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Various approaches have been developed 
for large-scale recombinant protein 
production for protein crystallization 
and biotechnological purposes. Bacterial 
expression systems have proven to be 
reliable, fast, inexpensive, and easy to apply 
in high-throughput studies. In structural 
biology, approximately 90% of proteins 
have been produced using Escherichia coli 
(1,2). Cell-free, yeast, baculoviral, and 
mammalian cell-based expression systems 
are also available and are often necessary for 
solving structures of mammalian proteins, 
since many have proven to be difficult to 
express in bacterial systems (1). In the 
biotechnology industry, more than 50% of 
approved therapeutic proteins are manufac-
tured in mammalian expression systems 
(3,4), the only choice when correct glyco-
sylation of a recombinant protein is needed. 
Indeed, to ensure stability and function 
and to prevent immunological reactions, 
recombinant proteins used as biopharma-
ceuticals must closely resemble their native 
variants (4,5).

For protein crystallization, most 
mammalian proteins are produced in 
transiently transfected human embryonic 
kidney (HEK) 293T, 293/EBNA, or 293S 
GnTI- cells (6,7). Transient transfection 

systems are relatively inexpensive and 
diminish time-consuming selection steps 
for establishing stable clones (1,8,9). An 
additional advantage of transient systems 
is that they do not require selection antibi-
otics, which are expensive and have to be 
destroyed after a production run. However, 
transient expression systems provide 
relatively low recombinant protein yields 
and require repeated transfections.

For protein crystallography and biotech-
nology, there is still a need for fast, high-
throughput, low-cost selection methods 
for establishing stable, high-producing 
mammalian cell lines. In the biotechnology 
industry, clonality of protein-producing 
cells is often required. To date, many 
improvements have been made in protein 
yields by generating specific host cell lines 
(e.g., dihydrofolate reductase-deficient 
CHO cell line) and expression constructs, 
formulating various cell culture media, and 
improving bioprocess conditions (2,3,10). 
However, current methods for establishing 
stable cell lines for large-scale protein 
production are still very time-consuming, 
laborious, relatively low-throughput, and 
dependent on specialized equipment or 
selection media with antibiotics. Costs 
and time needed for protein production 

runs may also increase, since there is often 
no guarantee that clones with the highest 
expression of a protein of interest are 
selected (11).

Scavenger receptors of the class A 
(SCAR A) family are trimeric type II 
membrane proteins, which are able to bind 
diverse polyanionic ligands including 
modif ied low-densit y l ipoprotein 
(LDL), polynucleotides , bacteria l 
products, and modified extracellular 
matrix proteins (12–14). SCARA5 has 
a similar domain structure to the first 
identified member in the class, scavenger 
receptor A (SR-A, SCARA1), which has 
been shown to promote cell adhesion to 
serum-coated tissue culture dishes in a 
cation-independent manner (15,16). In 
this article, we show how coexpression 
of SCAR A5 can be advantageous for 
production of a recombinant protein 
with adverse effects on such an important 
host-cell function as its adhesive capacity. 
We also utilize the adhesion capacity 
of SCARA5 for developing a selection 
method for stable protein-producing cell 
clones. The selection method is simple, 
fast, and inexpensive, since there is 
no need for specialized equipment or 
expensive antibiotics. The method can 
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be applied to HEK-293 and CHO cells. 
The method also provides selection 
pressure for clones with high recom-
binant protein expression levels, which 
is highly desirable from both protein 
crystallographic and biotechnologic 
points of view.

Materials and methods
LN3G-producing construct
A 1.7-kb fragment encoding the G subdo-
mains 1–3 (LN3G) of the mouse laminin 
α3 chain was PCR-amplified from a 
mouse small intestine cDNA library (BD 
Biosciences, Stockholm, Sweden) using 
the primers 5′-CGGCCTGCAGGGC-
CAGAGATGCTGCAAACAAGG-3′ 
and 5′-GGGGTACCTTAATCTTG-
CAACAGCTGATTGACATTG-3′ and 
cloned in frame after a cassette composed 
of the human TIMP-2 secretion signal 
sequence and a polyhistidine-tag in the 
pcDNA3.1/Zeo(-) vector (Invitrogen, 
Stockholm, Sweden). The plasmid was 
sequenced to confirm its identity.

Generation of LN3G-producing 
HEK-293/EBNA cell clones
HEK-293/EBNA cells were transfected 
using the calcium-phosphate method with 
40 µg LN3G-expressing construct. Trans-
fected cells were selected with 500 µg/mL 
Zeocin. Zeocin-resistant clones were tested 
for recombinant protein production using 
Western blot analysis with Penta-His 
antibodies (Qiagen, Sollentuna, Sweden).

Production of the LN3G protein
For the production of the LN3G protein, 
80%–90% conf luent cultures of the 
selected cell clones grown in DMEM 
containing 10% fetal bovine serum (FBS) 
and 250 µg/mL Zeocin were washed twice 
with phosphate-buffered saline (PBS) to 
remove serum proteins and then fed with 
serum-free DMEM/F-12 (without phenol 
red) containing 250 µg/mL Zeocin. This 
washing step led to massive cell losses 
because all the selected clones exhibited low 
adhesion to cell culture plastic. Therefore, a 
new round of cell selection was performed 
after transfecting one of the clones with an 

expression construct encoding full-length 
SCARA5. After selection, clones were 
expanded and grown for 10 days in serum-
free conditions for LN3G production. 
The medium was collected, centrifuged to 
remove cellular debris, and adjusted to 50 
mM sodium phosphate, pH 7.5, and 300 
mM NaCl (final concentrations) for recom-
binant protein purification. The protein 
was purified with Talon Metal Affinity 
Resins (BD Biosciences) according to the 
manufacturer’s instructions.

Adhesion assay
Cells were plated at the density of 700 cells/
mm2 on two 96-well plates (four repeats per 
each clone) and were left to adhere for 1 h at 
37°C. Thereafter, cells on one of the plates 
were directly fixed for 20 min with 5% 
glutaraldehyde, washed, and stained with 
0.1% crystal violet. These wells represented 
the initial number of cells. The other plate 
was washed several times with PBS, fixed, 
washed again, and stained as described 
above. After 1 h in crystal violet, excess dye 
was washed away, and the rest was extracted 

Figure 1. SCARA5 rescues weak adhesion of HEK-293/EBNA cells expressing LN3G. (A) Microphotographs of HEK-293/EBNA, a HEK-293/EBNA clone 
expressing LN3G, and a derivative of the latter cell type that also expresses SCARA5. Cells were cultured for 10 days in serum-free media, and the plates 
were photographed before and after PBS washes. The HEK-293/EBNA-LN3G cells of all 20 isolated clones easily detached from the plate during the washes. 
Parental HEK-293/EBNA cells and those expressing both LN3G and SCARA5 remained attached to the plates after the washes. (B) An adhesion assay for 
normal HEK-293/EBNA cells, an LN3G-expressing clone, and three LN3G/SCARA5-clones. The cell lines were also analyzed by Western blot analysis to 
quantify LN3G and SCARA5 expression. Double transfectants showed strongest adhesion. Western blot analyses of the cell lysates showed that the clone with 
highest SCARA5 expression exhibited the strongest adhesion to plastic. Interestingly, all the LN3G/SCARA5-clones expressed higher levels of LN3G than their 
parental LN3G-clones. SCARA5 and LN3G signals were quantified using β-actin signals for normalization of the sample input.
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with 10% acetic acid and quantified by 
measuring optical density (OD) at 570 nm. 
The results were expressed as a ratio of OD 
signal from the two plates. In some assays, 
cells were plated in the presence or absence 
of polyinosinic acid (poly I), a scavenger 
receptor ligand. After 1 h adhesion at 37°C, 
cells were incubated with or without 5 mM 
EDTA for 10 min, followed by PBS washes, 
fixation, and crystal violet staining. The 
results were analyzed by Student’s t-test. 
Values with P < 0.05 were considered to 
be statistically significant.

Construction of the IRES-SCARA5  
selection vector
The AcGFP-coding sequence was 
removed from the pIRES2-AcGFP1 
vector (Clontech, Stockholm, Sweden) 
and replaced by the SCARA5-encoding 
sequence amplified from a testis cDNA 
library (BD Biosciences) using the primers 
5′-GCTCTAGTGTCGCGGCCG-
CACGCGTCAGGGGACAGTACA-3′ 
and 5′-GATATCCACAACCATGGA-
CAACAAAGCC-3′. This treatment left 
the multiple cloning sites between the 
cytomegalovirus (CMV) promoter and the 
internal ribosome entry site (IRES) sequence 
available for cloning of any protein of 
interest. In this study, we inserted enhanced 
green fluorescent protein (EGFP) into this 
site (GFP-IRES-SCARA5 plasmid). In this 
construct, the NheI, XhoI, SacI, and PstI 
sites within the multiple cloning site were 
no longer available for cDNA insertion in 
the parental IRES-SCARA5 vector, since 
the SCARA5 cDNA contains recognition 
sites for these enzymes.

Selection of stable protein-producing 
cells with the use of SCARA5
HEK-293/EBNA cells were transfected 
with the GFP-IRES-SCARA5 vector, 
and propagated for 10 days in order to 
get rid of transient expression of GFP 
and SCARA5. Thereafter, the cells were 
trypsinized, trypsin was inactivated with 
FBS, and cells were washed several times 
with PBS to remove serum proteins. They 
were then resuspended in DMEM with 
0.2% heat-inactivated albumin (plating 
medium), and plated at a density of 700 
cells/mm2 on gelatin-coated glasses (30 
mm in diameter; VWR International AB, 
Stockholm, Sweden) in 6-well plates. For 
coating, glasses were incubated overnight 
with 0.01% gelatin in PBS. Cells were 
allowed to adhere for 45 min at 37°C, 
after which nonadherent cells were washed 
away by dipping the glasses several times 
in PBS. Attached cells were trypsinized 
and analyzed by flow cytometry for GFP 
expression.

Western blot and densitometry analysis
To confirm the expression of both LN3G 
and SCARA5, confluent monolayers of 
cells were washed twice with ice-cold PBS 
and lysed on ice in SDS loading buffer (Life 
Technologies, Carlsbad, CA, USA). The 
lysates were boiled and pushed through a 27G 
needle to shear the DNA. Polypeptides were 
separated on NuPAGE 4%–12% Bis-Tris gels 
(Life Technologies) under denaturing condi-
tions and transferred to PVDF membranes. 
Thereafter, the membranes were incubated 
with mouse anti-penta-HIS antibodies (2 
μg/ml; Qiagen) for detection of LNG3, or 
rabbit antibodies against SCARA5 (2μg/ml) 
or b-actin (0.1ug/ml; ABcam, Cambridge, 
UK). Chemiluminescent horseradish perox-

idase (HRP) substrate was used for visual-
ization after incubation of the membranes 
with HRP-conjugated secondary antibodies. 
Films were scanned and analyzed using 
ImageJ (U.S. National Institutes of Health, 
Bethesda, MD, USA; http://imagej.nih.
gov/ij/). Between staining procedures, the 
membranes were stripped by incubation 
in 100 mM 2-mercaptoethanol, 2% SDS, 
62.5 mM Tris-HCl, pH 6.7, for 30 min at 
50°C.

Immunofluorescent staining
In some cases, we also used immunofluo-
rescence to examine SCARA5 expression 
in the remaining cells attached to the 
glass after washing. Cells were fixed with 

Figure 2. Selection of stable cell lines through the adhesive capacity of SCARA5. (A) Schematic of the 
IRES-SCARA5 selection vector. To generate the vector, the AcGFP1-encoding sequence downstream 
of the IRES sequence in the pIRES2-AcGFP1 vector was first replaced by the SCARA5-encoding se-
quence. Then EGFP was inserted into the multiple cloning site downstream of the CMV promoter. (B) 
The selection protocol. Transfected cells were grown for at least 10 days to get rid of transient expres-
sion. Cells were detached by trypsin treatment, washed, and plated onto gelatin-coated glass for 45 min 
at 37°C. After several washes in PBS, adherent cells were plated sparsely for the isolation of individual 
clones or directly used as a pool for protein production. (C) FACS analysis shows that selection increased 
the number of GFP-positive cells from 1.2% (purple) to 63.8% (green). (D) Immunofluorescence stain-
ing of the selected cells. GFP- and SCARA5-positive cells are shown in green and red, respectively. Cell 
nuclei are visualized by DAPI staining (blue). A majority of cells is positive for both SCARA5 and GFP.
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4% paraformaldehyde in PBS for 10 min, 
blocked for 30 min at room temperature with 
2% BSA in PBS solution, and stained for 1 h 
at room temperature with polyclonal rabbit 
antobodies (2 μg/ml) against SCARA5. 
After PBS washes, the cells were incubated 
for 15 min with Alexa Fluor 568-conjugated 
secondary antibodies (Life Technologies) 
and nuclear marker 4′,6-diamidino-2-
phenylindole (DAPI). After the final washes, 
the glasses were mounted and examined 
under a fluorescence microscope.

Flow cytometry
G F P-I R E S - S C A R A5 -t r a n s f e c t e d 
HEK-293/EBNA cells were analyzed by 
flow cytometry before and after the selection 
step. Cells were detached from plates or 
glasses by a trypsin/EDTA treatment, 
dissociated into a single-cell suspension by 
pipeting, resuspended in ice-cold fluores-
cence-activated cell sorting (FACS) buffer 
(2% FBS, 0.1% sodium azide in Hank’s 
buffer), and analyzed using FACSCalibur 
Flow Cytometer (BD Biosciences). Data 
were analyzed with CellQuest software 
(BD Biosciences).

Results and discussion
Using the calcium-phosphate transfection 
method with a subsequent antibiotics-
based selection step, we generated stable 
HEK-293/EBNA cell lines producing a 
recombinant laminin α3 chain fragment 
encompassing three C-terminal G domains 
(LN3G) representing the main adhesive site 
of laminin-332 (17). However, cells of all 20 
isolated clones selected for production of 
this 70-kDa protein showed significantly 
reduced adhesion to cell culture plastic; 
cells easily detached and died, especially 
under serum-free conditions. This made 
it impossible to wash the cells to remove 
serum proteins for refeeding with serum-
free media, which seriously complicated 
purification of the protein. In an attempt 
to circumvent this problem, we trans-
fected an LN3G-expressing cell line with 
a plasmid encoding full-length SCARA5, 
a class A SR, that we previously found to 
promote cell adhesion to cell culture plastic 
(unpublished data). We established several 
stable double-transfected cell lines and 
cultured them for 10 days in serum-free 
conditions. Indeed, the double transfec-
tants showed higher adhesion and viability 
than cells expressing LN3G alone (Figure 
1A). Similar findings were obtained when 
comparing LN3G-expressing clones to 
clones from simultaneous transfection of 
LN3G- and SCARA5-encoding plasmids 
(data not shown). In order to quantify cell 
adhesion, we performed an adhesion assay 

on cell culture plastic with double and 
single transfectants, along with the parental 
HEK-293/EBNA cells. While adhesion 
of LN3G-expressing cells to plastic was 
significantly reduced when compared with 
untransfected cells, clones coexpressing 
LN3G and SCARA5 exhibited equal or 
increased adhesion compared with the 
single trasfectants (Figure 1B). Western 
blot analysis showed that double transfec-
tants expressed equal or even higher levels 
of LN3G than LN3G-single transfec-
tants. Furthermore, there seemed to be a 
correlation between the level of SCARA5 
expression and the adhesive capacity, which, 
in turn, correlated with LN3G expression 
level (Figure 1B). Improved adhesion 
allowed us to easily wash the cells with PBS 
before changing the media to serum-free 
DMEM/F-12, as well as helped keep the 
cells viable for several days, leading to good 
yields of the LN3G protein.

Motivated by these findings and our 
unpublished data that SCARA5 promoted 
cell adhesion not only to cell culture plastic 
but also to surfaces coated with gelatin, we 
developed a new antibiotic-free selection 
method for establishing stable cell clones 
based on the adhesive properties of SCARA5. 
Using GFP as a test protein, we constructed 
a vector where GFP and SCARA5 were 
expressed in the same messenger RNA 
with the help of an  IRES sequence (Figure 
2A). HEK-293 cells were transfected with 
the vector and were first grown for 10 days 
in the absence of selective antibiotics to 
remove transient expression of SCARA5 
and GFP. Thereafter, the cells were detached 
using a trypsin-EDTA solution, washed to 
remove serum proteins, plated on gelatin-
coated glass for 45 min to allow SCARA5-
mediated adhesion, and washed with PBS 
to remove non-adherent untransfected 
cells. The scheme of the selection protocol 

Figure 3. Screening of common cell lines for compatibility with our selection assay. (A) Microphoto-
graphs of untransfected C3H 10T1/2, CHO K1, NIH 3T3, COS-1, HeLa, and L929 cells before and after 
washing with PBS. Cells were plated onto gelatin-coated glass for 45 min, after which nonadherent cells 
were removed by washing several times with PBS. Photographs were taken before and after the washes. 
(B) Microphotographs of HEK-293/EBNA, CHO, and HeLa cells transfected either with an empty vector 
control or the IRES-SCARA5 selection vector (depicted as EBNA/SCARA5, CHO/SCARA5, and HeLa/
SCARA5, respectively). The cells were plated and treated as described in panel A. Microphotographs 
were taken before and after washing with PBS.
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is shown in Figure 2B. Flow cytometric 
analysis was used to quantify the proportion 
of GFP-positive cells prior to and after the 
selection. Forty to 60-fold increase in the 
number of GFP-positive cells was achieved 
by the method, and up to 65% of the cells 
were positive for this test protein, making 
subsequent generation and selection of high-
expressing stable clones easy (Figure 2C). 
We also stained some glasses by immuno-
fluorescence for SCARA5 after the selection 
procedure. Consistent with the f low 
cytometry results, a large majority of the 
cells still attached to the glass were positive 
for both GFP and SCARA5 (Figure 2D).

To determine if the method can be used 
with cell lines other than HEK-293 cells, 
we selected a panel of commonly used cell 
lines and studied their adhesion to gelatin-
coated glass. Fibroblast-like cell lines C3H 
10T1/2, L929, and NIH 3T3 exhibited 
binding to this surface and were therefore 
found unsuitable for this selection method 
(Figure 3A). Indeed, we have previously 
shown that cells of these lines express endog-
enous SCARA5 (unpublished data). Even 
without endogenous SCARA5 expression 

(not shown), COS-1 cells were able to bind 
to the gelatin-coated surface. However, 
CHO and HeLa cells exhibited no binding 
(Figure 3A). Similar to HEK-293/EBNA 
cells, transfection with SCARA5 signifi-
cantly increased adhesion of CHO cells 
to the gelatin-coated surface (Figure 3B). 
This is a relevant finding, since CHO and 
HEK-293 cells are the two most common 
mammalian cell lines used for production of 
recombinant proteins (3,10). On the other 
hand, transfection of HeLa cells with the 
IRES-SCARA5 vector did not significantly 
increase adhesion compared with cells trans-
fected with an empty control plasmid, 
indicating that the new selection method 
is not suitable for this cell line.

The structurally similar scavenger 
receptor SR-A has been shown to mediate 
adhesion through a cation-independent 
mechanism (15), so we tested if SCARA5 
had a similar property. Indeed, we found 
that adherent SCAR A5-expressing 
HEK-293/EBNA cells, but not the parental 
cells, remained attached to cell culture 
plastic after EDTA treatment (Figure 4A). 
Pretreatment of the SCARA5-expressing 

HEK-293/EBNA cells with a putative 
scavenger receptor ligand poly I (Figure 
4B) blocked adhesion, proving that it 
was indeed mediated by SCARA5. This 
might be useful for microcarrier cultures 
developed for anchorage-dependent cells. 
For instance, coating of the microcarriers 
with this polyanionic molecule might 
decrease shear stress-induced cell loss. Poly 
I could be used as a substratum as an alter-
native to gelatin, and EDTA treatment to 
release untransfected cells.

In conclusion, this study shows 
that ectopic expression of SCARA5 in 
mammalian cell lines commonly used for 
large-scale protein production can improve 
the adhesive properties and viability of 
cells in serum-free culture conditions, 
thereby making it possible to produce 
proteins with adverse effects on host cells. 
Furthermore, our results indicate that 
SCARA5 can be used as a novel selection 
molecule for the cloning of stable recom-
binant protein-producing cell lines. The 
selection process has proven to be fast and 
inexpensive, does not require specialized 
equipment or expensive antibiotics, and 
provides selection pressure toward high-
expressing clones. This method also 
allows researchers to minimize possible 
environmental pollution with antibiotics 
that contribute to antibiotic resistance of 
bacteria, which is a growing public health 
concern (18).

Similar to Sleiman (19) and DeMaria et 
al. (20), we utilized an IRES site to express 
a protein of interest on the same mRNA 
as the molecule used for selection. In our 
method, there is no need to stain the cells 
with antibodies or use FACS for sorting and 
selecting high-producing clones (19,20), but 
these steps can be applied if desired.

Although we used the adhesive capacity 
of SCARA5 for cell selection, we believe 
that other adhesion molecules, such as other 
scavenger receptors and lectins, may also be 
used as selection tools for generating stable 
protein-producing cell lines. Since different 
sugars serve as ligands to lectins (21), a 
potentially large number of lectin/scavenger 
receptor combinations could be used for 
selection when many proteins or proteins 
with multiple subunits are expressed in the 
same cell (17).
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Figure 4. The effect of poly I and EDTA on SCARA5-mediated adhesion. (A) Cell culture dishes of adher-
ent HEK-293/EBNA cells and their SCARA5-transfected derivatives were photographed after a 10-min 
EDTA treatment and PBS washes, which completely removed the parental cells. (B) An adhesion assay 
in which the cells were plated for 1 h in the presence or absence of poly I, a scavenger receptor ligand, 
followed by PBS washes, and a brief incubation with or without EDTA. The results are expressed as a 
percentage of a signal obtained from a control plate with no treatments and washes. SCARA5-positive 
cells showed avid adhesion even after the treatment with EDTA. However, the presence of poly I during 
the 1-h adhesion period blocked SCARA5-mediated adhesion.
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