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Abstract. The overexpression of the oncogene human 
epidermal growth factor receptor 2 (HER‑2) has been asso-
ciated with decreased disease‑free survival and is a marker 
of poor prognosis of invasive breast cancer. Although the 
high efficacy of trastuzumab, a drug that targets the HER‑2 
oncogene, has been widely recognized, the efficiency of the 
treatment remains at ~30%. Therefore, novel effective treat-
ments are required for patients with recurrent metastatic breast 
cancer. The present study aimed to investigate the effects of 
an engineered antibody‑like molecule administered alone or 
in combination with trastuzumab on the tumor growth and 
metastasis of HER‑2‑positive breast cancer. Another aim was 
to investigate novel cancer therapies for HER‑2‑positive breast 
cancer. The engineered antibody‑like molecule consists of the 
amino‑terminal fragment (ATF) of human urokinase‑type 
plasminogen (uPA) and is conjugated with the Fc fragment of 
human immunoglobulin G1 (ATF‑Fc). The anti‑cancer effect 
of ATF‑Fc (alone and in combination with trastuzumab) on 
tumor cells and in a nude mouse tumor model was evaluated 

by detecting the expression of uPA, urokinase plasminogen 
activator receptor (uPAR) and HER‑2. In vitro experiments 
demonstrated that specifically blocking the uPA‑uPAR and 
HER‑2 signaling pathways may effectively promote the apop-
tosis of breast cancer cells. Additionally, ATF‑Fc‑induced 
cell death in HER‑2‑positive breast cancer cells was observed 
in  vivo. When ATF‑Fc was administered in combination 
with trastuzumab, cell death was increased and breast cancer 
metastasis was reduced. The novel engineered antibody‑like 
molecule ATF‑Fc was able to inhibit HER‑2‑positive breast 
cancer cell growth and metastasis by interfering with uPA 
and its receptor (uPA‑uPAR) system. Additionally, the 
antibody‑like molecule exhibits a synergistic inhibitory effect 
when administered in combination with trastuzumab.

Introduction

Novel effective treatments are required for patients with recur-
rent metastatic breast cancer, particularly for those who fail to 
respond to third‑line and subsequent lines of chemotherapy (1). 
Overexpression of the oncogene human epidermal growth 
factor receptor 2 (HER‑2) is an independent indicator of poor 
prognosis (2). HER‑2 overexpression has been associated with 
decreased survival time and resistance to certain chemo‑ 
and endocrine therapies in patients with breast cancer (3,4). 
Although the high efficacy of trastuzumab, a drug that targets 
the HER‑2 oncogene, has been widely recognized, its effi-
ciency remains at ~30% (5,6). Patients who fail to response 
to third‑line or subsequent lines of chemotherapy are usually 
of poor physical condition and have difficulty tolerating addi-
tional chemotherapy (7). Therefore, methods for optimizing 
effective biological therapies to improve patient quality of life 
and survival times are urgently required in clinical practice.

Tumor initiation and development are a result of multiple 
genetic abnormalities; therefore, blocking the expression 
of cancer‑promoting genes at multiple points and along 
numerous signaling pathways may theoretically limit tumor 
development (8). Studies have demonstrated that the expres-
sion of the urokinase‑type plasminogen activator (uPA) and its 
receptor (uPAR) system is significantly increased in various 
human tumor tissues, including breast, lung and colorectal 
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cancer (9‑11). Furthermore, uPA‑uPAR expression has been 
significantly associated with tumor growth and patient 
prognosis  (12‑14). As uPA‑uPAR has key roles in tumor 
metastasis and growth, it has become an ideal candidate for 
targeted cancer therapy. Interference with uPA‑uPAR interac-
tions not only inhibits tumor infiltrations but also is able to 
block tumor angiogenesis, thereby effectively controlling 
tumor growth (15,16). In a previous study by the authors, an 
antibody‑like molecule comprised of the amino‑terminal 
fragment (ATF) of uPA and is conjugated to the Fc fragment 
of immunoglobulin (Ig) G1 (ATF‑Fc), was engineered. The 
specific inhibitory effect of the antibody‑like molecule on 
tumors was evaluated (17).

In the present study, the authors proposed using the 
ATF‑Fc fusion protein to target uPA‑uPAR and trastuzumab 
signaling pathways, and to inhibit HER‑2 oncogene function 
in breast cancer. In addition, the effect of ATF‑Fc in combina-
tion with trastuzumab on the tumor apoptosis and metastasis 
of HER‑2‑overexpressing breast cancer was evaluated in vivo.

Materials and methods

Preparation of an engineered antibody‑like molecule ATF‑Fc. 
ATF‑Fc‑2E9, a recombinant Chinese hamster ovary cell line 
which was stably transfected with ATF‑Fc (17), was gifted 
by Professor Haifeng Duan (Beijing Institute of Radiation 
Medicine, Beijing, China). The ATF‑Fc expression level of the 
ATF‑Fc‑2E9 cell line was ~20 µg/106 cells/day. A fusion protein 
with a molecular weight of ~96 kDa under non‑reducing condi-
tions and ~45 kDa under reducing conditions was obtained, 
according to the protocols previously published (17,18). The 
fusion protein consists of the ATF of human uPA and is conju-
gated with the Fc fragment of human IgG1.

Experimental drug trastuzumab. The monoclonal antibody 
trastuzumab (catalog no.,  10172501; 440  mg/vial) was 
provided by (Roche Diagnostics, Basel, Switzerland), and 
was freshly prepared prior to each experiment. Briefly, each 
440 mg vial of trastuzumab was reconstituted with 20 ml 
of bacteriostatic water for injection, containing 1.1% benzyl 
alcohol as a preservative to yield a multi‑dose solution 
containing 21 mg/ml trastuzumab. The drug was then diluted 
to the required concentration (0.12 mg/ml) using sterile saline.

Cell lines and experimental animals. The EC‑109 human 
esophageal cancer cell line and the MCF‑7 and SK‑BR‑3 human 
breast cancer cell lines were purchased from the Cell Culture 
Center of the Chinese Academy of Science (Beijing, China). 
The EC‑109 and MCF‑7 cells were maintained in Dulbecco's 
modified Eagle's medium (HyClone; GE Healthcare Life 
Sciences, Logan, UT, USA), while the SK‑BR‑3 cells were 
maintained in RPMI‑1640 (HyClone; GE Healthcare Life 
Sciences), supplemented with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml 
streptomycin and 100 U/ml penicillin (Beijing Solarbio Science 
& Technology Co., Ltd., Beijing, China). All the cells were 
incubated in a humidified incubator containing 5% CO2 at 
37˚C. The experimental models used were 35 4‑6‑week‑old 
female BALB/C nude mice, which were purchased from the 
Animal Center of the Peking Union Medical College Hospital 

(Beijing, China). The experimental protocol was approved by 
the Experimental Animal Center of China. All experiments 
were performed according to the standards of animal care as 
outlined in the Guide for the Care and Use of Experimental 
Animals of Peking Union Medical College. Briefly, the mice 
were maintained in an air‑conditioned specific‑pathogen‑free 
laboratory with 12/12‑h light‑dark cycle and 24±1˚C and 5±5% 
relative humidity, and had free access to food and water during 
the study. Following one week of acclimatization, the animals 
were subcutaneously injected into the right flank with SK‑BR‑3 
cells suspended in serum‑free medium in the exponential 
growth stage at a dosage of 1x107 cells/nude mouse. The period 
of tumor formation was 7‑10 days. When the tumors reached 
a volume of ~3 cm3 calculated as previously described (19,20), 
the mice were sacrificed and the tumor tissues were dissected, 
minced, ground, homogenized and re‑injected into another 
four groups of the same type of mice (7 mice per group). 
Following 1‑2 weeks, tumors developed, and the animals were 
randomly grouped for subsequent experiments.

Detection of uPA and uPAR expression in tumor cell lines. The 
serum‑free supernatant from the EC‑109, MCF‑7 and SK‑BR‑3 
cell cultures was collected and centrifuged at 850 x g for 
10 min at 4˚C (ThermoHeraeus Multifuge X1R; Thermo Fisher 
Scientific, Inc.) for detection of uPA (three samples from each 
cell line). Triple wells were used in each cell line. An ELISA 
was performed to determine the level of uPA secreted from the 
cells using an uPA ELISA kit (catalog no., ab108917; Abcam, 
Cambridge, MA, USA) The assay was performed according 
to the manufacturer's instructions. The extracellular level of 
uPAR was determined using a FACscan flow cytometer (BD 
Biosciences, San Jose, CA, USA) (3 samples in each cell line). 
The procedure is briefly described, as follows: 1x106 EC‑109, 
MCF‑7 and SK‑BR‑3 cells were incubated with an anti‑uPAR 
antibody (10 µg per 1x106 cells) (catalog no., sc‑13522; Santa 
Cruz Biotechnologies, Dallas, USA) for 2 h at 4˚C. The cells 
were washed three times with PBS containing 0.05% Tween‑20 
to remove the unbound antibody and then incubated with a 
fluorescein isothiocyanate‑conjugated secondary antibody 
(dilution, 1:500; catalog no., ab6785; Abcam) for 30 min at 
room temperature. The normal mouse IgG (cat. no., sc‑2025; 
Santa Cruz) were used as the controls. The flow cytometry 
results were analyzed using a FACScan instrument (CellQuest 
Pro Software 5.1; BD Biosciences).

HER‑2 oncogene immunohistochemistry (IHC) and fluores‑
cence in situ hybridization (FISH). Anti‑HER‑2 monoclonal 
antibody (cat. no.,  ZM0065; dilution, 1:200) and PV6000 
detection kit (both Zhongshan Golden Bridge Biotechnology 
Co., Ltd., Beijing, China) were used for IHC analysis. The 
IHC detection of HER‑2 protein was performed according 
to the manufacturer's instructions. Plasmalemma exhibiting 
brown particles was considered positively stained. Based on 
the intensity and continuity of the color, the staining results 
were classified as ‘negative’ for no color (0), ‘positive’ for 
light‑yellow (1+), ‘strong positive’ for brownish‑yellow (2+) 
and ‘extreme positive’ for brown (3+).

The HER‑2 gene FISH detection kit was provided by 
Daan Gene Co., Ltd. FISH detection of HER‑2 was performed 
according to the manufacturer's instructions. In a clear tumor 
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area, the total number of HER‑2 (red) and CEP‑17 (green) 
signals in 60 cell nuclei were counted, and the ratio of the 
number of HER‑2 to CEP‑17 signals was calculated. The 
following assessment criteria were used: If the ratio was 
≥2.2, the result was considered positive (with amplification); 
if the ratio was <1.8, the result was considered negative 
(without amplification); if the ratio was close to borderline 
values (1.8‑2.2), the signals in an additional 20 nuclei were 
counted (21).

In vitro analysis of apoptosis status in a breast cancer cell line. 
SK‑BR‑3 cells in the exponential growth stage were seeded in 
96‑well tissue culture plates (Costar; Corning Incorporated, 
Corning, NY, USA) at a density of 5x104 cells/well. When the 
cells reached 65‑70% confluency, ATF‑Fc (final concentration 
of 50 µg/ml), trastuzumab (final concentration of 10 mg/ml) or 
ATF‑Fc (50 µg/ml) plus trastuzumab (10 mg/ml) was added. 
Saline was added to the control group. The cells were continu-
ously cultured for an additional 72 h at 37˚C in a humidified 
incubator containing 5% CO2. The culture medium was subse-
quently removed and the cells were collected. The cells were 
then stained with Annexin‑V and 7‑amino‑actinomycin D 
(7‑AAD), according to the manufacturer's instructions (BD 
Biosciences). Briefly, subsequent to washing with ice‑cold 
PBS, SK‑BR‑3 cells were resuspended in 200  µl of 1X 
annexin‑V binding buffer. Next, 5 µl of annexin‑V‑APC and 
5 µl of 7‑AAD were added to the tubes and incubated for 
10 min at 4˚C in the dark. The samples were placed on ice and 
the cellular apoptotic rate was determined using flow cytom-
etry. Triplicate wells were used in the experimental and in the 
control groups.

In vivo analysis of tumor growth and metastasis in breast 
cancer xenograft mouse model. As aforementioned, female 
BALB/C nude mice inoculated with SK‑BR‑3 cells were 
randomly grouped for experimentation when the size of the 
tumors reached 100  mm3. Each group consisted of seven 
mice. The following four experimental groups were included: 
ATF‑Fc alone; trastuzumab alone; ATF‑Fc plus trastuzumab; 
a blank control group. ATF‑Fc (10 mg/kg) was administered 
once every two days via tail vein injection for three continuous 
weeks, and trastuzumab (6 mg/kg) was administered once a 
week for two weeks. The medication regimen of ATF‑Fc plus 
trastuzumab group was ATF‑Fc (10 mg/kg) administered once 
every 2 days via tail vein injection for 3 continuous weeks, 
combined with trastuzumab (6 mg/kg) administered once a 
week for 2 weeks. An equal volume of saline (1 ml/time) was 
used once every two days for the control group. Following 
drug administration, the mice were observed for 3 weeks. 
The longitudinal and transverse diameters of the tumors 
were measured every other day, and the tumor volume was 
calculated as previously described (19,20). After 3 weeks, the 
animals were sacrificed. The tumor tissues were isolated and 
weighed to calculate the tumor inhibition rate. The mice were 
dissected to examine the liver metastasis status. The number 
of mice with liver metastasis and the number of metastatic foci 
in each liver were recorded. Briefly, specimens for histological 
examination were fixed in 10% formalin for 24 h. To ensure 
systematic uniform and random sampling, the entire liver of 
each animal was cut transversally to the portal vein into 2 mm 

thick parallel sections, the cut surfaces were examined and 
the specimens were embedded in paraffin. Sections (5 µm) 
were cut and stained with hematoxylin and eosin and Periodic 
Acid‑Schiff (G1281; Beijing Solarbio Science & Technology 
Co., Ltd.) to confirm the presence of cancerous cells by light 
microscopy. The equation for calculating tumor volume is as 
follows (19,20):

V=LxD2/2

(L, maximum diameter of the tumor; D, minimum diameter of 
the tumor). The equation for calculating the tumor inhibition 
rate of drug effect based on the tumor weight is as follows:

(a‑b)/ax100%

(a, mean tumor weight in the control group; b, mean tumor 
weight in the treatment group).

Statistical analysis. The results are presented as the mean ± stan-
dard deviation. Group differences were analyzed with the 
non‑parametric Kruskal‑Wallis test. Comparisons of the tumor 
weight and the liver metastasis rate in the nude mice with 
tumors were analyzed using the Pearson χ2 test. In experiments 
involving histology or flow cytometry, the figures presented are 
representative of ≥3 experiments performed on different days 
on the tissue sections or tumor cells. All statistical assessments 
were two‑sided, and P<0.05 was considered to indicate a statisti-
cally significant difference. All analyses were performed using 
SPSS software (version 15.0; SPSS Inc., Chicago, IL, USA).

Results

Determination of uPA, uPAR and HER‑2 expression in tumors 
cell lines. The expression levels of uPA, uPAR, and HER‑2 in 
EC‑109, MCF‑7 and SK‑BR‑3 cells were determined as afore-
mentioned. As presented in Fig. 1, the expression level of uPA in 
EC‑109, MCF‑7 and SK‑BR‑3 cells was 12.32±1.18, 63.77±9.26, 
and 78.62±6.09 pg/ml, respectively. The uPAR expression 

Figure 1. Extracellular level of uPA in EC‑109, MCF‑7 and SK‑BR‑3 cells. 
The extracellular level of uPA in EC‑109, MCF‑7 and SK‑BR‑3 cells was 
determined via ELISA. Each experiment was repeated three times. The data 
are presented as the mean ± standard deviation. The uPA expression levels in 
the three types of cells were 12.32±1.18, 63.77±9.26 and 78.62±6.09 pg/ml, 
respectively. The SK‑BR‑3 and MCF‑7 cells exhibited significantly increased 
levels of uPA expression compared with EC‑109 cells (**P<0.01). uPA, 
urokinase‑type plasminogen activator.
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rate was 6.5, 56.32 and 69.87%, respectively (Fig. 2A and B). 
The SK‑BR‑3 cells expressed significantly increased levels of 
uPA and uPAR compared with EC‑109 cells, (**P‑value<0.01). 
The HER‑2 expression, as determined by IHC, revealed that 
EC‑109 and MCF‑7 cells were negative for HER‑2 expres-
sion and that the nuclei were blue. By contrast, the SK‑BR‑3 
cells exhibited strong positive expression, and the nuclear 
membrane appeared dark‑brown (Fig. 2C). FISH analysis veri-
fied that the HER‑2 gene was amplified in the SK‑BR‑3 cells 
(Fig. 2D). These results suggested that SK‑BR‑3 cells exhibit 
elevated levels of uPA and uPAR expression, and high levels 
of HER‑2 expression. Therefore, SK‑BR‑3 cells were selected 
for further experiments to determine the inhibitory effect of 
ATF‑Fc in combination with trastuzumab on cells.

Apoptosis status of breast cancer cells following treatment 
with ATF‑Fc or trastuzumab alone and in combination. 
Following the treatment of SK‑BR‑3 cells (in the exponen-
tial growth stage) with ATF‑Fc (50 µg/ml) or trastuzumab 
(10 mg/ml) alone and in combination for 72 h, the cells were 

stained with Annexin‑V and 7‑AAD, and then analyzed by 
flow cytometry. Representative dot plots indicating the pres-
ence of early and late apoptotic tumor cells are depicted in 
Fig. 3A. As illustrated in Fig. 3B, treatment with ATF‑Fc 
or trastuzumab alone resulted in a cellular apoptotic rate of 
42±7.79 and 38±4.55%, respectively. By contrast, treatment 
with a combination of ATF‑Fc and trastuzumab resulted in 
an apoptotic rate of 83±6.58%. The apoptotic rates of tumor 
cells were significantly higher in the ATF‑Fc and trastuzumab 
combination treatment group, as compared with in the ATF‑Fc 
(P<0.01) or trastuzumab alone groups (P<0.01). These results 
indicate that specifically blocking the uPA‑uPAR and HER‑2 
pathways may effectively promote the apoptosis of breast 
cancer cells in vitro.

In vivo analysis of inhibition of tumor cell proliferation. 
Tumor‑bearing nude mice were administered ATF‑Fc alone, 
trastuzumab alone or a combination of ATF‑Fc and trastu-
zumab according to the protocols previously described. The 
control group received saline via tail vein injection. In the 

Figure 2. Expression of uPAR and HER‑2 in various cell lines. (A) The uPAR expression levels in EC‑109, MCF‑7 and SK‑BR‑3 cells were determined by flow 
cytometry. The uPAR expression rate was 6.5, 56.32 and 69.87%. (B) The SK‑BR‑3 cells exhibited significantly increased levels of expression compared with 
EC‑109 cells (**P<0.01). (C) The HER‑2 protein expression was determined via immunohistochemistry in EC‑109, MCF‑7 and SK‑BR‑3 cells. HER‑2 was not 
present in EC‑109 and MCF‑7 cells. By contrast, the SK‑BR‑3 cells exhibited brown staining, indicating positive expression. (D) The HER‑2 gene expression 
was detected by fluorescence in situ hybridization. The SK‑BR‑3 cells exhibited positive amplification with a HER‑2/CEP‑17 ratio of 4.38, whereas the EC‑109 
and MCF‑7 cells were negative for amplification and had HER‑2/CEP‑17 ratios of 1.41 and 1.26, respectively. FITC, fluorescein isothiocyanate; HER‑2, human 
epidermal growth factor receptor; uPAR, urokinase plasminogen activator receptor; uPA, urokinase‑type plasminogen activator.
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present study, the mice did not exhibit symptoms of fever, 
vomiting, diarrhea or skin rash following administration of 
ATF‑Fc or trastuzumab alone or combination with ATF‑Fc 
and trastuzumab. As illustrated in Fig. 4A, compared with the 
control group, treatment with ATF‑Fc in combination with 
trastuzumab significantly reduced SK‑BR‑3 tumor volume 
(P<0.01). The inhibitory effect of the combination treat-
ment was significantly higher, as compared with treatment 
with either ATF‑Fc alone (P<0.05) or trastuzumab alone 
(P<0.05). Fig. 4B indicates that the treatment of ATF‑Fc 
in combination with trastuzumab significantly reduced the 
SK‑BR‑3 tumor volume compared with the control group, 
ATF‑Fc alone and trastuzumab alone (P<0.05 and P<0.01, 
respectively). The tumor inhibition rates were 60, 74, and 
84% for ATF‑Fc alone, trastuzumab alone and combination 
treatments, respectively.

Inhibitory effect on liver metastasis in tumor‑bearing nude 
mice. Following the administration of the drugs to the mice 
for three weeks, the mice were sacrificed and dissected. 
The tissues were subsequently evaluated for liver metastasis 
status, and the number of metastatic foci was determined. 
Compared with the control group, treatment with a combina-
tion of ATF‑Fc and trastuzumab had a significant inhibitory 
effect on liver metastasis in the tumor‑bearing nude mice. The 
differences in the rate of liver metastasis and the number of 
metastatic foci between the group treated with trastuzumab 
or ATF‑Fc or ATF‑Fc plus trastuzumab and the control group 
were statistically significant. In addition, the administration of 
ATF‑Fc in combination with trastuzumab significantly reduced 
the rate of liver metastasis and the number of metastatic foci, 
compared with ATF‑Fc or trastuzumab alone (Table I). These 
results suggest that treatment with ATF‑Fc in combination 

Figure 3. Effect of ATF‑Fc and trastuzumab on apoptosis of SK‑BR‑3 cells. Apoptosis was analyzed using Annexin‑V in the SK‑BR‑3 cells following treatment 
for 72 h. Flow cytometry was used to determine the percentage of cells positive for annexin‑V and/or 7‑AAD. (A) Representative dot plots of three independent 
analyses. Early apoptotic cells were identified as Annexin‑V positive and 7‑AAD negative. Late apoptotic cells were identified as positive for Annexin V and 
7‑AAD staining. (B) The apoptotic rate of tumor cells was significantly increased in the ATF‑Fc (50 µg/ml) plus trastuzumab (10 mg/ml) treatment group, 
as compared with in the ATF‑Fc (50 µg/ml) or trastuzumab (10 mg/ml) alone groups (**P<0.01). 7‑AAD, 7‑amino‑actinomycin D; ATF‑Fc, amino‑terminal 
fragment of uPA‑Fc fragment of human immunoglobulin G1; FITC, fluorescein isothiocyanate.

Figure 4. In vivo analysis of the inhibitory effect of ATF‑Fc, trastuzumab and 
ATF‑Fc plus trastuzumab on SK‑BR‑3 cell proliferation. A SK‑BR‑3 human 
breast cancer xenograft BALB/C (neu) nude mouse model was established. 
(A) The curve represents the change in tumor volume following treatment with 
ATF‑Fc, trastuzumab or ATF‑Fc plus trastuzumab. The ATF‑Fc (10 mg/kg) in 
combination with trastuzumab (6 mg/kg) significantly inhibited SK‑BR‑3 cell 
growth. After 30 days, the tumor volume in the group treated with ATF‑Fc 
plus trastuzumab was significantly decreased, as compared with in the control 
group and in the groups treated with ATF‑Fc or trastuzumab alone (*P<0.05 
and **P<0.01) (B) Change in tumor weight following treatment of the nude 
mice with ATF‑Fc, trastuzumab or ATF‑Fc plus trastuzumab. Treatment with 
ATF‑Fc plus trastuzumab significantly reduced the SK‑BR‑3 tumor volume 
compared with ATF‑Fc alone, trastuzumab alone and the control. ATF‑Fc, 
amino‑terminal fragment of uPA ‑Fc fragment of human immunoglobulin G1.
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with trastuzumab may increase the inhibitory effect on breast 
cancer metastasis.

Discussion

Chemotherapy is an effective method for treating malig-
nant tumors. However, due to the presence of primary and 
secondary drug resistance, tumors in numerous patients ulti-
mately progress and their health deteriorates (22). Therefore, 
studies in oncology are constantly investigating and searching 
for more effective therapeutics.

Targeted (biological) therapy has an increasingly critical 
role in treating malignant tumors. For example, rituximab 
specifically targets cluster of differentiation (CD)20  (23). 

Trastuzumab specifically targets HER‑2 (24), and bevacizumab 
specifically targets vascular endothelial growth factor (25,26). 
Rituximab, trastuzumab and bevacizumab have already 
exhibited notable efficacy in the treatment of multiple human 
malignant tumors (27).

The uPA‑uPAR system has an essential role in tumor 
growth and metastasis, and overexpression of these molecules 
is strongly associated with poor prognosis in a variety of 
malignant tumors (12‑13,28). The monoclonal antibody against 
uPA or uPAR has been demonstrated to be effective in inhib-
iting the proliferation, migration and invasiveness of cancer 
in vitro (29,30). Another known antagonist of uPA‑uPAR is 
the ATF of higher‑molecular‑weight uPA, which contains an 
epidermal growth factor‑like domain and a kringle domain (31). 
ATF is a fragment of uPA without enzyme activity that exhibits 
a strong affinity for uPAR (32). In 1993, Crowley et al (33) 
constructed an antibody‑like molecule that is comprised of 1‑137 
amino acids (AA) of uPA and is conjugated with the Fc frag-
ment of an IgG molecule. The binding target of this molecule 
was uPAR, and the molecule exhibited an inhibitory effect on 
tumor cell dissemination (33). However, the anti‑tumor effect of 
this molecule is not ideal. Further study revealed that the uPA 
fragment in Crowley's construct contained the enzymatic site for 
plasmin (uPA, AA135 and 136). This defect meant that the mole-
cule is susceptible to enzymatic digestion in tumor tissues that 
are rich in plasmin, thus preventing it from targeting uPAR (17).

In order to overcome this defect in the present study, a 
novel ATF‑Fc fragment that did not contain the enzymatic 

site for plasmin was constructed. In vitro and in vivo studies 
demonstrated that ATF‑Fc exhibits an inhibitory effect on 
tumor growth, metastasis and angiogenesis. These findings 
indicate that ATF‑Fc is a promising antibody drug with the 
potential to serve a crucial role in anti‑tumor therapy in the 
future (17).

Overexpression of HER‑2 or uPAR in breast cancer 
has been associated with an increased aggressive primary 
tumor phenotype and a poor prognosis (4,34). Although the 
role of the HER‑2 oncogene has been recognized, ≤70% of 
HER‑2‑positive breast cancer patients exhibit primary resis-
tance to trastuzumab (35). Additionally, 70% of the patients 
who effectively respond to the treatment eventually develop 
drug resistance‑associated relapse within one year (36,37). 
A number of studies have demonstrated that multiple genetic 
abnormalities are involved in tumor initiation, development 
and metastasis (38,39). Therefore, ideal anti‑tumors effects are 
unlikely to be achieved by blocking or inhibiting the expres-
sion of a single oncogene. A previous study suggested that the 
overexpression and gene amplification of HER‑2 and uPAR 
occurred most frequently in the same individual tumor cells in 
primary breast carcinoma, and in the circulating tumor cells of 
patients with advanced breast carcinoma (40). Pierga et al (41) 
reported comparable results in disseminated tumor cells from 
the bone marrow of patients with breast cancer. These findings 
indicate that targeting HER‑2 and uPAR together may provide 
a more efficient therapy for patients with breast cancer.

A previous study by the authors (17) demonstrated that 
treatment with ATF‑Fc resulted in significant suppression of 
the growth and metastasis of xenograft human tumors (MCF‑7 
breast cancer and BGC‑823 gastric cancer) in athymic nude 
mice. ATF‑Fc could specifically inhibit the uPA‑uPAR inter-
action, but trastuzumab did not have this effect. The present 
study indicates that when combined with trastuzumab, a drug 
used to target HER‑2, ATF‑Fc can synergistically inhibit 
HER‑2‑positive breast cancer cell proliferation and metastasis 
by interfering with the uPA‑uPAR system. To identify an 
effective biological therapeutic method, the SK‑BR‑3 breast 
cancer cell line was selected, which overexpresses uPA/uPAR 
and HER‑2, to establish a tumor‑bearing animal model. 
Subsequently, the effect of ATF‑Fc in combination with 
trastuzumab on the growth and metastasis of the tumors was 
determined by interfering with two pathways.

In the present study, significant inhibition of breast cancer 
cell proliferation has been demonstrated in vitro, and signifi-
cant inhibition of tumor metastasis has been observed in vivo. 
The inhibitory effect of the combination treatment with trastu-
zumab and ATF‑Fc was significantly increased compared 
with treatment with trastuzumab or ATF‑Fc alone. However, 
the mechanisms of action of the combination treatment remain 
unknown.

Several studies  (42‑44) have suggested that epidermal 
growth factor receptor (EGFR) may function as a transducer 
of the signaling between uPAR to ERK, which indicates the 
existence of crosstalk between EGFR and uPAR signaling 
pathways. By contrast, it has been demonstrated that deple-
tion of HER‑2 and uPAR by small interfering RNA is able to 
suppress mitogen‑activated protein kinase signaling pathways, 
resulting in a decrease of extracellular‑signal‑regulated kinase 
(ERK) activity and a high p38/ERK activity ratio, which is 

Table I. Inhibitory effect of trastuzumab, ATF‑Fc or ATF‑Fc 
plus trastuzumab on liver metastasis.

	 Metastasis 	 Number
Group	 rate (%)	 of foci

Control	 71.4 (5/7)	 69.8±11.9
aTrastuzumab (6 mg/kg)	 42.9 (3/7)	 52.5±9.6 

aATF‑Fc (10 mg/kg)	 28.6 (2/7)	 44.8±5.1
a-cATF‑Fc plus trastuzumab	 14.3 (1/7)	 13.7±4.8

aP<0.05 vs. control; bP<0.01 vs. trastuzumab; cP<0.01 vs. ATF‑Fc. 
Results are presented as the mean  ±  standard deviation. ATF‑Fc, 
amino‑terminal fragment of uPA‑Fc fragment of human immuno-
globulin G1.
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involved in the synergistic suppression of breast cancer cell 
growth (45). Therefore, crosstalk between HER‑2 and uPAR 
signaling pathways may exist, and may be a potential under-
lying mechanism of the synergistic anti‑tumor activity profiles 
of combined ATF‑Fc and trastuzumab treatments in breast 
cancer cells. Together, these findings suggest that ATF‑Fc 
has high therapeutic value for use in combination with trastu-
zumab in patients with HER‑2‑positive breast cancer, where 
primary resistance to trastuzumab is also present.

One limitation of the current study was that only one cell 
line, which overexpresses HER‑2, was used to investigate the 
synergistic inhibitory effects of ATF‑Fc and trastuzumab on 
tumor growth and invasion. Additionally, the potential under-
lying mechanism of the synergistic inhibitory effects has yet 
to be determined. These critical issues must be addressed in 
future investigations.

In summary, the present study demonstrates that a combina-
tion of ATF‑Fc (an antibody‑like molecule that targets uPAR) 
and trastuzumab, (a monoclonal antibody that targets HER‑2) 
exhibits synergistic inhibitory effects on tumor growth and 
metastasis, and may serve a key role in the treatment of cancer 
in the future.
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