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Abstract This study aimed to develop a bovine

mammary epithelial (BME) cell line model, which

provides a possibility to determine functional proper-

ties of the bovine mammary gland. The primary cell

culture was derived from bovine mammary gland

tissues and processed enzymatically to obtain cell

colonies with epithelial-like morphology. The cultures

of BME cells were purified and optimally cultured at

37 �C in DMEM/F12 medium supplemented with

10% fetal bovine serum. The BME cells were

identified as epithelial cell line by the evaluating the

expression of keratin-18 using immunofluorescence

staining. A novel gene expression system strongly

enhances the expression of telomerase, has been used

to immortalize BME cell line termed hTBME cell line.

Interestingly, telomerase remained active even after

over 60 passages of hTBME cell line, required for

immortalization of BME cells. In addition, the

hTBME cell line was continuously subcultured with

a spontaneous epithelial-like morphology, with a great

proliferation activity, and without evidence of apop-

totic and necrotic effects. Further characterization

showed that hTBME cell line can be continuously

propagated in culture with constant chromosomal

features and without tumorigenic properties. Finally,

established hTBME cell line was evaluated for

mammary gland specific functions. Our results

demonstrated that the hTBME cell line was able to

retain functional-morphological structure, and func-

tional differentiation by expression of beta (b)-casein

as in the bovine mammary gland in vivo. Taken

together, our findings suggest that the established

Ji-Xia Li and Abdelrahman Said have contributed equally to

this work.

J.-X. Li � X.-G. Ge � T. Jin (&)

College of Animal Science and Veterinary Medicine,

Tianjin Agricultural University, Tianjin 300384, People’s

Republic of China

e-mail: JTMSCI@163.com

A. Said

Parasitology and Animal Diseases Department, National

Research Center, Dokki, Giza, Egypt

A. Said

Vaccine and Infectious Disease Organization (VIDO),

University of Saskatchewan, 120 Veterinary Road,

Saskatoon, SK S7N 5E3, Canada

W. Wang

Shandong Binzhou Animal Science and Veterinary

Medicine Academy, Binzhou 256600, Shandong, China

Y. Zhang (&)

Institute of Biotechnology, College of Veterinary

Medicine, Northwest A&F University,

Yangling 712100, Shaanxi, People’s Republic of China

e-mail: zhangyong56a@hotmail.com

123

Cytotechnology (2018) 70:67–82

https://doi.org/10.1007/s10616-017-0114-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s10616-017-0114-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10616-017-0114-3&amp;domain=pdf
https://doi.org/10.1007/s10616-017-0114-3


hTBME cell line can serve as a valuable tool for the

study of bovine mammary gland functions.

Keywords Bovine mammary epithelial cell �
Immortalization � Milk protein expression

Introduction

The bovine mammary gland is a cutaneous mammary-

like sweat gland, which is composed of secretory

tissue and ductular system supported by the connec-

tive tissue. Functional differentiation of the mammary

gland occurs with apparent morphological changes of

the epithelial cells and allows milk production and

secretion (Richert et al. 2000). The alveolar epithelial

cells are the functional unit of the mammary gland that

synthesize and secrete milk (Anand et al. 2012;

Capuco et al. 2002). Production of milk by mammary

gland starts during pregnancy and is characterized by

expression of essential genes for milk synthesis, such

as casein and lactalbumin (Neville et al. 2002).

Expression of milk protein genes in epithelial cells

of bovine mammary gland depends on different

factors. At parturition stage, hormonal changes take

place to prepare mammary gland for secretion of

colostrum and then milk (Barber et al. 1992). After

parturition with few days, growth and proliferation of

the mammary gland cells start to be increased. While

during the lactation period, there is a little growth, and

a slow proliferation rate of the mammary gland cells

(Capuco et al. 2002).

Understanding of the milk production process has

important implications for consumers, producers, and

animals concerned by production efficiency of the

milk and animal health care (Kozłowski and Motyl

2007; Povey and Osborne 1969). Considerable efforts

have been devoted to better understanding the mech-

anism that is involved in regulating the bovine

mammary gland development in order to generate

information that may be useful in (1) increase

efficiency of milk production, and (2) reduce response

of mammary gland to pathogenic infections (Jedrze-

jczak 2010; Kozłowski and Motyl 2007). However,

the mechanism of milk production and cellular

complexity of bovine mammary gland makes it

complicated to study the functional role of each

different components of the mammary gland in vivo.

In addition, the study of biological properties of

bovine mammary gland tissue in vitro requires some

approaches that cannot be achieved without the use of

the suitable cell culture system. Since BME cells

represent a valuable in vitro model for development

and tissue engineering, therefore, a variety of mam-

mary primary culture systems has been developed to

facilitate studies on the milk production process and

the induction of milk protein gene expression. How-

ever, primary culture system has major drawbacks

such as the short lifespan of cells. Therefore, several

immortalized mammary gland epithelial cell lines

have been established either with (1) transfection of

the normal mammary epithelial cell with the simian

virus 40 Large T (SV40LT) gene (Huynh et al. 1991;

Serakinci et al. 2007; Zavizion et al. 1995b, 1996) or

(2) transfection of cells with telomerase reverse

transcriptase (TERT) gene (Gao et al. 2008; Kim

et al. 2002; Toouli et al. 2002; Zhao et al. 2010a).

However, some of these immortalized cell lines

maintained on their proliferation for prolonged time

periods without maintaining their specific functions

like the natural cells of the mammary gland. There-

fore, the goal of this study was to establish a new

immortalized cell line from bovine mammary gland

tissue, which can offer cells more likely to represent

in vivo condition of the mammary gland. The human

TERT (hTERT) has been used in immortalization of

different cell lines, for example, Lee et al. (2004) have

shown that transfer of an exogenous hTERT, encoding

the catalytic subunit of human telomerase, can be used

to overcome telomere controlled-senescence by pre-

venting shortening telomere. In contrast, it was also

reported that many hTERT positive cell colonies could

not escape from irreversible cellular senescence (Zhao

et al. 2010a). However, recent reports have been

suggested that telomerase activity is required for

cellular immortalization in pig cells depending on

culture conditions (Christman et al. 2006; Davis and

Kipling 2005; Wong et al. 2003).

It was of great significance in this study to extend

the life span and to retain spontaneous immortalization

of mammary epithelial cell in culture. To achieve such

purpose, a novel gene expression system using pCI-

neomycin (neo) plasmid (kind gift from Wang Li,

School of Stomatology, Fourth Military Medical

University) was used. The hTERT cDNA flanking

chimeric intron was inserted into the pCI-neo plasmid

upstream of the CMV immediate-early enhancer/
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promoter. The hTERT cDNA was inserted upstream

of the chimeric intron in order to prohibit utilization of

possible cryptic donor splice sites within cDNA

sequence (Senapathy et al. 1990). The SV40 late

polyadenylation (polyA) signal is positioned down-

stream from hTERT. Neomycin selectable marker is

presented in pCI upstream of the SV40 early enhancer/

promoter. Moreover, further analyses were carried out

in this study to clarify functional and morphological

properties of the newly established hTBME cell line.

The results obtained from this study can be useful in

many studies related to function and structure of

bovine mammary gland.

Materials and methods

Tissue collection and culture condition of BME

Normal mammary gland tissue was obtained from a

local slaughterhouse (Shannxi, Xian, China) according

to a protocol approved by Institutional Animal Care and

Use Committee. The mammary glands were dissociated

mechanically and then digested in serum-free media

containing 0.2% collagenase II solution (C6885, Sigma,

St. Louis, MO, USA) for 90 min. The digested cells

were sequentially sieved through a 100 and 40 lm cell

strainer (Falcon, Corning) to obtain single-cell suspen-

sions. The cell suspension was washed three times using

fresh phosphate buffer saline (PBS) and then transferred

to tissue culture dishes (CLS430166, Corning, Corning,

NY, USA) for 1 h to enable adherence of fibroblasts at

37 �C in DMEM/F12 medium supplemented with 10%

fetal bovine serum (FBS; 26140079, Gibco, Grand

Island, NY, USA) and 1% penicillin–streptomycin in a

humidified atmosphere with 5% CO2. The unattached

cells were converted to a new petri dish and incubated at

37 �C and humidified atmosphere with 5% CO2 in

DMEM/F12 medium supplemented with 10% FBS and

1% penicillin–streptomycin and 10 ng/mL epidermal

growth factor (EGF; E9644, Sigma) for 7 days. The

digestion step was repeated until purified epithelial cells

were obtained.

Immunofluorescence (IF) assay

For identification of purified BME and hTBME cell lines

as an epithelial cell line, IF assay was used exactly as

previously described (Said et al. 2014). Briefly, BME,

hTBME and bovine fibroblast cells as a negative control

were fixed with 4% paraformaldehyde in PBS for

15 min at RT and washed with PBS 3 times. The cells

were followed by permeabilization with 0.1% Triton

X-100 for 20 min. After three times of washing with

PBS, free binding sites were blocked using PBS

containing 0.1% bovine serum albumin (BSA; A9418,

Sigma) for 1 h at RT. Cells were incubated with mouse

monoclonal anti-keratin 18 antibody (CK18;

MAB3234, Chemicon, Temecula, CA, USA) for over-

night at 4 �C. After washing with PBS, cells were

incubated with secondary antibody (CY3-goat anti-

mouse IgG (A10521, Invitrogen, Carlsbad, CA, USA) at

1:500 dilution for 30 min at RT. Nuclear staining was

performed using Hoechst 33342 (H3570, ThermoFisher,

Waltham, MA, USA) for 10 min in the dark. The cells

were inspected under a Nikon Inverted Microscope

Eclipse Ti-S. To detect cellular proliferation of the BME

cell line at passage 15 and hTBME cell line at passage

60, IF assay was used exactly as mentioned above.

Rabbit anti-human Ki67 antibody (PA1918, Boster) and

CY3-goat anti-rabbit IgG (BA1032, Boster, Pleasanton,

CA, USA) were used as primary and secondary

antibodies, respectively. Nuclear staining was done

using Hoechst 33342. The cells were observed under

Nikon Inverted Microscope Eclipse Ti-S. For quantita-

tive analysis of proliferation marker, Ki67 expression in

proliferating cell line, data were reported as percentages

of labeled cells over the total number of cells. The value

represents the average of two independent experiments.

Transfection and cell selection

Transfection was performed as previously described

(Said and Osterrieder 2014; Wang et al. 2015). The

purified BME cell line was transfected with pCI-

neo_hTERT using lipofectamine� 2000 Reagent

(11668027, Invitrogen). After 3 weeks selection with

300 lg/mL G418 (A1720, Sigma), each cell clone was

seeded in culture plates of 96 wells for further

selection of resistant cells, which expressed hTERT.

The BME clone expressing hTERT (hTBME) was

cultured in DMEM/F12 with 10% FBS.

Quantitative telomerase detection (QTD) real-time

PCR assay

To determine telomerase activity of hTBME cells,

BME cells at passage 5 and hTBME cells at passage
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25, 45 and 60 were used. Telomerase activity was

detected as described previously (Hou et al. 2001) with

some modifications. The cell extracts for telomerase

activity assays were prepared following manufac-

turer’s instructions of quantitative telomerase detec-

tion kit (MT3010, Allied Biotech Inc., Ijamsville,

MD). The protein concentration in each extract was

measured using the BCA protein Assay Reagent Kit

(23225, Pierce, Rockford, IL, USA). Real-time poly-

merase chain reaction (PCR) was performed using

12.5 lL premix, 1.0 lL cell extracts, and 11.5 lL

water. The PCR condition consisted of two cycles of

20 min at 25 �C and 10 min at 95 �C followed by 40

three-step cycles of 30 s at 95 �C, 30 s at 60 �C and

30 s at 72 �C. The analysis of PCR results was

performed using ANOVA and the Fisher PLSD

multiple comparisons test.

Growth studies and apoptosis assay

To determine growth properties of transfected hTBME

cells, untransfected BME cells at passage 15 and

hTBME cells at passage 25, 45 and 60 were cultured at

a density of 1 9 104 cells per well of 24-wells plate.

Growth curves were determined from a daily count of

cells using countessTM automated cell counter

(C10227, Invitrogen) from two replicate cultures

stained with trypan blue (T10282, Invitrogen) The

experiment was performed in three independent

replicates and each sample was also tested in duplicate

for each experiment.

Flow cytometry was used to detect cell cycle of

BME and hTBME cells. The BME cells of passage 5

and hTBME cells of passage 60 were trypsinized and

suspended in fluorescent-activated cell sorter (FACS)

buffer (PBS containing 2% FBS and 0.01% sodium

azide. The cells were washed three times with FACS

buffer and stained with propidium iodide (PI) with a

final concentration of 25 mg/mL at 4 �C for 30 min.

The cells were detected with an FACSCalibur flow

cytometer (BD FACSAriaTM II), and the intensity of

fluorescence was analyzed using BD CellQuestTM

Pro software. The experiment was performed at three

independent times.

For detection of cell apoptosis, Annexin V-FITC

apoptosis detection kit (Beyotime Institute of Biotech-

nology, C1017, Shanghai, China) was used as

described by manufacturer’s instruction. The BME

cells at passage 5 and hTBME cells at passage 60 were

collected by centrifugation at 1000 r/min for 3 min

and washed twice with cold PBS. The cells were

gently resuspended in Annexin V binding buffer, and

then incubated with Annexin V-FITC/PI for 15 min in

the dark. The apoptotic cells were detected with an

FACSCalibur flow cytometer (BD FACSAriaTM II)

and analyzed using BD CellQuestTM Pro software.

Karyotype analysis and soft agar assay

Metaphase preparations were performed using a

procedure reported previously (Gao et al. 2008; Moore

et al. 1999) with some modifications. The hTBME

cells were treated with 0.5 lg/mL colcemid (D7385,

Sigma) for 6 h, and then trypsinized and collected by

centrifugation at 1000 rpm for 10 min. The cells were

then hypotonically treated with 0.075 M KC1 for

30 min at 37 �C and fixed with methanol-acetic acid

solution (3:1) for 10 min. Cells suspensions were

spread on glass slides and then stained with Giemsa

solution for 10 min. A total of 20 randomly selected

metaphase spreads were analyzed with a Nikon

Microphot-FX microscopy.

Soft agar assay was performed exactly as described

before (Anand et al. 2012; Wang et al. 2015). Briefly,

each well of 6-well culture plates was first coated with

0.6 % agarose gel (A9045, Sigma) in the bottom layer.

A 0.3% agarose gel mixture containing either BME cells

at passage 5, hTBME cells at passage 60 or HeLa cells as

a positive control were layered on top of the 0.6 %

agarose gel and then incubated at 37 �C in a humidified

atmosphere with 5% CO2 for 3 weeks. Colonies were

inspected under an OLYMPUS microscope (CKX41,

Olympus Life sciences, Tokyo, Japan). The colonies

were contained more than ten viable cells, were scored

positive.

Transmission electron microscopy (TEM)

In preparation for TEM, hTBME cells at passage 60

were digested with 0.25% trypsin and 0.08% EDTA

after having been washed three times with PBS. Then

cells were transferred to 10 mL centrifuge tubes and

washed with cold PBS (0.1 M, pH = 7.4). The cell

precipitation was packaged with 1% agarose gel, cut

into small pieces about 1 mm thick, and fixed by osmic

acid for 2 h. The cells were then rapidly dehydrated

with a serial dilution of ethanol solution (i.e., 50, 70, 80,

90, 95 and 100%). Each specimen was immersed in
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acetone–epoxy resin solution and then embedded in

Epon-812 (45345-250ML-F, Sigma) for 24 h. Ultrathin

sections were stained using uranyl acetate and coun-

terstained with alkaline lead citrate. The ultrastructure

of the hTBME cells were observed under a transmission

electron microscope (JEM-2000EX, JEOL Ltd.,

Tokyo, Japan).

RT-PCR and western blot anaysis

For analysis of casein expression in established

hTBME cell line, RT-PCR and Western blot were

performed using a procedure described previously

(Anand et al. 2012) with minor modifications. The

hTBME cell line at passage 60 was cultured for 48 h at

37 �C and 5% CO2 in DMEM/F12 supplemented with

10% FCS, 10 ng/mL epidermal growth factor (E9644,

Sigma), 1 lg/mL hydrocortisone (H 4001, Sigma),

5 lg/mL insulin (11507, Sigma), and 5 lg/mL pro-

lactin (L6520, Sigma). Cells were collected to inves-

tigate the secretion ability of hTBME cells. For RT-

PCR, total cellular RNA from established hTBME cell

line, bovine mammary tissue as a positive control and

bovine fibroblast as a negative control were prepared

using TRIzol� LS Reagent (10296028, Ther-

moFisher). Possible genomic DNA contamination in

RNA preparation was removed by using DNA-free kit

(AM1906, Invitrogen). The design of specific oligonu-

cleotide primers for GAPDH was as follows: forward

primer 50-ACGGCACAGTCAAGGCAGA-30 and

reverse primer 50-GTGATGGCGTGGACAGTGG-30

and for b-casein were as follows: forward primer 50-
AGGAACAGCAGCAAACAG-30 and reverse primer

50-TTTCCAGTCGCAGTCAAT-30. The RNA was

reverse transcribed into cDNA using SuperScriptTM II

Reverse Transcriptase (18064014, Invitrogen) accord-

ing to the manufacturer’s protocol. The PCR reaction

was performed using the following PCR condition:

95 �C for 3 min, 95 �C for 30 s, 58 �C for 30 s, 72 �C
for 1 min for 30 cycles and 72 �C for 5 min in the last

cycle.

For Western blot analysis, established hTBME cell

line, and bovine mammary tissue as a positive control

and bovine fibroblast as a negative control were used.

Pellets of cells were resuspended in radioimmunopre-

cipitation assay (RIPA) buffer (1 mM Tris, pH 7.4, 1%

Triton X-100, 0.25% sodium deoxycholate, 5 M

sodium chloride, 0.5 mM EDTA, 0.1% sodium dode-

cyl sulfate [SDS]) and a protease inhibitor cocktail

(04693116001, Roche, Mannheim, Germany). Sam-

ples were mixed with sample loading buffer (1 M

Tris–HCl, pH 6.8, 0.8% SDS, 0.4% glycerol, 0.15% b-

mercaptoethanol, 0.004% bromophenol blue), and

heated in boiling water for 10 min. The samples were

separated on 10% polyacrylamide gels and transferred

to PVDF membrane using semi-dry transblot appara-

tus (#10600021, GE Healthcare, Shanghai, China).

The membrane was incubated with primary antibody

of mouse anti-b-casein monoclonal antibody (MAb)

and mouse anti-GAPDH MAb (G8795, Sigma) as a

loading control. The horseradish peroxidase-conju-

gated goat anti-mouse was used as a secondary

antibody. Reactive bands were visualized by enhanced

chemiluminescence (Sc-2048, ECL plus, Ther

moFisher).

Results

Isolation of BME and establishment

of immortalized hTBME cell lines

A heterogeneous population of epithelial and fibrob-

last-like cells was obtained by collagenase type II

digestion of bovine mammary gland tissue. Further

passages with selective collagenase resulted in the

removal of spindle-shaped fibroblasts and gradually

yielded a homogenous population of cuboidal-shaped

epithelial cells. After 5 passages, fibroblast cells died

and number of epithelial cells gradually increased, and

exhibited a typical epithelial-like morphology on

reaching confluency (Fig. 1a). To detect whether the

epithelial marker, Keratin 18 can be expressed in

isolated purified BME cell line, IF assay was per-

formed using mouse monoclonal antibody that target-

ing the epithelial marker, keratin 18. Our results

demonstrated that isolated BME cell line was reactive

with keratin 18-specific antibody but not with the

bovine fibroblast cell line (Fig. 1b). Thereafter,

isolated purified BME cell line was used for exoge-

nous transfection with pCI-neo_hTERT, encoding

catalytic subunit of telomerase. The transfected cells

that expressed hTERT were selected after 3 weeks

using G418. In order to purify a resistant cell line, cells

were digested, diluted and one positive clone, named

hTBME clone was obtained. After a period of culture,

the hTBME clone gradually increased in size, and

exhibited a typical tightly packed and cobblestone-like
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morphology on reaching confluency. After 60 pas-

sages, the established cell line had a morphology

similar to the early passage of BME cell line (Fig. 1a).

In addition, expression of keratin 18 in the established

hTBME cell line was detected (Fig. 1b). Taken

together, we concluded from our findings that the

immortalized hTBME cells were successfully estab-

lished and retained their epithelial-like morphology

even after over 60 passages.

Extension of telomerase activity in the established

hTBME cell line

In order to quantify the extent of telomerase activity

either in the BME cell line at passage 5 or in the

established hTBME cell line at passage 25, 45, and 60,

quantitative telomerase detection (QTD) Real-Time

PCR Assay was performed. A standard curve was

generated using the reading of the threshold (CT) of

Real-Time PCR. The results showed that telomerase

activity during the 5th passage of the BME cell line was

a significantly lower in comparison with telomerase

activity detected in the hTBME cell line (Fig. 2). In

contrast, the hTBME cell line at different times of the

passage demonstrated a dramatic increase in telomerase

activity, which remained active until the 60th passage of

the cells with significantly higher level than for the early

passage of the BME cell line at passage 5 (Fig. 2). Our

findings indicated that telomerase activity level is

insufficient for immortalization and continuous pas

sage of non-transfected BME cell line. While,

detectable telomerase level in all passages of the

established hTBME cell line was sufficient for sponta-

neous immortalization of hTBME cells in culture.

Fig. 1 Morphology and immunofluorescence detection of

keratin 18 expression in BME and immortalized hTBME cell

lines. a Formation of a typical epithelial-like morphology on

reaching confluency after serial passages of BME cell line (left).

Immortalized hTBME cell at passage 60 showed a typical

cobblestone pattern of the freshly isolated primary BME cell

line (right). Magnification: 920, scale bar = 20 lm. b For

immunofluorescence, immortalized hTBME at passage 60,

purified BME and bovine fibroblast cell line as a negative

control were stained for the epithelial marker, keratin-18. CY3-

goat anti-mouse IgG was used as a secondary antibody. Hoechst

33342 was used as a nuclear counterstain. Magnification: 910,

scale bar = 100 lm. Results represent images from three

independent experiments
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Growth and proliferation characteristics

of the hTBME cell line

To determine the growth rate record of the established

hTBME cell line, growth kinetics were performed out

either for the BME cell line at passage 15 or the

hTBME cell line at passage 25, 45 and 60. Growth rate

capability of the hTBME cell line showed a rapid

growth rate at 3–6 day and reached a maximal growth

rate nearly at the 7th day of culture. Then, the number

of cells started to be reduced by the 8th day of culture.

While the BME cell line showed a very limited degree

of proliferation in comparison with hTBME cell line

(Fig. 3a). Population doubling time (PDT) of hTBME

was calculated according to the previous studies (Hong

et al. 2007; Wang et al. 2015). Our results revealed that

the PDT of hTBME was approximately 54 h without

any distinct changes between different passages of the

established cell line (Fig. 3a).

Further analysis of cell cycle of the established

hTBME cell line was determined using flow cytometry.

The BME cell line of passage 10 and hTBME cell line

of passage 60 were treated with a fluorescent dye, PI

that stains cellular DNA. Amount of DNA in each cell

line was correlated to the fluorescence intensity of

stained cells at certain wavelengths. As shown in

Fig. 3b, fluorescence intensity of the non-transfected

BME cells in Gap 1 (G1), synthesis (S) and Gap 2 (G2)

phases were 72.55, 25.70 and 1.75%, respectively,

while in the transfected hTBME cells were 55.45, 42.80

and 1.75%, respectively. Our results demonstrated that

growth arrest in the G1 phase was higher in BME cells

than hTBME cells. While the proportion of cells in the

S phase was increased in hTBME cells compared to

BME cells, suggesting that the immortalized cell line

has a higher proliferative capacity than non-transfected

cell line. Furthermore, proliferation marker Ki67 was

detected either in BME cells at passage 15 and hTBME

at passage 60 using IF assay. Our findings demon-

strated that most of the hTBME cells were Ki67

positive. In contrast, a majority of MEC cells were not

stained by anti-Ki67 antibody except very few cells,

which stained lightly (Fig. 3c). Quantitative

immunofluorescence analysis revealed that 17 and

89% of BME and hTBME cells, respectively, were

positive (Fig. 3d). Overall, we conclude that the

established hTBME cells in this study are characterized

by a fast growth rate and a great proliferative activity.

Chromosomal and tumorigenic transformation

analysis of established hTBME cell line

In order to address chromosomal structure of the

established hTBME cells, chromosomal analysis of

hTBME cells at the 60th passage was carried out by

randomly selecting the field of vision. Our results

demonstrated that hTBME cells had a normal diploid

configuration containing 60 chromosomes (Fig. 4a),

which are specific for bovine origin cells (German and

Barash 2002; Hu et al. 2009). The chromosomal analysis

of the established cell line was performed twice. In order

to determine whether the hTBME cell line has the ability

to transform from normal to tumorigenic cell line

in vitro, a soft agar experiment was performed. Our

results showed that the HeLa cell as a positive control

was able to form colonies on soft agar as previously

reported (Kwak et al. 2006), but our established hTBME

cell line was not able to show any colonies on agar

(Fig. 4b). Taken together, we concluded from our results

that the hTBME cell line can be reproduced without (1) a

chromosomal abnormality during its division, and (2) a

tumorigenic transformation.

Escape of the established hTBME cell line

from apoptotic and necrotic effects

Furthermore, to examine whether primary culture

BME and established hTBME cell lines escape from

Fig. 2 Detection of telomerase activity. Quantitative telom-

erase detection (QTD) real-time PCR assay was used to detect

telomerase activity in the BME cell line at P5 and the established

hTBME cell line at P25, 45 and 60. Errors bars represent

standard deviations from three independent experiments. The

asterisk denotes statistically significant differences between

different passages of the cell lines (p\ 0.05)
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apoptosis, flow cytometry assay was used. The BME

cells at the early stage of passages and hTBME cells at

passage 60 were stained with PI/AnnexinV–FITC.

From our results, we observed that the BME cell line

stained positive either for PI and AnnexinV–FITC with

18.5 and 7.4%, respectively, from the total number of

the cells. While the hTBME cell line stained positive

for PI with 5.6 and 3% for AnnexinV–FITC (Fig. 5).

From our findings, we concluded that the total number

of BME cells, which stained with PI/AnnexinV–FITC

was significantly increased compared with the total

number of hTBME cells. Taken together, our findings

suggest that the hTBME cells can normally be grown

without an evidence of any change in their growth

properties even after the 60th passage cell.

Ultrastructural characterization of the established

hTBME cell line

In order to address ultrastructure of the established

hTBME cell line of passage 60, TEM was used. The

results of TEM showed that our established cell line was

regularly arranged in net rows, oval, and/or round shape

and vacuolated nuclear envelope were visible (Fig. 6a).

The surface of the cell was characterized by a high

microvilli density that increases cell surface area and is

involved in wide variety of functions, for example,

secretion, absorption and cellular adhesion (Fig. 6b).

The cytoplasm possessed a considerable quantity of

secretory vesicles and lipid droplets, indicated strong

secretory activity of established cell line (Fig. 6c).

Fig. 3 Comparison between growth and proliferation charac-

teristics of the BME and hTBME cell lines. a Cell growth rates

of the BME cell line at P15 and the hTBME cell line at P25, 45

and 60. Cells were collected at different time points (0, 1, 2, 3, 4,

5, 6, 7 and 8 days). Data are represented as mean ± SD of three

independent experiments. b Analysis of cell cycle of the

hTBME cell line at P60 (left) and the BME cell line at P5 (right)

by flow cytometry. The PI fluorescent dye was used to stain

cellular DNA. The fluorescence intensity of cells was measured

in the G1, S and G2 phases. (c) and (d) Proliferation analysis

during differentiation of the BME cell line at P5 and the hTBME

cell line at P60. c Immunofluorescence assay was used to detect

expression of proliferation marker, Ki67 in the BME and

hTBME cell lines. Magnification: 920, scale bar = 20 lm.

d Quantitative analysis of proliferation marker expression

during differentiation of the BME and hTBME cell lines. The

number of total cells and labeled cells was counted in five

randomly chosen fields from duplicate experiments, after Ki67

immunostaining. Data are expressed as percentages of Ki67?

cells of the total number of cells. Data are shown as mean ± SD

of two independent measurements. The asterisk denotes

statistically significant differences (p\ 0.05)
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Fig. 4 Chromosomal and

tumorigenic potential

analysis of the established

hTBME cell line.

a Chromosomal analysis of

the established hTBME cell

line. Representative

metaphase spread and

karyotype of the hTBME

cell line showing 30 pairs of

chromosomes specific to

bovine origin cells

(2n = 60). The

chromosomal analysis was

performed twice. b In vitro

tumorigenicity study of the

hTBME cell line. Colonies

formation either for hTBME

(left) or Hela (right) cell

lines were imaged using an

inverted microscope

(OLYMPUS CKX41).

Magnification: 920, scale

bar = 20 lm

Fig. 5 Analysis of apoptotic and necrotic effects in hTBME

and BME cells. The established hTBME cell line at passage 60

(right) and BME cell line at passage 5 (left) were stained with

annexin V and propidium iodide (PI) and analyzed by flow

cytometry. Four populations of cells were identified: B1

[necrotic (PI) only], B2 [apoptotic/necrotic (annexin V ? PI)],

B3 [live (no stain)], and B4 [apoptotic (annexin V only)]
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The endoplasmic reticulum was prominent in the

established cells (Fig. 6d). These findings suggest that

our established cell line tends to maintain its morpho-

logical and metabolic state, implying that the hTBME

cell line can be reproduced with a normal morpholog-

ical shape similar to natural mammary gland cells.

Milk protein expression and dome formation

in the established hTBME cell line

To evaluate hormonal responsiveness in the estab-

lished hTBME cells at passage 60, b-casein expression

was measured by RT-PCR and Western blot. For RT-

PCR assay, expression of b-casein at mRNA level in

the established hTBME cells, bovine mammary tissue

and bovine fibroblast cells as a positive and a negative

control, respectively, was measured. The housekeep-

ing gene Glyceraldehyde 3–phosphate dehydrogenase

(GAPDH) was used as a loading control. Our results

demonstrated a robust amplification of the b-casein in

bovine mammary tissue cells and hTBME cells in

presence of insulin, hydrocortisone, and prolactin but

not in bovine fibroblast cells (Fig. 7a, left panel).

Furthermore, Western blot assay was conducted to

determine casein secretion in cultured hTBME cells in

presence of insulin, hydrocortisone and prolactin

using anti- b-casein antibody. Western blot results

revealed that lysate of hTBME and bovine mammary

tissue reacted positively with anti- b-casein antibody

while no reactivity was observed in the lysate of

fibroblast cells, which were used as a negative control

(Fig. 7a, right panel). We concluded from our results

that hTBME cells are able to induce expression of b-

casein at mRNA and protein levels.

The phase contrast microscope was used to visu-

alize domes formation in the established hTBME cell

line either in the absence or presence of insulin,

hydrocortisone and prolactin (Fig. 7b).

A B

C D

MV

ER

LD

SV

Fig. 6 Ultrastructural analysis of the hTBME cell line at passage

60 using TEM. a Electron microscopy of the hTBME cell line

showing a cuboidal appearance. Morphological analysis of the

hTBME cell line revealed the presence of abundant microvilli

(MV), scale bar = 2 lm (b), secretory vesicles (SV) and lipid

droplets (LD), scale bar = 1 lm (c), and endoplasmic reticu-

lum (ER), scale bar = 0.5 lm (d)
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Overall, these data together suggest that our

established hTBME cell line experimentally mimic

mammary gland development at the cellular level.

Discussion

Although a variety of in vitro models of mammary

culture systems have been developed, there is still

difficulty in establishing a suitable in vitro model

system, which more accurately mimics the bovine

mammary gland in vivo. Therefore, this study aimed

to establish a spontaneous immortalized bovine

mammary epithelial cell line and to characterize its

functional properties in culture. Collagenase enzyme

was used to digest primary cell culture, which was

derived from bovine mammary gland tissue (Anand

et al. 2012; Wang et al. 2015). The enzymatic

digestion of cells yielded a heterogeneous population

of cells containing epithelial and fibroblast-like cells.

Fibroblast cell lines were removed from epithelial cell

lines by digestion of the extracellular matrix that

allows a more efficient disaggregation of epithelial

cells (Booth and O’Shea 2002). The existence of cell

colonies with epithelial-like morphology, named

bovine mammary epithelial (BME) cells, were puri-

fied and optimally maintained at 37 �C in DMEM/F12

medium supplemented with 10% FBS. BME cells

exhibited a cobblestone-like morphology on reaching

confluency similar to characteristic features of mam-

mary epithelial cells of other species, including bovine

(Ahn et al. 1995; Gibson et al. 1991; Huynh et al.

1991; Shi et al. 2014; Talhouk et al. 1990; Tong et al.

2012), and formed islands of cells when spread at low

density. Thereafter, the isolated purified BME cell line

differentiated into a more mature cell, and success-

fully frozen and stored in liquid nitrogen. The ability

of cells to functionally recover from cryopreservation

was confirmed. The epithelial characteristic of purified

BME cells was investigated using immunofluores-

cence assay. Cytokeratins are intermediate filament

proteins found in most epithelial cells and have been

Fig. 7 Analysis of b-

Casein expression and dome

formation in the established

hTBME cell line. a RT-PCR

and western blot were used

to detect b-Casein

expression. For RT-PCR

(left) and western blot

(right), hTBME at passage

60, bovine mammary tissues

as a positive control and

bovine fibroblast cells as a

negative control were used.

Loading control represents

the GAPDH and b-actin in

RT-PCR and western blot,

respectively. Results are

representative of three

independent experiments.

b Phase contrast image of

dome structure in the

hTBME cell line treated

with hydrocortisone, 5 lg/

mL insulin, and prolactin

(right) and the non-treated

hTBME cell line (left).

Magnification: 920, scale

bar = 20 lm
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used as markers of mammary epithelial cells (Fuchs

1988; Iannuzzi 1994). It was reported that keratin-18

has been used to determine epithelial cell property (Fu

et al. 2014; Schmid et al. 1983; Taylor-Papadimitriou

et al. 1989). Thus, in our study, keratin-18 expression

was used to provide an evidence of epithelial nature of

the purified BME cells.

Immortal cell populations from bovine mammary

epithelial cells have been previously generated. How-

ever, at terminal differentiation of the immortalized

cells, senescence was accompanied by irreversible

changes in both morphology and gene expression

(Kim et al. 2002; Toouli et al. 2002; Zhao et al. 2010a).

Recently, some studies have used telomerase in

establishment of immortalized cell line to control

senescence of the cells (Bodnar et al. 1998; Jiang et al.

1999; Ouellette et al. 2000; Vaziri and Benchimol

1998), and to avoid causing cancer-associated changes

or altering phenotypic properties (Jiang et al. 1999;

Morales et al. 1999; Ouellette et al. 2000). In this

study, the pCI-neo vector expressing hTERT was used

to establish a new immortalized cell line, termed

hTBME cell line. Strong expression of hTERT was

achieved under the CMV immediate-early enhancer/

promoter. The pCI-neo also contains a chimeric intron

downstream of the CMV promoter and upstream of the

hTERT. This intron is important to enhance expres-

sion of all inserted cDNA at high level (Brinster et al.

1988). The SV40 late polyA signal was used to

terminate transcription of the inserted hTERT gene. It

has previously been reported that the SV40 late polyA

signal is considerably efficient to enhance stability and

translation of RNA approximately fivefold more than

the SV40 early polyA signal (Bernstein et al. 1989).

Interestingly, our findings showed that established

hTBME cell line was spontaneously immortalized

with a typical epithelial-like morphology even after

passage of cells over more than 60 times. Our findings

match results of previous studies, which also showed

that hTERT was used to immortalize normal human

cells to maintain their differentiation potential without

any morphological changes (Herbert et al. 2002; Jiang

et al. 1999; Lee et al. 2004; Morales et al. 1999, 2003;

Ouellette et al. 2000; Ramirez et al. 2003; Yang et al.

1999; Yudoh et al. 2001). However, it has been

previously shown that some of the established cell

lines could gain immortalization, but after several

times of passages those cell lines lost immortalization

and became senescent (Zhao et al. 2010a). In order to

gain insight into whether immortalization in our

established hTBME cell line was constant even after

several passages, different experiments were done in

this study. Our findings proved that telomerase was

active in the immortalized hTBME cell line even after

60 passages of the cells. Telomeres are important

structures that cap and protect the ends of linear

chromosomes. In addition, it has been previously

known that reduction in telomerase activity leads to

cessation of cell cycle phases (Lee et al. 2004). To

correlate our results with the previous report, inter-

estingly, we observed that cell cycle phases of

immortalized hTBME cell line were active, and

clearly under a distinct proliferation capability. There-

fore, we have successfully maintained the hTBME cell

line in a culture for more than 60 passages with

evidence of immortalization gain.

It is essential to record growth properties of a newly

immortalized cell line before starting any experiment

because any changes in growth characteristics of cells

can result in a significant effect on results of further

experiments (Geraghty et al. 2014). Growth curve

analysis of the established hTBME cell line demon-

strated a typical growth pattern, and a population

doubling time of about 54 h, without any significant

changes between different passages of hTBME cell

line. Similar observations have been reported (Anand

et al. 2012; Hu et al. 2009; Zavizion et al. 1995a). The

cell cycle analysis using flow cytometry showed that

the immortalized cell line had a proliferative advan-

tage and a distinct proliferation capability. Moreover,

quantitative immunofluorescence analysis was per-

formed using the proliferation marker Ki67 to prove

that the hTBME cells cell line had a high proliferative

activity in agreement with a previous report (German

and Barash 2002). Our conclusion from these data is

that the established hTBME cell line can be contin-

uously grown with a fast growth rate and a great

proliferative activity even after more than 60 passages

of the cells. In addition, the established hTBME cell

line exhibited a chromosomal number similar to

earlier reports in bovine (German and Barash 2002;

Hu et al. 2009), implying that the immortalized cell

line proliferated normally without any abnormalities

in its chromosomal number. Inactivation of tumor

suppressor proteins and activation of oncoproteins

result in transformation of cells (Hanahan and Wein-

berg 2000). It was essential to address whether the

established hTBME cell line has transforming
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properties, interestingly, the immortalized hTBME

cell line showed normal growth characteristics and no

tendency to malignant transformation. This observa-

tion was similar with a previous study (Zhao et al.

2010a). Subsequently, the established hTBME cell

line can be used to study factors, which are involved in

mammary gland carcinogenesis.

Apoptosis can be induced in mammary gland cells

after removal of lactogenic hormones. However, it has

been reported that immortalized cells in culture can be

able to escape senescence and acquired ability to grow

indefinitely (Kim et al. 2002). Thus, in this study, we

aimed to establish a new immortalized bovine mam-

mary epithelial cell line, which can be able to escape

apoptotic and necrotic effects and to induce the same

functional properties of the mammary gland cells.

Both FITC Annexin V and PI were used to test the

extent of apoptosis and necrosis in the hTBME cell

line. Our findings showed that very few apoptotic and

necrotic cells existed among the immortalized

hTBME cell line. Hence, we strongly believe that

our established hTBME cell line can spontaneously

overcome proliferation barriers and gained immortal-

ization. In contrast, Zhao et al. (2010a) showed in their

study that many hTERT positive cell colonies could

not escape from irreversible cellular senescence.

The main objective of this study is not only to

establish a new model of a continues immortalized

bovine mammary epithelial cell line, which can be

spontaneously grown without any growth and prolif-

erative abnormalities but also to include preservation

of relatively original secretory function of natural cells

of the mammary gland. To achieve this purpose in our

established hTBME cell line, the ultrastructural

appearance of cells was observed under TEM. Results

obtained by TEM revealed that lipid droplets and

secretory vesicles existed in cells, and all aggregated

at the apical membrane, which matches other previous

findings (Tait et al. 1990; Zhao et al. 2010b).

Besides milk fat, milk protein is another funda-

mental indicator of determination of the specific

features of mammary gland. Expression of milk

protein such as b-casein has been used as an essential

sign of differentiation of mammary gland epithelial

cells (Aoki 2006; Gibson et al. 1991). A combination

of lactogenic hormones has been previously used to

induce differentiation of cells, resulting in an increase

of casein expression (Johnson et al. 2010; Riley et al.

2010). Interestingly, when we treated the hTBME cell

line with insulin and prolactin, we observed that the

hTBME cell line at passage 60 induced milk protein

(b-casein) expression. Our established hTBME cell

line showed properties as described in previous reports

(Ahn et al. 1995; Huynh and Pollak 1995). These

findings indicate that the hTBME cell line can be able

to preserve the function of milk protein synthesis.

Another striking finding was that the established

hTBME cell line exhibited a dome-like structure.

Similar observations have been reported by different

groups in bovine (Hu et al. 2009; Zhao et al. 2010b),

porcine (Zheng and He 2010) and caprine (Tong et al.

2012). The dome formation in the established hTBME

cell line occurred at a higher frequency when grown in

medium containing a combination of lactogenic

hormones in comparison to BME cells grown in basal

growth medium. These findings offer room for spec-

ulation and then we can think about two possible

explanations for that: one is that domes formation can

be induced by lactogenic hormones, and the other is

that domes formation are accompanied by expression

within the cells of the b-casein milk protein, which is

one of differentiation markers for the mammary gland

during pregnancy and lactation. Taking all data

presented in this study into consideration, we conclude

that our established hTBME cell lines are (1) charac-

terized morphologically and structurally, (2) main-

tained their growth and functional properties in culture

for long periods, which mimic bovine mammary gland

in vivo, and (3) appeared to be one of the most

suitable models for studying function and gene

expression activity of bovine mammary gland. The

presented results in this study provide new method-

ological information that can be used in the future to

study the function of the bovine mammary gland.
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