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Abstract

Egg-laying hens are important candidate bioreactors for pharmaceutical protein production because of the ame-
nability of their eggs for protein expression. In this study, we constructed an oviduct-specific vector containing tissue
plasminogen activator (tPA) protein and green fluorescent protein (pL-2.8OVtPAGFP) and assessed its expression
in vitro and in vivo. Oviduct epithelial and 3T3 cells were cultured and transfected with pL-2.8OVtPAGFP and
pEGP-N1 (control vector), respectively. The pL-2.8OVtPAGFP vector was administered to laying hens via a wing
vein and their eggs and tissues were examined for tPA expression. The oviduct-specific vector pL-2.8OVtPAGFP
was expressed only in oviduct epithelial cells whereas pEGP-N1 was detected in oviduct epithelial and 3T3 cells.
Western blotting detected a 89 kDa band corresponding to tPA in egg white and oviduct epithelial cells, thus confirm-
ing expression of the protein. The amount of tPAGFP in eggs ranged 9 to 41 ng/mL on the third day after vector injec-
tion. The tPA expressed in egg white and oviduct epithelial cells showed fibrinolytic activity, indicating that the protein
was expressed in active form. GFP was observed only in oviducts, with no detection in heart, muscle, liver and intes-
tine. This is the first study to report the expression of tPA in egg white and oviduct epithelial cells using an ovi-
duct-specific vector.
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Introduction

Transgenic chickens have several advantages over

mammalian expression systems for the production of thera-

peutically important proteins that can be expressed in egg

yolk or egg white (Lillico et al., 2005). Genetically selected

hens lay ~330 eggs/year, with 6.5 g of protein and 3.5-4.0 g

of egg white per egg, The ovalbumin gene is exclusively

expressed in oviduct tissue, with approximately 105 copies

of ovalbumin mRNA per cell. The protein encoded by this

gene accounts for approximately 54% of egg white or

~2.2 g of protein/egg (Kohler et al., 1968; Palmiter, 1975;

Gilbert, 1984; Burley and Vadehra, 1989; Dougherty and

Sanders, 2005). Naturally sterile eggs contain a high con-

centration of egg white protein that provides recombinant

proteins with a long shelf life and no loss of activity (Tran-

ter and Board, 1982; Harvey et al., 2002). Tissue plasmi-

nogen activator (tPA) is one of the major protein involved

in fibrinolysis since it catalyzes the conversion of plas-

minogen to plasmin, the major enzyme responsible for clot

breakdown. tPA is used to dissolve thrombi associated with

heart attacks, strokes, pulmonary obstruction, ischemic

strokes and brain injury, in addition to the treatment of can-

cer. Individuals with frostbite treated with (tPA) show

fewer amputations than untreated patients (Ichinose et al.,

1986; Tsurup and Medved 2001; Bruen et al., 2007).

In this study, we examined the expression of tPA in

vitro and in vivo using an oviduct-specific vector contain-

ing human recombinant tPA coupled to green fluorescent

protein (GFP). For analysis in vitro, oviduct epithelial cells

and 3T3 cells were transfected with the vectors pL-

2.8OVtPAGFP and pEGP-N1 (control), respectively. Ex-

pression in vivo was assessed by injecting the vector pL-

2.8OVtPAGFP intravenously via a wing vein in laying

hens and then examining the egg white and selected tissues

for tPA expression.

Materials and Methods

Experimental Animals

Sixteen-month-old Isa Brown laying hens that had

reached 70% of their egg producing capacity were pur-

chased from Qinglongshan Farm in Nanjing Jiangning Dis-

trict. The hens were fed a standard diet for birds (NRC

1994).
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Vector construction

Blood was collected from a wing vein and DNA was

extracted using an Invitrogen kit (Carlsbad, California,

USA). A 2.8 kb fragment of the chicken ovalbumin gene

was amplified using the sense primer 5'CATCTTGTCAT

ATGTCCTCAGACTTGGC3' and the antisense primer

5'GAGCCTCGAGTGAACTCTGAGTTGTCTAG3' that

contained Nde1 and Xho1 restriction enzyme sites, respec-

tively. The 5' and 3' regulatory regions of the ovalbumin

gene were amplified from chicken genome DNA by high fi-

delity PCR. The 2.8 kb PCR product was sub-cloned into

the vector pGEM-T (Promega) and the correctness of the

insertion was confirmed by sequencing. The 5' and 3' regu-

latory regions were sub-cloned into the vector pL-

CMVtPAGFP (previously produced in our laboratory) and

the resulting vector was named pL-2.8OVtPAGFP. The

pL-2.8OVtPAGFP plasmid was digested using the restric-

tion enzymes Afl11 and ClaI and then run on agarose gels to

confirm the digestion.

Plasmid DNA preparation and purification

Single colonies of E. coli transformants of the pL-

2.8OVtPAGFP vector were grown overnight in 500 mL of

Luria – Bertani (LB) broth containing 100 �g of ampi-

cillin/mL. The plasmid DNA was prepared using a standard

alkaline lysis method and purified by PEG (BBI, Toronto,

Canada) precipitation (Sambrook et al., 1989). The plasmid

DNA was resuspended in 5% glucose solution.

Cell culture

A laying hen was decapitated and the magnum por-

tion of the oviduct was removed aseptically. The oviduct

tissue was minced finely, washed several times in phos-

phate-buffered saline (PBS) and suspended in Dulbeccos

minimum essential medium (DMEM) containing 20 mL of

10 mM HEPES and collagenase (0.5 mg/mL). The tissue

suspension was incubated for 1 h at 37 °C with shaking, af-

ter which undigested tissue was removed by filtering the

mixture through layers of gauze. Epithelial cells were col-

lected by centrifugation at 500 g for 2 min and then washed

three times with DMEM containing 10% fetal bovine se-

rum, 50 �g of penicillin/mL and 50 �g of streptomycin/mL.

The primary oviduct cells were then immediately

transfected and grown at 41 °C in a 5% CO2 atmosphere in

DMEM supplemented with 10 mM HEPES at pH 7.4, and

antiobiotics, 8% chicken serum, 2% fetal calf serum,

7-10 mol/L 17�-estradiol (Sigma Chemical Co., St. Louis,

MO, USA), 6-10 mol/L corticosterone (Sigma), and 50 �g

of insulin/L (Sigma).

DNA transfection in vitro

For DNA transfection in vitro, 4 �g of oviduct-spe-

cific and control vector was used per well of cells. Lipofec-

tamine 2000 reagent (Invitrogen) was used as the transfec-

tion reagent (ratio of 1 �g of DNA:1.5 �g of lipofectamine),

according to the manufacturers instructions. The cells were

examined 48 h after transfection. The presence of GFP was

assessed by examining the cells with a fluorescence micro-

scope.

Transfection in vivo

For transfection in vivo, seven Isa Brown hens were

used, with six being treated and one serving as a control.

Seven days after being purchased, 2.0 mL of DNA:lipo-

fectamine mixture containing 1 �g DNA and 2.0 �L lipo-

fectamine was injected into six chickens via wing vein on

two consecutive days. The DNA concentration was

1.0 mg/mL. The day after the last injection, the eggs were

collected, labeled (treated/control) and dated.

Western blotting

Protein from transfected oviduct epithelial cells was

extracted as described by Selbert and Rannie (2002). On the

third day after transfection, the treated and control eggs

were carefully opened and 15 mL of yolk-free egg white

was recovered from each egg. The egg white was stirred for

at least 1 h at 4 °C with four volumes of ice-cold 50 mM so-

dium acetate buffer (pH 5.0) to remove the bulk of the

ovomucin fraction (Lillico et al., 2007). Subsequently,

15 �L aliquots of protein from transfected oviduct epithe-

lial cells and from egg whites were mixed with an equal

volume of 2 x SDS-PAGE loading buffer, boiled for 5 min

and then applied 12% polyacrylamide gels for SDS-PAGE.

The separated proteins were subsequently transferred to

polyvinylidene dithioride membranes (Hoffmann-La Ro-

che, Basel, Switzerland). Western blotting was done as de-

scribed by Selbert and Rannie (2002) using a GFP-specific

primary antibody and a specific secondary antibody (both

diluted 1:1000).

Quantification of tPAGFP

For the quantification of tPAGFP, the egg white from

eggs three days post-transfection was manually separated

from the yolk (Lillico et al., 2007). Ovalbumin and ovo-

transferrin were removed by affinity column chromatogra-

phy on Sepharose Blue HP (GE Healthcare). Egg white

(15 �L) was diluted 200-fold in PBS-T (0.1% Tween 20 in

PBS) and the amount of tPAGFP was determined with a

GFP ELISA kit (Cell Biolabs Inc., San Diego, California,

USA) with the absorbances being read at 450 nm in a

multiwell spectrophotometer.

Detection of GFP in tissue sections

Four days after egg collection, hens E1, E2, E4 and

E6 of the treated group were re-injected with the

pL2.8OVtPAGFP plasmid. One day after injection, the

hens were killed and tissue samples (50 mg of oviduct,

heart, skeletal muscle, liver and intestine) were collected,

snap-frozen and stored at -80 °C. Two days later, 8 �m
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thick tissue sections were obtained by using a cryomi-

crotome and mounted on gelatin-coated slides. The slides

were examined with an Olympus SZX12 astereozoom mi-

croscope equipped with a GFP lter set (Olympus SZX-

FGFPA) to confirm tPA expression in the tissues.

Fibrinolytic activity of tPA

The fibrinolytic activity of tPA was determined by

the fibrin clot lysis assay using fibrin-containing agarose

plates. The plates were prepared by pouring 5 mL of low-

melting-temperature agarose solution (3% in TBS) contain-

ing 2.5 U of thrombin mixed with 5 mL of fibrinogen

(5 mg/mL) into petri dishes at 37 °C. The plates were incu-

bated at 37 °C for 30 min until the fibrin clot became visi-

ble. For the assay, 20 �L of egg white from eggs three days

post-transfection, protein from transfected oviduct cells

and bovine serum albumin (BSA) was added to wells

(3.5 mm dia x 4.5 mm deep) cut in the solidified fibrin-

agarose gel and incubated at 30 °C overnight. Fibrinolysis

was quantified by comparing the size of the zone of hydro-

lysis around each well. The plates were photographed after

24 h at 20-22 °C.

Results

Oviduct-specific vector

Figure 1 shows the construction map of pL-

2.8OVtPAGFP. Panel A shows the 2800 bp PCR product

obtained by amplification of the ovalbumin gene (results of

two agarose gels), panel B shows the vector map, and panel

C shows that plasmid digestion resulted in fragments of

1502 bp, 209 bp, 6382 bp and 3656 bp.

Cell cultures

Oviduct epithelial cells obtained by collagenase di-

gestion and cultured for up to seven days were polygonal or

fusiform in shape and formed clumps or clusters; the cells

showed spontaneous beating similar to cardiac cells. Upon

adherence to the plastic substrate the cells maintained close

contact with each other and formed tubular structures. Fig-

ure 2 shows the appearance of oviduct epithelial cells after

0, 2 and 7 days in culture.

Temporal expression of EGFP gene in cultured
oviduct cells

The pLl-2.8OVtPAGFP vector was expressed only in

oviduct epithelial cells whereas the pEGFP-N1 vector was

detected in oviduct epithelial cells and 3T3 cells. Figure 3

reveals the green and bright field images of oviduct epithe-

lial cells and 3T3 cells transfected with pL-2.8OVtPAGFP

and control vector, respectively.

Molecular mass of tPA

Western blotting for tPA identified a 89 kDa band ex-

cept in samples from E3 and the control eggs (Figure 4). In

this figure, P indicates oviduct epithelial cells protein trans-

fected with pL-2.8OVtPAGFP, and E1 to E6 and C denote

egg white from eggs three days after transfection and from

the control group, respectively.

Quantification of tPAGFP

ELISA quantification of tPAGFP in egg white on the

third day after transfection showed that the eggs contained

9-41 ng of tPAGFP/mL (Figure 5); no tPAGFP was seen in

the egg white of egg E3 or in the control group.

Fibrinolytic activity of tPA

Fibrin selectivity is the major reason for the preferred

use of tPA over other thrombolytic agents. The clear zones

of hydrolysis seen around the tPA showed that the protein

was expressed in an active form in transfected eggs (E1, E5
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Figure 1 - A, PCR product of the ovalbumin promoter separated in agarose gel. Lane M, 100-6000 bp wide range markers, lanes 1 and 2, ovalbumin pro-

moter. B, Construction map of the pL-2.8OVtPAGFP vector. C, Digestion fragments (1502 bp, 209 bp, 6382 bp and 3656 bp) of the plasmid.

Figure 2 - Images of oviduct epithelial cells after 0, 2 and 7 days in culture,

shown in panels A, B and C, respectively.



and E6) and transfected oviduct epithelial cells (P) (Fig-

ure 6); no fibrinolytic activity was observed in the control

egg and BSA samples.

Temporal expression of GFP gene in hen tissues

GFP was expressed only in oviduct tissue, with none

being detected in heart, skeletal muscle, liver and intestine.

Figure 7 shows fluorescence and bright field images of ovi-

duct, heart, skeletal muscle, liver and intestine of vector in-

jected hens.

Discussion

Oviduct epithelial cells cultured for up to seven days

showed characteristics typical of these cells, i.e., polygonal

or fusiform shape, spontaneous beating, formation of clus-

ters attached to the bottom of the plastic culture dishes and

organization into tubular structures. These characteristics

agree with those reported by Ouhibi et al. (1989) and Moll

et al. (1986), who noted that epithelial cells remain closely

associated with each other to maintain their structural in-

tegrity. This close association is attributed to the presence

of intermediate cytoskeletal laments that hold the epithe-

lium together and are a characteristic epithelial marker.

DNA transfection in chicken oviduct cells is prob-

lematic since it depends on obtaining a primary cell culture

as few standard cell lines are available, and also because ex-

pression of the chicken ovalbumin gene is strictly limited to

oviduct epithelial cells in the laying season (Ochiai et al.,

1998). As shown here, expression of the pL-2.8OtPAGFP

vector in primary chicken oviduct epithelial cells was high-

est 48 h post-transfection, whereas there was no expression

in 3T3 cells. In contrast, the control plasmid was expressed

in oviduct epithelial cells and 3T3 cells. These findings in-

dicate that in oviduct epithelial cells the oviduct-specific

expression vector only drives the expression of exogenous

genes. This expression system is regulated by various fac-

tor including steroid hormones, type of substratum, and

cell-cell interactions (Muramatsu et al., 1997). Gao et al.

(2005) constructed an oviduct-specific expression vector

(pOV) containing 3.0 kb of the 5'-flanking sequence of the

chicken ovalbumin gene. These authors used various trans-
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Figure 4 - Western blot of proteins from oviduct epithelial cells (P) and

egg white from transfected (E1 - E6) and control (C) eggs collected on the

third day post-transfection.

Figure 3 - A, Fluorescence image of oviduct cells transfected with the

pL-2.8OVtPAGFP vector. B, Bright field image of 3T3 cells transfected

with the pL-2.8OVtPAGFP vector. C and D, Fluorescence images of ovi-

duct epithelial cells and 3T3 cells, respectively, transfected with the

pEGFP-N1 vector. The small images are bright-field/black photographs

for A, B, C and D.

Figure 6 - Fibrinolytic activity of tPA in egg white of eggs collected from

hens E1, E5 and E6 on the third day post-transfection, in protein extracted

from transfected oviduct cells (P), in egg white (C) of control eggs col-

lected on same day as the transfected group and in BSA.

Figure 5 - Quantification of tPAGFP in egg white of eggs collected from

hens E1 to E6 on the third day post-transfection.

Figure 7 - Fluorescence images of GFP in oviduct tissue of hens E1, E2,

E4 and E6. Small figures are bright field images of E1, E2, E4 and E6. A,

B, C and D are bright field images of heart, muscle, liver and intestine, re-

spectively.



fection procedures, including electroporation, liposomes

and polyethyleneimine, to determine the best method for

transfecting primary oviduct epithelial cells. Slightly

higher transfection rates were obtained with polyethyl-

eneimine compared to the other two methods. They also

showed that exogenous gene expression was specific for

oviduct cells when an oviduct-specific vector was used.

Western blotting with a GFP-specific antibody con-

firmed the expression of tPA in egg white and transfected

oviduct epithelial cells. The molecular mass of the fusion

protein was ~89 kDa, which agreed with the theoretical

value calculated from the tPA amino acid sequence. No

immunoreactive band was seen in hen E3, perhaps because

of the influence of factors such as the vector integration

site, genetic background of the hens, and epigenetic factors.

Our result agrees with Gao et al. (2006), who reported pre-

liminary characterization of the expression of recombinant

human tissue kallikrein in egg white of laying hens based

on an oviduct-specific promoter. Expression of the ovi-

duct-specific promoter was confirmed by western blotting

and showed a specic band of ~52 kDa in the GST-hK1 fu-

sion protein and two bands of ~37 kDa and 43 kDa in the

egg white of vector-injected hens. These finding also

agreed with Zhu et al. (2005) who used an oviduct-specific

promoter driven by GFP to check the expression of

monoclonal antibodies in hen egg white; as in other studies,

expression of the monoclonal antibody was confirmed by

western blotting.

Variation in the level of recombinant protein expres-

sion among hens containing the same vector integration site

has been observed (Rapp et al., 2003). As shown above, the

amount of tPAGFP ranged from 9 to 41 ng/mL on the third

day post-transfection, with vector expression generally be-

ing maximal 24 h after transfection. The levels of recombi-

nant protein observed here were much lower than those

reported by Kwon et al. (2010) (88.7-233.8 ng of human re-

combinant protein/mL in quail) and Lillico et al. (2007)

(38 �g of human recombinant protein/mL in chickens).

These discrepancies probably reflect variations in the me-

thod of transfection used, e.g., injection of virus into fertil-

ized eggs versus direct injection of the vector via a wing

vein.

GFP expression was observed in oviduct tissue but

not in heart, muscle, liver or intestine. This finding agrees

with Scott and Carlos (2005) who reported that GFP ex-

pression was specific to neurons and consistent with multi-

ple generation. GFP expression has been observed in other

tissues when large oviduct-specific promoters are used. For

example, Zhu et al. (2005) reported GFP expression in ovi-

duct and intestinal tissue of hens when large oviduct-

specific promoters (7.5 kb and 15 kb) were used. As shown

here, tPA was detected in eggs of transfected hens and in

protein extracts from oviduct epithelial cells. The tPA ex-

pressed in these systems was biologically active since it

showed fibrinolytic activity. These results agree with other

reports in which the expression of active enzyme was also

observed after transfection with oviduct-specific vectors

(Liang et al., 2000; Gao et al., 2006; Ying et al., 2006).

To our knowledge, this is the first report to describe

the expression of tPA in oviduct cells, oviduct tissue and

eggs of hens transfected with an oviduct-specific expres-

sion vector. The level of tPA expression observed here can

probably be increased by further research. The use of ovi-

duct-specific vectors should provide a useful approach for

producing therapeutically important proteins in birds in vi-

tro and in vivo.
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