic day 12.5 due to defects in erythropoiesis and

neurological development (2). Delivery and uptake of iron from
transferrin (Tf) into cells occur through the internalization of
the iron-loaded Tf-TfR1 complex. TfR1 is a type II transmem-
brane glycoprotein, which contains a large extracellular C-ter-
minal domain (671 amino acids), a single-pass transmembrane
domain (28 amino acids), and a short intracellular N-terminal
domain (61 amino acids) (3). The tetrapeptide 20YTRF23 motif
within the cytoplasmic region of TfR1 has been shown as the
structural recognition motif to TfR1 endocytosis (4).
TfR1 is a key molecule controlling cellular iron homeostasis,

and its level is mainly regulated posttranscriptionally through
the iron-responsive element/iron regulatory protein system.
Under iron-deficient conditions, iron regulatory proteins bind-
ing to the iron-responsive elements in the 3�-untranslated
region of TfR1 mRNA prevents its degradation and enhances
its translation (5). However, TfR1 expression is also regulated at
the transcriptional level. TfR1 expression is up-regulated by the
hypoxia-inducible factor (6), which is typically activated under
hypoxic conditions (7), but can also be turned on by a number
of non-hypoxic stimuli, including inflammatory signals such as
nitric oxide and l/opolysaccharide inmacrophages (8) and 17�-
estradiol in estrogen receptor-positive cells (9).
Numerous studies have shown elevated levels of TfR1

expression in cancer cells when compared with their normal
counterparts. A comparison of benign and malignant breast
epithelia in the same section shows that TfR1 expression could
be up to 4–5-fold higher in malignant breast cells than non-
neoplastic breast cells (10, 11). On amultivariate analysis, TfR1
was found to be an independent prognostic factor in breast
cancer outcome, and high levels of TfR1 expression could be
used to define patients less likely to respond to endocrine ther-
apy such as tamoxifen treatment (12). Thus far, the most
accepted explanation for high expression of TfR1 in cancer cells
is that they requiremore iron as a nutrient and a co-factor of the
ribonucleotide reductase enzyme involved in DNA synthesis of
rapidly dividing cells (3).
Iron is mostly bound to Tf and delivered to cells using an

endocytic pathway involving TfR1. The mechanism by which
cells regulate clathrin-mediated endocytosis of iron-bound Tf
was viewed as a constitutive process that occurs continuously
without regulatory constraints. A recent study indicates that
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endocytosis ofTfR1 is a regulated process requires activated Src
kinase, and subsequent phosphorylation of two important
components of the endocytosis machinery, the large GTPase
dynamin 2 and its associated actin-binding protein, cortactin
(13). Significant attention has been paid toward understanding
the basic endocytic machine and the structure of the human
TfR1-Tf complex has been solved (14). More recently, several
novel TfR1 ligands have been identified. These include ferritin
H chain (15), NewWorld hemorrhagic fever arenaviruses (16),
and gambogic acid (GA), an apoptosis-inducing agent (17).
Tumor cells overexpressing TfR1 treated with GA underwent
significant apoptosis as compared with that observed for pri-
mary normal cells (18, 19). These results indicate that TfR1 has
unidentified functions other than iron uptake. However, it is
unclear whether high expressions of TfR1 in cancer cells are
associated with novel functions, and conformational changes,
such as phosphorylation, might occur in the short cytoplasmic
tail of TfR1 to initiate downstream signaling cascades.
To gain better understanding of the role of TfR1 in cancer

biology, we tested a hypothesis that greater expression of TfR1
in cancer cells plays an important role in cell signaling, contrib-
uting to cancer cell survival. In the present study, we used Tf, a
knownTfR1 ligand, andGA, a newly identified TfR1 ligand that
is independent of the Tf binding site (17). We demonstrated
that TfR1 is bound to Src, a non-receptor tyrosine kinase, in
breast cancerMDA-MB-231 cells and phosphorylation of tyro-
sine at position Tyr20 within the cytoplasmic region promotes
cancer cell survival. Thus, our findings provide new insight into
the high expression of TfR1 in cancer cells not only for enhanc-
ing iron uptake but also for increasing survival.

EXPERIMENTAL PROCEDURES

Reagents—GA was purchased from Gaia Chemical Corp.
(Gaylordsville, CT). Holo-Tf (its two iron binding sites are
100% saturated by iron), kinase inhibitors, such as PP2, PP3,
SB202190, PD98059, U0126, SP600125, wortmannin, and pro-
pidium iodide (PI) were purchased from Sigma. Antibodies
against caspase-3 and -8, PARP, Bcl-2, Bcl-xL, Src, Bax,GAPDH
and phospho-ERK, JNK, and p38 were purchased from Cell
Signaling (Danvers, MA). Antibodies against phospho-Tyr and
TfR1 were from Santa Cruz Biotechnology (Santa Cruz, CA).
Alexa Fluor 555-labeled donkey anti-rabbit antibody and Alexa
Fluor 488-labeled donkey anti-mouse antibodywere purchased
from Invitrogen. pcDNA3-TfR1 vector is a kindly gift from Dr.
J. E. Pessin (Albert Einstein College of Medicine New York)
(20).
Site-directed Point Mutation—Point mutants of Y20L and

Y20F at the YTRFmotif were generated by using a site-directed
mutagenesis kit (Stratagene, La Jolla, CA)with a pcDNA3-TfR1
vector of the following primers: Y20L, 5�-TTGGTGGAGAAC-
CATTGTCATTAACCCGGTTCAGCCTGGC-3� (sense) and
5�-GCCAGGCTGAACCGGGTTAATGACAATGGTTCTC-
CACCAA-3� (antisense); Y20F, 5�-TTGGTGGAGAACC-
ATTGTCATTTACCCGGTTCAGCCTGGC-3� (sense) and
5�-GCCAGGCTGAACCGGGTAAATGACAATGGTTCTC-
CACCAA-3� (antisense). Briefly, primers containing point
mutation were used for PCR amplifications in a pcDNA3-TfR1
vector as the template. After PCR reactions, theDNA templates

were digested with DpnI for 1 h, followed by transformation of
Escherichia coli. Five clones were randomly chosen for
sequencing, and three clones from each mutation were used to
establish stable cell lines.
Cells—Humanbreast cancerMCF-7 andMDA-MB-231 cells

were purchased from the American Tissue Culture Collection
(Manassas, VA) and were maintained in DMEMwith 10% FBS.
CHO-TRVB cells (a TfR1-deficient CHO cell line) and TRVB1
(CHO cells expressing human TfR1) were kindly provided by
Dr. T. E. McGraw (21) and were cultured in F-12 medium with
10% FBS. pcDNA3-TfR1-Y20L and pcDNA3-TfR1-Y20F were
stably transfected into TRVB cells. All of the cells were cultured
in 5% CO2 incubator at 37 °C.
Western Blot—Cells were seeded into a six-well plate and

treated with GA or holo-Tf for indicated doses and time points.
The cell extracts were collected in a boiling buffer consisting of
20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM

EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM

glycerophosphate, 1 mMNa3VO4, and 1 �g/ml leupeptin. After
sonication to break genomic DNA, proteins were quantified,
and equal amounts of protein were loaded in 10% SDS-poly-
acrylamide gels. After transferring to PVDF membrane, the
membranes were probed with the primary antibodies over-
night. After washing, the HRP-labeled secondary antibody was
added for 1 h, and the bands were visualized by enhanced
chemiluminescence kit (PerkinElmer Life Sciences).
Immunoprecipitation (IP)—Cells were seeded into 10-cm

disheswith orwithoutGA treatments for indicated time points.
After treatment, cells were collected on ice using radioimmune
precipitation assay lysis buffer (SantaCruz Biotechnology). The
cell lysates were sonicated to break DNA and centrifuged at
10,000 rpm for 5 min to pellet debris. The supernatants were
mixed with 1 �g/ml normal mouse IgG and 20 �l of protein
A/G-labeled agarose and incubated for 1 h at 4 °C with gentle
shaking. After centrifugation for 5 min, the supernatants were
incubated with 1 �g/ml TfR1 antibody or Src antibody and
were mixed with 20 �l of protein A/G-labeled agarose over-
night at 4 °C. The TfR1- or Src-enriched agarose beads were
washed with radioimmune precipitation assay lysis buffer six
times. The samples were collected for Western blotting.
Confocal Microscopy—MDA-MB-231 cells were seeded on a

coverslip in a 24-well plate for 48 h. The cells were washed with
PBS and fixed by 3.7% formaldehyde for 5 min and washed
three times by PBS. The cells were permeabilized with 0.1%
Triton X-100 for 5min. Nonspecific binding were blocked with
normal donkey serum for 30 min. The cells were primed with
mouse anti-TfR1, rabbit anti-Src antibodies, as well as normal
mouse and rabbit serum as control for 2 h. After washing three
times, the cells were incubated with donkey anti-rabbit labeled
with Alexa Fluor 555 and donkey anti-mouse labeled with
Alexa Fluor 488 antibodies. After washing, the cover glasses
were taken out and mounted in-slide with mounting medium
and sealed by nail oil. The samples were imaged by using a Leica
TCS SP5 confocal fluorescence microscopy.
Annexin V and PI Double Apoptosis Staining—Cells were

seeded into six-well plates and treated with GA. In some exper-
iments, cells were pretreated with kinase inhibitors for 1 h and
then treated with GA for various times. Both cells and cell

Src Mediates TfR1 Phosphorylation

OCTOBER 14, 2011 • VOLUME 286 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 35709



media were collected and centrifuged at 3000 rpm for 5 min.
After washing with PBS, the cells were suspended and stained
with FITC-labeled annexin V and PI for 20 min. 20,000 cells
were analyzed by flow cytometry.
Statistical Analyses—All values were expressed as means �

S.D. Student’s t tests were used for comparison between exper-
imental groups with a p value of � 0.05 considered statistically
significant.

RESULTS

GA Induces Apoptosis in Human Breast Cancer MDA-MB-
231 but Not in MCF-7 Cells—Fig. 1A shows that after treating
both MDA-MB-231 and MCF-7 cells with 5 �M GA, MDA-
MB-231 cells were more sensitive to GA-induced apoptosis as
compared with MCF-7 cells. Caspase-3, -8, and PARP were
cleaved inMDA-MB-231 cells but not inMCF-7 cells (Fig. 1B).
This could be due to estrogen receptor-positive status with
MCF-7 cells, which are caspase-3 deficient (22). Bcl family
members such asBcl-2, Bax, andBcl-xLwere not affected byGA
in both MCF-7 and MDA-MB-231 cells (Fig. 1B). Because of
the sensitivities ofMDA-MB-231 cells, this cell line was further
used for the present study.
GA-induced Apoptosis Is Partly TfR1-dependent—To exam-

ine whether GA-induced apoptosis is TfR1-dependent, MDA-
MB-231 cells were pretreated with FeSO4 for 24 h to down-
regulate levels of TfR1 (Fig. 2A) and then followed by GA
treatment. Fig. 2B shows that GA significantly enhanced both
apoptotic cells (PI�/annexin�) and early apoptotic cells (PI�/
annexin�) as comparedwith the control untreated cells. Down-
regulation of TfR1 by the pretreatments of FeSO4 led to a
decreased level of GA-mediated apoptosis. To further relate
GA-mediated apoptosis to TfR1, TfR1-deficient TRVB and
TfR1-expressing TRVB1 cells were used (Fig. 2C). We found

that GA induced �13% PI�/annexin� apoptosis in TfR1-defi-
cient TRVB cells but 38% apoptosis in TRVB1 cells expressing
TfR1 (Fig. 2D). These results indicate that there is a TfR1-inde-
pendent mechanism in GA-induced apoptosis and, thus, GA-
induced apoptotic pathway is partly TfR1-dependent.
GA-mediated Cell Signaling Is Different fromThat of Tf—GA

seems to have a different epitope from that of the well known
ligandTf (17). As shown in Fig. 3A, onlyGA activated phospho-
rylation of p38, JNK, and ERK, whereas no apparent activations
were found by holo-Tf. GA, but not holo-Tf, also cleaved
caspase-3 and PARP (Fig. 3B). These results further distin-
guished the effects of GA from those of Tf on MAPK and apo-
ptotic signaling pathways.
Src Inhibitor PP2 Promotes GA-induced Apoptosis—To

determine which pathway(s) of the three MAPK family mem-
bers is responsible for GA-induced apoptosis, MDA-MB-231
cells were pretreated with p38 inhibitor SB202190, JNK inhib-
itor SP600125, ERK inhibitor PD98059, and MEK1/2 inhibitor
U0126, respectively, before GA treatment. Moreover, Src
inhibitor PP2, its negative control PP3, and the PI3K inhibitor
wortmannin were used as additional controls. Fig. 4A shows
that inhibitors of the MAPK pathway SP600125 and PD98059
significantly attenuated GA-induced apoptosis, and those of
PI3K pathways had no obvious effect. Interestingly, the Src
inhibitor PP2 greatly enhancedGA-induced apoptosis, whereas
PP2 alone or its negative control PP3 did not (Fig. 4, A and B),
suggesting that Src could deter GA-induced apoptosis and
serve as a negative regulator.
TfR1 Is Associated with Src—To elucidate the underlying

molecular mechanisms by which Src inhibitor PP2 promotes
GA-induced apoptosis, immunofluorescence by confocal
microscopy illustrates that Src and TfR1 are co-localized in

FIGURE 1. GA-induced apoptosis in breast cancer MDA-MB-231 cells but not in MCF-7 cells. A, MDA-MB-231 and MCF-7 cells were treated with 5 �M GA,
and cell apoptosis was observed by microscope 4 h later. B, GA activated caspase-3 and -8 and PARP apoptotic pathways in MDA-MB-231 cells in a time-de-
pendent manner. Caspase-3 is absent in MCF-7 cells, causing resistance to GA treatment.
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MDA-MB-231 cells (Fig. 5A). Immunoprecipitation (IP) of
TfR1 followed by immunoblotting of Src or vice versa was then
performed to further confirm its binding. Fig. 5B shows that Src
is bound to TfR1, and GA treatments had increased the associ-
ation of Src with TfR1. However, GA appeared to induce TfR1
degradation at 60 min or longer treatments (data not shown).
Fig. 5C confirms that after IP of Src by its antibody, TfR1 was
also pulled down.
TfR1 Is Tyrosine-phosphorylated at Tyr20—We then investi-

gated whether binding of Src leads to TfR1 tyrosine phospho-
rylation. Fig. 6A shows that TfR1 is tyrosine phosphorylated in
MDA-MB-231 cells and treatments of GA did not affect TfR1
tyrosine phosphorylation. To confirm the role of Src in TfR1
tyrosine phosphorylation, Fig. 6B displays that Tyr20 phospho-
rylation in the absence of GA appeared to be Src-independent
as its phosphorylation was not affected by PP2 treatment as
shown in lane 6 when compared with lane 2. Co-treatments of
PP2 with GA or EGF with GA abrogated TfR1 tyrosine phos-
phorylation but not in the control (dimethyl sulfoxide) and PP3
treatment groups.

Sequence analyses reveal that there is only one tyrosine in the
cytoplasmic region of TfR1, which is located at the 20YTRF23

motif. To show whether Tyr20 is the Src-mediated phosphoryl-
ation site, a Y20L point mutant was generated. After transfec-
tion, Fig. 6C shows no expression of TfR1 in TfR1-deficient
TRVB cells. As expected, strong expressions of TfR1 were
observed in TRVB1 cells, in which human TfR1 was stably
transfected into TRVB cells (23). TfR1 was also expressed in
TRVB-Y20L point mutant (Fig. 6C). As shown in Fig. 6D, Y20L
mutation abrogated TfR1 tyrosine phosphorylation, indicating
that Tyr20 is the Src-mediated tyrosine phosphorylation site.
Function of TfR1 Tyr20 Phosphorylation—YTRF is an inter-

nalization signal and is required for Tf-induced endocytosis
(24). However, Tyr20 is not necessary for TfR1 internalization.
It has been shown that substitution of Tyr20 with other aro-
matic amino acids such as phenylalanine (Y20F) did not alter
the rate constant of TfR1 internalization, whereas substitution
with nonaromatic acid such as leucine (Y20L) reduced the
internalization constant rate (25). Fig. 7 displays that among the
TfR1-expressing cells, phosphomutants without a Tyr20 phos-

FIGURE 2. GA-induced apoptosis is TfR1-dependent as well as TfR1-independent. A, two sets of MDA-MB-231 cells were pretreated with 5 �M FeSO4
overnight, followed by GA treatment for 4 h. First set was used for Western blot to show TfR1 down-regulation by iron. B, second set was used for flow cytometry
to measure apoptosis. The apoptotic cells were counted by PI and FITC-annexin V double staining. C, confirmation of TfR1 expression by Western blots in
TfR1-expressing TRVB1 cells but not in TfR1-deficient TRVB cells. Three clones were used for each of the experiments. D, after treatments of TRVB and TRVB1
cells with 5 �M GA for 4 h, PI�/annexin� apoptotic cells were measured, indicating TfR1 expressing TRVB1 cells are more sensitive to GA-mediated apoptosis.
Thus, there are TfR1-dependent and TfR1-independent mechanisms in GA-mediated apoptosis. An asterisk represents a significant difference from controls
(Ctrl); ¶ represents a significant difference from GA treatment only (B) or from TRVB cells (D).

FIGURE 3. GA but not transferrin induced activation of MAPK pathway and apoptosis. A, MDA-MB-231 cells were treated with GA or holo-Tf at different
doses for 60 min. Total proteins were collected, and phosphorylations of JNK, p38, and ERK were probed with antibodies against phospho-JNK, p38, and ERK.
B, MDA-MB-231 cells were treated with 5 �M GA or 5 �g/ml holo-Tf for various time periods.
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phorylation site were more sensitive to GA-mediated cell apo-
ptosis, particularly in the Y20F mutants. Again, Src inhibitor
PP2 increased GA-mediated apoptosis by 45% in CHO-TRVB1
cells as compared with the GA treatment only. The increases
were higher by 70% in Y20L phosphomutants and by 90% in
Y20F phosphomutants. PP2 had no enhancing effects on GA-
mediated apoptosis in TfR1-deficient TRVB cells (data not
shown). These results indicate that the role of Src in GA-medi-
ated apoptosis is TfR1-dependent. Although phosphorylation
of TfR1 at Tyr20 by Src is important, other Src-dependent TfR1
regulatorymechanisms could contribute to the apoptotic proc-
ess of GA treatment.

DISCUSSION

The findings described above provide strong evidence for
TfR1 binding with Src to present survival signals in breast can-
cer cells. Phosphomutants of TfR1 that cannot act as a Src sub-
strate significantly responded to GA-mediated TfR1-depend-
ent apoptosis. This is consistentwith the premise established by
others that Src interacts with many membrane receptors such
as EGF receptor family members and the TGF-� receptor and
mediates the antiapoptosis and proliferation signal (26, 27). In
the present study, we did notmodify Src butmodulatedTfR1 by
point mutations. Results show that TfR1 is a signal molecule
that can be directly phosphorylated by Src.

FIGURE 4. Src inhibitor stimulated GA-induced apoptosis. A, MDA-MB-231 cells were pretreated with dimethyl sulfoxide (DMSO), Src inhibitor PP2, PP2-
negative control PP3, p38 inhibitor SB202190, MEK1/2 inhibitor U0126, PI3K inhibitor wortmannin, JNK inhibitor SP600125, and ERK inhibitor PD98059 for
overnight and then treated with 5 �M GA. The apoptosis rate was measured by PI and annexin V staining. B, representative images of morphological changes
of MDA-MB-231 cells in the presence of DMSO (control), GA (treatment), PP2 alone, GA�PP2, and GA�PP3 as observed by microscope. Magnification, �100.
An asterisk indicates a significant difference from the GA treatment.

FIGURE 5. TfR1 is associated with Src. A, immunofluorescence and colocalization of Src and TfR1 by confocal fluorescence microscope. Src and TfR1 were
stained with Alexa Fluor 555 (red) and Alexa Fluor 488 (green), respectively. Cellular nuclei were stained with DAPI (blue). Mouse (mIg) and rabbit (RIg) Ig were
used as negative controls to show nonspecific bindings. B, MDA-MB-231 cells were treated with GA for different time periods, and TfR1 was immunoprecipi-
tated by its antibody. The samples were then immunoblotted (IB) with Src antibody. C, Src was immunoprecipitated by its antibody and followed by simulta-
neous immunoblotting with TfR1 and Src antibodies.
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Our study originated from the treatments of human breast
cancer MDA-MB-231 andMCF-7 cells with GA (Fig. 1), a nat-
ural product from the resin of the Garcinia hanburyi tree. The
resin has been used in traditional Chinese medicine (28). GA
displays differential apoptosis potential in normal versus tumor
cells. Here, down-regulation ofTfR1 by iron treatments leads to
a decrease in apoptosis withGA treatment andTRVB1 express-
ing human TfR1 are more sensitive to GA treatment (Fig. 2).
Although TfR1 serves as an important receptor for GA, GA-
mediated apoptosis appears to be only partially TfR1-depen-
dent. These results indicate that there is a TfR1-independent
mechanism since TRVB cells do not express TfR1 but these

cells still underwent apoptosis in response to GA treatment
(Figs. 2 and 7).
Holo-Tf andGAare known ligands of TfR1.Our study shows

that GA but not holo-Tf activates three major pathways: ERK,
p38, and JNK of the MAPK family (Fig. 3). In contrast, it has
been shown that GA inhibits the NF-�B signaling pathway and
potentiates TNF-induced apoptosis in human leukemia cancer
cells (19). We thought that the GA-activated MAPK signaling
mechanism might play an important role in its potent antican-
cer activity in MDA-MB-231 cells. Indeed, MAPK inhibitors
reduced GA-mediated apoptotic effects. Our results are in
agreement with the previous report showing thatMAPK inhib-
itors could affect apoptosis, in the presence of Aplidin, a novel
antitumor agent ofmarine origin (29). Unexpectedly, the inclu-
sion of a Src inhibitor PP2 was found to sensitize GA-mediated
apoptosis (Fig. 4), suggesting that Src may be involved in GA-
mediated apoptotic process.
A function for Src tyrosine kinase in normal cell growth was

first demonstratedwith the binding of familymember p56lck to
the cytoplasmic tail of CD4 and CD8 co-receptors on T cells
(30). Src plays a crucial role in the coordination and facilitation
of cell signaling pathways controlling a wide range of cellular
functions, including growth, survival, invasion, adhesion, and
migration (31, 32). Src is highly expressed in MDA-MB-231
cells and activation of a dominant negative form of Src has been
shown to decrease their tumorigenicity and their ability to
induce lung and bone metastasis in animals (33). Use of Src
inhibitors leads to decreased phosphorylation of multiple Src
substrates such as MAPK, Akt, and subsequent inhibition of
growth andmigration (34). Here, our study showed that the Src
inhibitor PP2 significantly enhanced GA-mediated apoptosis
(Fig. 4), providing evidence of the therapeutic potential of GA
and PP2 as chemo-sensitizing agents in treating cancer cells.

FIGURE 6. TfR1 is phosphorylated at Tyr20 within the cytoplasmic region of TfR1. A, MDA-MB-231 cells were treated with 5 �M GA for different time periods.
The proteins were collected, and TfR1 was immunoprecipitated by TfR1 antibody and immunoblotted (IB) with antibodies against p-Tyr or TfR1. B, MDA-MB-
231 cells were pretreated with the Src inhibitor PP2, PP3, and EGF for 1h, followed by GA for 4 h. The cells were lysed, and TfR1 were immunoprecipitated with
antibody against TfR1. Tyr phosphorylation of TfR1 was immunoblotted with antibody against p-Tyr. C, confirmation by Western blots of TfR1 expressions in
TfR1-deficient CHO TRVB cells (a negative control), TRVB1 cells expressing human TfR1, and TRVB cells transfected with Y20L point mutants. D, Y20L mutant
abrogates endogenous TfR1 tyrosine phosphorylation. Proteins were collected from TRVB, TRVB1, and Y20L mutants. After IP with TfR1, they were probed with
antibody against p-Tyr.

FIGURE 7. TfR1 Tyr20 phosphomutants were more sensitive to GA-in-
duced apoptosis. TRVB1 cells and three TRVB-Y20L and TRVB-Y20F mutants
each were pre-treated with Src inhibitor PP2 for 1 h, followed by GA treat-
ments for 4 h. The apoptotic cells were stained with PI and FITC-annexin V and
analyzed by flow cytometry. Because of variations of TfR1 levels among the
different cell lines, sensitivities of the cells to GA and PP2 treatments were
presented as fold change over their respective untreated controls. Asterisk
indicates a significant difference from TRVB1 cells; a ¶ indicates a significant
difference from their respective GA treatments only.
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The pathway by which iron-bound Tf is internalized by TfR1
has been studied extensively (3, 35–37). Diferric Tf binds the
receptor and both are internalized in clathrin-coated pits
through receptor-mediated endocytosis. Our study is different
from the one showing that Src-mediated phosphorylation of
dynamin 2 and cortactin are required for regulating the consti-
tutive endocytosis of Tf by TfR1 (13). Instead, we showed that
Src is associated with TfR1, regardless of GA treatment (Fig. 5).
To support our finding, Src was found to bind to an EGF recep-
tor and Her2 and regulates their phosphorylation (27). Associ-
ation of Src with Her2 results in increased Src kinase activity
and plays a role in Her2-mediated invasion andmetastasis (38).
Phosphorylation of the EGF receptor by Src is critical for mito-
genic signaling initiated by the EGF receptor itself (39). In the
present study, we found that, in addition to PP2, EGF treatment
abrogated Tyr20 phosphorylation (Fig. 6B). In consideration of
the importance of Src in EGF-mediated EGF receptor phospho-
rylation (38, 39), one possible explanation is that EGF could
decrease Src availability for TfR1 Tyr20 phosphorylation.

To identify which tyrosine residue within the cytoplasmic
region is phosphorylated by Src, we used CHO-TRVB cell lines,
which do not express TfR1 (Fig. 6C). Because there is only one
tyrosine at the position 20 within the intracellular domain,
point mutation assay points out that it is the Tyr20 that is phos-
phorylated by Src (Fig. 6D). 20YTRF23 in the cytoplasmic region
of TfR1 is crucial for TfR1 internalization and endocytosis (24).
The aromatic amino acid at position 20 is important for TfR1
endocytosis because replacement of Tyr20 with Phe, an aro-
matic amino acid, did not impair this internalization process.
However, replacement Tyr with Lys, a non-aromatic amino
acid, appeared to weaken it. We showed that both TRVB phos-
phomutants Y20L and Y20F were sensitive to GA-mediated
apoptosis, but more in Y20F mutant than in Y20L mutant (Fig.
7). These results suggest that endocytosis of TfR1withY20Fhas
additional effects on GA-mediated apoptosis.
If the Tyr20 is the only site responsible for the GA-mediated

and TfR1-dependent apoptosis, the mutants should no longer
respond to PP2 treatments. Yet, PP2 still sensitizes the phos-
phomutants to GA treatments (Fig. 7). These results suggest
that, although this Src-mediated Tyr20 phosphorylation is an
important mechanism, other Src-dependent mechanisms such
as phosphorylation of dynamin 2 and cortactin and their regu-
lation onTfR1 endocytosis could also contribute to the apopto-
tic process of GA treatments (13). This awaits further
investigation.
In conclusion, high expression of TfR1 in breast cancer cells

is to meet the high iron demand for cancer cell outgrowth. The
present study provides evidence that additional functions of
high expression of TfR1 exist in cancer cells. This includes, but
may not be limited to, anti-apoptotic and cancer cell survival
signals by Src phosphorylation of TfR1 at Tyr20. Our study is
particularly significant in young breast cancer patients because
of the high prevalence of iron deficiency anemia in young
women (40) and poor breast cancer outcomes in this young
patient population (41, 42). Future studies of this newly identi-
fied TfR1 signaling pathway are likely to provide insight into
iron homeostasis in cancer cells and its relation to cancer cell
survival and drug resistance.
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