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Abstract 

HER2 is an oncogenic tumor-associated antigen overexpressed in 20-25% of breast cancers, which 
is associated with increased invasion, metastasis of the disease and resistance to therapy. Recent 
studies have further shown that HER2 can increase the population of breast cancer stem cells 
(BCSCs). However, there is currently no in vivo model for the study of HER2+ BCSCs. In this study, 
we characterized a mouse breast cancer model for HER2+ BCSCs. This was accomplished by 
inoculating mouse mammary tumor EO771 cells engineered with human wild-type HER2 
(EO771E2) into C57BL/6 HER2 transgenic mice to test and confirm the stable human HER2 ex-
pression in the model. More importantly, we detected a subpopulation of EO771E2 cells with a 
high activity of aldehyde dehydrogenases (ALDHhigh). We demonstrated that the isolated ALDHhigh 
EO771E2 cells possessed key properties of BCSCs including enhanced tumorigenicity, generation 
of heterogeneous tumors and the capacity to self-renewal in vitro. In conclusion, the tumors 
formed in C57BL/6 HER2 transgenic mice with EO771E2 cell injection revealed stable and func-
tional human HER2 expression. These tumors contain a subset of ALDHhigh cells which are small in 
number, but are enriched in cancer stem cells. This model is deemed to be useful for experiments 
aimed to develop novel treatments to target HER2+ BCSCs. 
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Introduction 
Despite recent advances in diagnosis and treat-

ment, breast cancer remains a leading cause of cancer 
death in women in the United States. The high mor-
tality of this malignancy is mainly due to the re-
sistance to current treatments, e.g. chemotherapy and 
radiation therapy, as well as the metastasis and re-
currence of the disease. In order to improve the ther-
apeutic efficacy, relevant animal models are needed 
and are critical for the development of novel treat-
ment protocols against this disease.  

It is well-understood that human breast cancer is 
a highly heterogeneous disease, with 20-25% of breast 

cancers characterized by the over-expression of hu-
man epidermal growth factor receptor 2 (HER2) (1). It 
has been demonstrated that the over-expression of 
HER2 contributes to mammary carcinogenesis, and 
promotes invasion and metastasis of breast cancer. 
HER2 is also recognized as a pathological biomarker 
that distinguishes cancer and non-cancer breast cells, 
since the expression of HER2 protein on the surface of 
HER2+ breast cancer cells can be 50-100 fold higher 
than normal cells. Importantly, this biological prop-
erty of HER2 has made it an ideal molecule for the 
target therapy against HER2+ breast cancers (1). In-
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deed, Herceptin (trastuzumab), a humanized mono-
clonal antibody against HER2, is currently the most 
effective adjuvant treatment for HER2+ breast cancers 
(1, 2). However, despite the success of Herceptin, re-
sistance to the treatment occurs in a significant num-
ber of patients positive for HER2, contributing to the 
high mortality rate of breast cancers.  

Recent studies have shown that the level of al-
dehyde dehydrogenases (ALDHs) in HER2+ breast 
cancer is much higher than that in HER2- breast can-
cers (2,3). ALDHs are a group of enzymes responsible 
for the oxidation of aldehydes to their corresponding 
carboxylic acids. High ALDH activity is associated 
with metastasis, resistance to chemotherapies, and 
poor prognosis in human breast cancer, and has been 
identified as a marker of human breast cancer stem 
cells (BCSCs) (4-7). Importantly, high levels of 
ALDEFLUOR/ALDH have been used to isolate can-
cer stem cell (CSC)-enriched populations in various 
tumor types by multiple investigators (8-15), includ-
ing our own group. Isolation and characterization of 
CSCs in animal breast cancers may provide models 
and opportunities for the development of novel 
treatment options for human breast cancers.  

Human breast cancer has multiple distinctive 
features, which can be used to divide this malignancy 
into several subsets that are genetypically, phenotyp-
ically and behaviorally different. Some of these fea-
tures may overlap; technically it is impossible to have 
a single experimental model to display multiple fea-
tures of this complex human disease. Therefore, a 
number of experimental models need to present the 
whole picture of human breast cancer, with each 
model to address one or a few particular features. In 
this study, we established a mouse breast cancer 
model for human HER2+ breast cancer by implanting 
mouse mammary tumor EO771 cells engineered with 
human wild-type HER2 into C57BL/6 HER2 trans-
genic mice. In this model, we isolated ALDHhigh cell 
populations from the HER2-expressing E0771 cells, 
and demonstrated their CSC nature versus the ALD-
Hlow cells isolated from the same HER2-expressing 
E0771 cells. This may represent a unique mouse 
model of breast cancer with stable human HER2 ex-
pression and a subpopulation of ALDHhigh CSCs. This 
model will be useful for efforts aimed at the devel-
opment of new treatments to target HER2+ BCSCs. 

Materials and METHODS 
Cell culture and xenograft in mice 

EO771 cells were provided by Dr. Daniel Allen-
dorf (Louisville, KY). They were derived from a 
mammary cancer of C57BL/6 mouse (16), and were 
stably transfected with the full-length human HER2 

cDNA to express the human HER2 antigen (EO771E2 
cells). EO771 and EO77E2 cells were cultured in 
DMEM media with 10% FBS. For xenograft, different 
concentrations of EO771E2 cells were inoculated into 
the flank of 6-week old C57BL/6 HER2 transgenic 
mice (Jackson Laboratory, Bar Harbor, Maine). These 
mice were transgenically modified to express the 
HER2 proto-oncogene (ERBB2) causing the overex-
pression of the HER2 surface protein (CD340). The 
status of transgenicity in the mice was evaluated via 
DNA isolation and q-PCR with the forward primer 
(GAG CCG CGA GCA CCC A) and reverse primer 
(GGT GGG CAG GTA GGT GAG TCC C), respec-
tively. The tumor growth was monitored twice per 
week by measuring the size of the tumor.  

HER2 detection 
Expression of human HER2 protein on the sur-

face of EO771E2 cells was determined by flow cy-
tometer using an anti-HER2 monoclonal antibody 
(Trastuzumab, Genentech, Inc, San Francisco, CA). 
PE-conjugated mouse anti-human Ig κ light chain (BD 
pharmingen) was used as a second antibody.  

 Detection of ALDHhigh EO771E2 cells 
The activity of ALDH was measured by a fluo-

rogenic dye-based ALDEFLUOR assay kit (StemCell 
Technologies, Vancouver, BC) with or without the 
specific ALDH inhibitor diethylaminobenzaldehyde 
(DEAB). The assay is based on the principle that 
ALDH can convert uncharged ALDH-substrate, 
BAAA (BODIPY, aminoacetaldehyde), into a nega-
tively charged reaction product BAA (BODIPY, ami-
noaccetate), which is fluorescent and retained inside 
the cells. Therefore, the higher levels of ALDH enzy-
matic activity, the more brightly cells will be stained. 
The fraction of cells with ALDH activity labeled by 
ALDEFLUOR was measured with a flow cytometer. 
In each experiment, a sample of cells was treated un-
der identical conditions with 50 mM of the ALDH 
inhibitor DEAB to serve as a control for gating. Based 
on the activity of ALDH, EO771E2 cell were sorted 
into ALDHhigh and ALDHlow E0771E2 cells as we pre-
viously described (15). 7-AAD is used to discriminate 
live cells from dead cells which were excluded based 
on light scatter characteristics. 

Tumorigenicity of ALDHhigh and ALDHlow 

E0771E2 cells  
The capability of ALDHhigh and ALDHlow 

E0771E2 cells to form tumors was examined by inoc-
ulating freshly isolated ALDHhigh and ALDHlow 
EO771E2 cells into C57BL/6 HER2 transgenic mice. 
Briefly, equal numbers of sorted ALDHhigh or ALD-
Hlow cells were respectively mixed with Matrigel (BD 
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Biosciences) at the ratio of cell:matrigel=1:1 and in-
jected into the opposite side of the same C57BL/6 
HER2 transgenic mice to test their tumorigenicity on 
developing xenografts. The growth of tumor was 
monitored twice per week by measuring the size of 
the tumor.  

Isolation of ALDHhigh E0771E2 cells from the 
tumors formed from the initial ALDHhigh 

E0771E2 cell injection 
The existing of ALDHhigh E0771E2 cell popula-

tion in mouse tumors formed by the injection of 
ALDHhigh E0771E2 cells was assessed using freshly 
harvested tumor tissues from the C57BL/6 HER2 
transgenic mice. Briefly, the tumor was harvested 
from mice implanted with ALDHhigh EO771E2 cells 
when the tumor mass reached to the size of 30mm2. 
The harvested tumor tissues were immediately pre-
ceded for the digestion to isolate single tumor cells. 
After digestion, the tumor cells were sorted into 
ALDHhigh and ALDHlow populations as described 
above in the initial detection of ALDHhigh EO771E2 
cells. Then equal numbers of sorted ALDHhigh or 
ALDHlow cells were cultured in vitro to test whether 
they could form spheres to verify their stemness. 

Mammosphere culture 
ALDHhigh or ALDHlow EO771E2 cells were plated 

in ultra-low attachment plates (Costar, Corning, NY) 
in serum-free CSC medium. Mammosphere was ob-
served under the Nikon inverted microscope (Nikon 
Eclipse Ti-U). 

Statistical analysis 
Statistical analyses were performed using the 

Statistics Package for Social Sciences (SPSS for Win-
dows, version 13.0, SPSS Inc, Chicago, IL). One-way 
ANOVA was used to compare means of three or more 
samples. t-test was used to compare the means of two 
variables. P values of less than 0.05 were considered 
statistically significant. 

RESULTS 
Establishment of EO771E2 xenografts in 
C57BL/6 HER2 transgenic mice  

In HER2 transgenic mice, the human HER2 
transgene is recognized as a self-antigen, to which the 
host is tolerant. Therefore, the introduction of human 
HER2-expressing cells, EO771E2, does not provoke a 
significant immune response in these mice, and tu-
mors are expected to grow more aggressively in HER2 
transgenic mice than in the non-transgenic control. 
Consistent with this, we observed that 2x106 EO771E2 
cells subcutaneously injected into C57BL/6 HER2 
transgenic mice (Figure 1A) produced tumors of sig-

nificantly larger size than an equal 
number of EO771E2 cells injected 
into the wild-type C57BL/6 mice 
(Figure 1B; (p<0.005). We also 
compared tumor growth when 
5x106 or 1x106 EO771E2 cells were 
subcutaneously injected into 
C57BL/6 HER2 transgenic mice, 
and observed that the growth of 
tumors was in a cell concentration 
and time -dependent manner 
(Figure 1C). 

 
 

Figure 1: Growth of EO771E2 cells in 
mice. 2x106 of EO771E2 cells were subcuta-
neously injected into the C57BL/6 HER2 
transgenic mice (A, n=5) and wild-type 
C57BL/6 mice (B, n=5). Tumor size was 
measured weekly for 5 weeks, and tumor 
growth curves were constructed to compare 
the size of tumor between these two groups 
(p<0.005). In C, 5x106 or 1x106 of EO771E2 
cells were subcutaneously injected into the 
C57BL/6 HER2 transgenic mice, respectively. 
Tumor was measured every 4 days. The aver-
age tumor size is shown (n=6, p<0.005).  
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Expression of HER2 in E0771E2 cells  
The expression of human HER2 in E0771E2 cells 

was examined by flow cytometry and immunohisto-
chemistry. While the cultured parental E0771 cells 
were negative for HER2 staining (Figure 2A), ap-
proximately 96% of cultured E0771E2 cells expressed 
HER2 protein as identified by the anti-human HER2 
monoclonal antibody (Figure 2C). There is little 
overlapping between the response curves of both re-
actions (Figure 2B), confirming total difference of 
these two cell lines in terms of HER2 expression. The 
expression of HER2 in E0771 cells vs. E0771E2 cells 
was also demonstrated directly by immunohisto-
chemistry staining followed by fluorescence micros-
copy (Figure 2D & 2E) respectively.  

Identification of the an ALDHhigh 
sub-population in E0771E2 cells  

To identify ALDEFLUOR+/ALDHhigh cells in 
these human HER2-expressing cells, E0771E2 cells 

were subjected to ALDEFLUOR assay to measure the 
activity of the ALDH. We observed a very small per-
centage of ALDEFLUOR+/ALDHhigh cells in the cul-
tured E0771E2 cells based on the high activity of 
ALDH, which was sensitive to DEAB inhibition (Fig-
ure 3). All cells tested showed some ALDH activity, 
with the majority of cells demonstrating a moderate 
level of ALDH compared with the control in the 
presence of DEAB, and a minority showing either low 
or high ALDH activity. In comparison with the con-
trol population, the population with high ALDH ac-
tivity was observed in approximately 6.5% of the total 
cultured E0771E2 population. Similar analysis 
demonstrated that the population with low ALDH 
levels comprised approximately 7% of the total. Cells 
with high ALDH activity (6.5%) and the low ALDH 
activity (7%) were then isolated and designated as 
ALDHhigh and ALDHlow, respectively, in the subse-
quent experiments.  

 

 
Figure 2: Expression of HER2 in EO771E2 cells. Expression of human HER2 protein on the EO771E2 cell surface was examined by flow cytometer 
and immunohistochemistry using a monoclonal antibody against human HER2. HER2 fluorescence for E0771E2 cells with both primary and second an-
tibodies is plotted along the x-axis, on log scale (C). The fluorescence for EO771cells with both primary and second antibodies is plotted in A. A combined 
image shows high level of HER2 expression in EO771E2 cells, but not in EO771 cells (B). Immunofluorescent staining of cultured EO771E2 cells is shown 
in D & E. Merged DAPI and PE-HER2 staining: E0771 cells (D) and EO771E2 cells (E). 
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Figure 3: Identification of the ALDHhigh and the ALDHlow cell populations. EO771E2 cells were subjected to ALDEFLUOR assay to measure the 
activity of ALDH. The same set of the sample treated with ALDH inhibitor DEAB was used as a control (the left panel). ALDHlow and ALDHhigh cells were 
isolated as indicated on the right panel (arrows).  

 
Figure 4: Tumorigenicity of ALDHhigh vs. ALDHlow EO771E2 cells. Equal numbers (50,000) of ALDHhigh and ALDHlow cells isolated from cultured 
EO771E2 cells were inoculated into the opposite side of the same C57BL/6 HER2 transgenic mice. The growth of tumor was monitored twice per week 
by measuring the size of tumor. The growth curves were then generated using the size of the tumor against the days monitored.  

 
Tumorigenicity of the ALDHhigh E0771E2 cells 

To test our hypothesis that the ALDHhigh 
E0771E2 tumor cells were enriched for the phenotype 
of cancer stem cells, we injected the isolated ALDHhigh 
and ALDHlow cell populations subcutaneously into 
the opposite flanks of the same individual C57BL/6 
HER2 transgenic mice. Figure 4 showed the growth of 
tumors from the injected ALDHhigh and ALDHlow cells 
isolated from the cultured E0771E2 cells in 2 mice. 
After the injections, the tumor mass appeared in mice 
received either the ALDHhigh or the ALDHlow cells 
(Figure 4). However, the size of tumor generated from 
the ALDHhigh cells was significantly larger than that 
generated from the ALDHlow cells in 2 of the 2 mice. It 
appeared that the longer the period was monitored, 
the greater the difference between the ALD-
Hhigh-formed xenograft and the ALDHlow–formed 
xenograft was. These experiments suggest that the 

ALDHhigh E0771E2 tumor cells are much more tu-
morigenic than the ALDHlow E0771E2 cells.  

Presence of the ALDHhigh cells in the tumor 
formed by ALDHhigh cell injection  

We harvested the tumor formed from the ALD-
Hhigh cell injection as shown in Figure 4, and detected 
the existence of the ALDHhigh cells using flow cytom-
etry (Figure 5A). We then tested whether isolated 
ALDHhigh (2.7%) or ALDHlow cells (5%) are capable of 
tumor sphere formation, since the ability to form 
spherical aggregates when cultured under 
non-adherent conditions is a characteristic of cancer 
stem cells (17). Isolated ALDHhigh and ALDHlow cells 
were cultured in ultra low attachment plates for 12 
days. We observed that the ALDHhigh cells formed 
significantly more tumor spheres than the ALDHlow 

cells (Figure 5B).  
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Figure 5: Presence of ALDHhigh cells in the mouse tumor and their ability to form spheres. The xenograft formed by the injection of ALDHhigh 
EO771E2 cells was resected from mice. The resected tumor tissues were digested to prepare single tumor cell suspensions. The isolated tumor cells were 
then subjected to ALDEFLUOR assay to measure the activity of ALDH as in Fig 3. The percentage of ALDHhigh (2.7%) and ALDHlow (5.0%) EO771E2 cells 
was shown (Fig 5A). These isolated ALDHhigh or ALDHlow cells were plated in ultra-low attachment plates in serum-free CSC medium. Spheres were then 
observed under the microscope (Fig 5B). 

 

DISCUSSION 
The HER2+ breast cancer model established in 

the current work is based on a cell line from a murine 
breast adenocarcinoma (EO771) transfected with the 
human HER2 gene (EO771E2) used in the HER2 
transgenic C57BL/6 mice. One significant advantage 
of this mouse model is the stable expression of human 
HER2 in the tumor mass without potential host im-
mune attack against this human protein, because 
human HER2 is recognized as a self-antigen in the 
C57BL/6 HER2 transgenic mice (18). While this 
mouse model does not mount an immune response to 
human HER2, it is otherwise normal, with an intact 
immune surveillance system. Marked expression of 
HER2 was detected in lactation-active mammary ep-

ithelium and noticeable expression was also detected 
constitutively in some other organs of the C57BL/6 
HER2 transgenic mice (data not shown). These mice 
have a healthy and normal life span without sponta-
neous tumor growth (18). Therefore, unlike nude 
mouse models, the macro- and micro-environment of 
tumor growth in this established mouse model re-
mains in a natural and normal condition. These fea-
tures create an ideal experimental situation in which 
HER2+ tumor cells will naturally grow and can be 
biologically targeted in a physiologically relevant way 
that mimics the targeting of HER2+ tumor cells in pa-
tients. Using this model, we demonstrated that 
E0771E2 cells are able to grow and form a tumor mass 
in C57BL/6 HER2 transgenic mice. On the other hand, 
EO771E2 tumor growth is inhibited in the wild-type 
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C57BL/6 mice, confirming that EO771E2 cells carry 
functional human HER2 protein. 

BCSCs are thought to play a critical factor in 
breast-tumorigenesis (2, 3) as well as breast cancer 
invasion, metastasis, and the development of re-
sistance to therapeutic treatments (4-6). To identify 
the potential to isolate and study BCSCs in our model, 
we analyzed the activity of ALDH in cultured 
EO771E2 cells, as well as in tumor cells isolated from 
the mouse xenograft tissues formed after ALDHhigh 
EO771E2 cell injection. We used high levels of 
ALDEFLUOR/ALDH as a marker to isolate 
BCSC-enriched populations (8-14). Based on the level 
of the ALDH activity, three pooled cell subsets were 
identified. The majority of cells show a moderate level 
of ALDH. Two minor populations of cells display 
either a high level of the ALDH activity (ALDHhigh) or 
a low level of the ALDH activity (ALDHlow). Increas-
ing evidence has indicated that ALDHhigh tumor cells 
possess the property of cancer stem cells including 
enhanced tumorigenicity, the capacity for 
self-renewal/differentiation and the ability to gener-
ate a heterogeneous population (7-9). The subset of 
ALDHhigh cells identified in this model appears to 
fulfill the requirement of CSCs. Firstly, the isolated 
ALDHhigh cells are much more tumorigenic than the 
isolated ALDHlow cells when inoculated into mice. 
Secondly, the isolated ALDHhigh cells can form tumors 
comprised of heterogeneous cell populations. Tumors 
formed by the ALDHhigh cells isolated from cultured 
EO771E2 cells reproduced three subpopulations of 
tumor cells, and the ratio of these three subpopula-
tions is similar to that observed in the initial EO771E2 
cells. Finally, the isolated ALDHhigh cells generate 
significantly more tumor spheres than the ALDHlow 

cells, confirming the stemness of the isolated ALD-
Hhigh cells.  

Recent studies demonstrate that HER2 
over-expression leads to an increase in the 
CSC-enriched population that contributes to mam-
mary tumorigenesis and invasion in human (1-3). 
Furthermore, CSCs with HER2 overexpression may 
change their response to anti-tumor treatments 
(19-21). These studies have emphasized the significant 
impact of HER2 on the regulation of BCSC generation 
and function. They also imply the possibility of using 
specific HER2-drived protocols to treat and/or pre-
vent breast cancers positive for HER2 by targeting the 
CSCs. To this end, the development of a biologically 
relevant animal model that can be used to target 
HER2 and CSCs simultaneously is critical, and is 
needed with urgency. The mouse model described 
herein appears to meet with such a demand. 
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