
A Novel Method for Efficient Generation of Transfected Human

Osteoclasts

A. Taylor, M. J. Rogers, D. Tosh, F. P. Coxon

Institute of Medical Sciences, University of Aberdeen, Foresterhill, Aberdeen AB25 2ZD, UK

Received: 12 September 2006 / Accepted: 23 October 2006 / Online publication: 3 February 2007

Abstract. Mature osteoclasts and their precursors are
notoriously difficult to transfect using nonviral ap-
proaches, a limitation that represents a major technical
obstacle in the study of osteoclast biology. Here, we
describe a simple electroporation method using Amaxa�

Nucleofector technology that results in efficient trans-
fection of human blood-derived osteoclast precursors,
which can be differentiated in subsequent culture to
generate mature osteoclasts that retain expression of the
transgene. Moreover, since these osteoclasts maintain
the ability to resorb dentine, this technique could prove
useful for assessing the role of specific genes/proteins in
osteoclast function.
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Mature osteoclasts and their precursors are notoriously
difficult to transfect using conventional lipid-based or
electroporation approaches. This limitation represents a
major technical obstacle in the study of osteoclast
biology since the highly specialized nature of osteoclasts
often does not permit extrapolation of data from other
cell types. Although commercially available lipid-based
transfection approaches have been successful in trans-
fecting osteoclasts with siRNA [1, 2], these techniques
are ineffective at delivery of dsDNA [3]. The only reli-
able method described that can efficiently transfect os-
teoclasts involves the use of virus-based delivery
techniques such as adenovirus [4, 5], but this can be both
time-consuming and technically demanding. Further-
more, there are concerns that adenovirus alone can
activate signaling pathways (e.g., nuclear factor jB [NF-
jB] [6]) that might affect osteoclasts. Electroporation
techniques have been used to successfully transfect
macrophage cell lines [7], and more recently the devel-
opment of nucleofection (Amaxa� Biosystems, Cologne,
Germany), an electroporation method that delivers the
DNA directly into the nuclei, has enabled the successful
transfection of not only macrophages [8] but also pri-

mary and terminally differentiated [9�11] cells since this
technique does not rely on mitosis for entry of the DNA
into the nucleus. As osteoclasts (and their direct pre-
cursors) are postmitotic cells derived from the same
precursors as monocytes/macrophages, nucleofection
approaches may also be suitable for transfection of os-
teoclasts.

Here, we describe an electroporation method using
Amaxa� Nucleofector technology that allows efficient
transfection of human blood-derived osteoclast precur-
sors, which can be stimulated to differentiate in sub-
sequent culture to generate transfected osteoclasts. Since
the transfected osteoclasts maintain the ability to resorb
dentine, this technique could prove useful for modulat-
ing osteoclast behavior and for assessing the role of
specific proteins in osteoclast function, particularly at
the single-cell level.

Materials and Methods

Isolation of Human Osteoclast Precursors

Venous blood was obtained from healthy volunteers using 9mL
ethylenediaminetetraacetic acid (EDTA)-coated Vacutainer�

tubes (Becton Dickinson, Mountain View, CA). The collected
blood was diluted 1:1 with phosphate-buffered saline (PBS) and
layered over Lymphoprep� (Axis-Shield, Kimbolton, UK) be-
fore centrifugation at 800 · g for 30 minutes with brake set to
zero. Peripheral blood mononuclear cells (PBMCs) were re-
moved from the plasma/lymphoprep interface using a 3 mL
Pasteur pipette anddilutedwithPBS (at least twice the volumeof
the cell suspension) before centrifugation at 300 · g for 10
minutes. After repeating this wash step with PBS, the PBMCs
were diluted to 1.5 to 2 · 106 cells/mL in a-minimal essential
medium (MEM; +10% fetal calf serum [FCS], 100 U/mL pen-
icillin, 0.1 mg/mL streptomycin, 2 mM L-glutamine) containing
20 ng/mL recombinant human macrophage colongy-stimulat-
ing factor (rhMCSF; R&D Systems, Minneapolis, MN) and
seeded in 75 cm2 flasks (10 mL/flask). On day 3, the flasks were
rinsed twice with PBS to remove nonadherent cells before
replenishing with fresh medium containing rhMCSF.

RANKL Pretreatment and Cell Harvesting

Once the monocyte cultures reached 80�90% confluence
(approximately 6 days), the medium was additionally supple-
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mented with 100 ng/mL recombinant human receptor activa-
tor of NF-jB ligand (rhRANKL; Peprotech, London, UK)
and the culture continued for a further 48 hours prior to
transfection. Cells were then detached by incubation with 1
mg/mL trypsin for 15 minutes, transferred to a centrifuge tube,
and fresh medium containing FCS was added to neutralize the
trypsin. Since only approximately 50% of the adherent osteo-
clast precursors detached after this time, an additional 15-
minute trypsin incubation was carried out, during which time
the first batch of detached cells was kept on ice. To ensure
removal of all cells, flasks were gently scraped after addition of
fresh medium to the flask. Cell suspensions were pooled and
centrifuged at 300 · g for 5 minutes.

Electroporation

Pelleted cells were resuspended in fresh medium and counted,
then sufficient cells for all transfections (1 · 106 cells per trans-
fection) were transferred to a fresh tube and centrifuged at 200 ·
g for 3minutes. Cells were also retained from the cell suspension
for use as untransfected controls (kept on icewhile the other cells
were transfected). After carefully removing the supernatant, the
cell pellet was resuspended in 100 lL Mouse Macrophage Nu-
cleofector Solution (Amaxa Biosystems) per transfection, then
100 lL was added to 2 lg of prealiquoted, endotoxin-free
plasmid DNA (pmaxGFP [Amaxa Biosystems] or enhanced
green fluorescent protein-conjugated Rab6 (EGFP-Rab6), a
kind gift from Prof. Miguel Seabra, Imperial College London).
The solution was added to Amaxa� electrode cuvettes and
electroporated in an Amaxa�Nucleofector II using programY-
010. Immediately afterward, cells were diluted in 2.5 mL a-
MEM (supplemented with 20% FCS, 100 U/mL penicillin, 0.1
mg/mL streptomycin, 2 mM L-glutamine) at room temperature
(4 · 105 cells/mL), then cooled on ice for 5-10 minutes prior to
supplementing with 20 ng/mL rhMCSF and 100 ng/mL
rhRANKL. Cells were then seeded onto dentine slices in 96-well
plates (4 · 104/well) and onto 9 mm glass coverslips in 48-well
plates (1 · 105/well). Nontransfected control cells were seeded at
half of this density. Medium was replaced after 48 hours with a-
MEM (+10% FCS, 100 U/mL penicillin, 0.1 mg/mL strepto-
mycin, 2 mM L-glutamine) containing 20 ng/mL rhMCSF and
100 ng/mL rhRANKL and every 3 days thereafter.

Visualization of Transfected Cells

Cells plated on glass coverslips or dentine slices were fixed at the
indicated time points using 4% formaldehyde in PBS for 10
minutes, then permeabilized by incubation with 0.2% Triton X-
100 in PBS for 15 minutes. Nuclei were counterstained by
incubating with 0.1 lg/mL 4¢,6-diamidino-2-phenylindole
(DAPI) for 10 minutes, while in some cases the Golgi apparatus
was stained by incubation with 2 lg/mL wheat germ agglutinin
(WGA)-Alexa Fluor 633 conjugate (Invitrogen, La Jolla, CA)
for 20 minutes. In cells cultured on dentine discs, F-actin was
stained by incubation with 0.5 lg/mL tetramethylrhodamine
isothiocyanate (TRITC)-phalloidin for 20 minutes, while the
dentine surface was visualized by incubating for 20minutes with
a fluorescently conjugated bisphosphonate, ALN-AF633 (20
lM) [12], which has a high affinity for mineralized surfaces (our
unpublished data). Following staining, coverslips and dentine
discs were rinsed three times with PBS, then mounted on glass
slides in VectaShield (Vector Labs, Burlingame, CA). Images
were captured by light microscopy using a Zeiss (Oberkochen,
Germany) Axiovert microscope equipped with an Optronics
charge-coupled device camera and by confocal laser scanning
microscopy using the Zeiss LSM 510 META system.

Assessment of Cell Viability and Transfection Efficiency

Nontransfected cells, sham-transfected cells (electroporated
without DNA), and pmaxGFP-transfected cells were seeded
into 96-well plates at 3 · 104/well in 100 lL (replicates of six).

At 24 hours after transfection, 10 lL alamar blue (Biosource,
Camarillo, CA) was added to each well and the culture con-
tinued for 3�4 hours before reading the fluorescence on a
Biotek (Franklin Lakes, NJ) plate reader (emission 530 nm,
excitation 590 nm). The cells were then fixed in 4% formal-
dehyde for 10 minutes and washed with PBS. Digital images
(fluorescent and phase contrast merges) were taken of a ran-
dom area within each well and transfected and untransfected
cells manually counted to determine transfection efficiency.
Data are expressed as the mean ± standard deviation (SD,
n = 3).

Immunostaining for Rab6

Mature osteoclasts were isolated from neonatal rabbit bones as
described previously [13] and seeded onto glass coverslips,
cultured for 48 hours, then fixed in 4% formaldehyde. Cells
were permeabilized by incubation with 0.2% Triton X-100 for
20 minutes, blocked with 10% FCS in PBS for 30 minutes, then
incubated with 1:70 rabbit polyclonal Rab6 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) in PBS/5% FCS for 1
hour. Cells were washed five times in PBS, incubated with
1:200 Alexa Fluor 594-anti-rabbit immunoglobulin G for 1
hour, washed extensively again in PBS, then counterstained
with WGA (as described above) before mounting in Vecta-
Shield and analysis by confocal microscopy.

Results

The Amaxa� nucleofection procedure resulted in suc-
cessful transfection of human osteoclast precursors
(which had been exposed to RANKL for 48 hours prior
to transfection), with substantial numbers of mononu-
clear cells expressing high levels of GFP within 24 hours
of transfection (Fig. 1A). Within 3 days of transfection,
numerous GFP-expressing multinucleated osteoclasts
had formed, and GFP expression persisted until 7 days
posttransfection, at which stage most cells in the culture
were multinucleated osteoclasts (Fig. 1A). The trans-
fection procedure was also carried out on the M-CSF-
dependent monocytes prior to exposure to RANKL, but
little difference in transfection efficiency was found be-
tween these two approaches (data not shown). Since the
cells require several days� culture in RANKL to form
mature osteoclasts, transfection of osteoclast precursors
that have already begun to differentiate (by prior
exposure to RANKL for 48 hours) is a better approach
as this reduces the subsequent culture time required to
generate osteoclasts.

In order to assess the effect of nucleofection on cell
viability, alamar blue assays were conducted on
nontransfected, sham-transfected (no DNA), and
pmaxGFP-transfected cells. A considerable loss of cell
viability (�45%) occurred in the transfected cells com-
pared to the nontransfected cells, while electroporation
alone (in the absence of dsDNA) resulted in a smaller
but consistent loss of viability (�20%, Fig 1B). How-
ever, the loss of viability resulting from transfection was
easily compensated for, simply by seeding these cells at
twice the density of the nontransfected control cells.
Moreover, there was little difference in the ability of the
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transfected and nontransfected cell cultures to form
osteoclasts (data not shown).

Although the transfection efficiency of osteoclast
precursors at 24 hours was only 19.9% (±6.5, n = 3),
this improved with further culture (>3 days) due to the
fusion of transfected and nontransfected precursors to
form GFP-expressing osteoclasts, such that typically
40% of the osteoclasts expressed GFP (Fig. 1A). How-

ever, up to 80% transfected osteoclasts were observed in
some experiments, which presumably reflects the innate
variability between cultures from different donors.

The fundamental characteristic that defines an
osteoclast is the ability to resorb calcified bone surfaces.
To assess whether transfected osteoclasts retained this
functional property, osteoclast precursors transfected
with pmaxGFP were seeded onto discs of dentine (a

Fig. 1. Generation of osteoclasts from transfected precursors. (A)
RANKL-pretreated cells were transfected with pmaxGFP, seeded
onto glass coverslips, and cultured further with RANKL-supple-
mented medium. At 24 hours, 3 days, and 7 days posttransfection,
cells were fixed and stained with DAPI (false colored red). Scale
bars = 100 lm. (B) Cell viability 24 hours posttransfection was
determined by alamar blue assay and expressed relative to non-
transfected (NT) cells (mean ± SD, n = 3).

Fig. 2. GFP-transfected osteoclast precursors can differenti-
ate into functional osteoclasts. Osteoclast precursors were
transfected with pmaxGFP and seeded onto dentine slices.
After 4 days (A) and 7 days (B and C), dentine slices were
fixed, then F-actin and the dentine surface visualized by
staining with TRITC-phalloidin (red) and ALN-AF633

(blue), respectively, prior to confocal microscopy. A and B

are 1 lm xy optical sections at the dentine surface; C is a z-
series showing zx and zy sections and an xy extended focus
projection of an individual resorbing osteoclast. Images are
from separate cultures. Arrowheads indicate sites of resorp-
tion. Scale bars = 50 lm.
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mineralized tissue very similar in composition to bone)
in medium containing sRANKL and rhMCSF. By day 4
posttransfection, GFP-expressing multinucleated cells
had formed, polarized (indicated by the presence of an
F-actin ring), and begun to show evidence of resorption,
demonstrated by the small resorption pits associated
with transfected osteoclasts (Fig. 2A, arrowheads). By
day 7 posttransfection, osteoclasts maintained expres-
sion of GFP (as they had when cultured on glass cov-
erslips) and had resorbed much larger pits. Moreover,
these cells continued to resorb and showed evidence of
migration, demonstrated by the resorption front within
crescent-shaped F-actin rings and the presence of
resorption trails (Fig. 2B and C). This transfection ap-
proach is therefore ideal for analyzing the localization
and function of individual proteins in resorbing human
osteoclasts at the single-cell level.

To confirm that the nucleofection procedure is suit-
able for use with other expression constructs, e.g., those
encoding GFP-fusion proteins, osteoclast precursors
were transfected with EGFP-Rab6. Rab6 is a member of
the Rab family of small guanosine triphosphatases that
localizes to the Golgi and plays a role in intra-Golgi
transport [14]. Figure 3A shows that EGFP-Rab6 is
expressed in multinucleated osteoclasts 4 days post-
transfection and is correctly localized to the perinuclear
Golgi compartment since it colocalizes completely with
the Golgi marker WGA (which binds to glycosylated
proteins in the Golgi). This localization is identical to
that of endogenous Rab6 in rabbit osteoclasts, detected
by immunostaining (Fig. 3B). This confirms not only
that transgene delivery and expression was successful
but also that the protein product is correctly prenylated,
a posttranslational modification that is essential for the
specific subcellular localization and function of Rab
proteins [15].

Discussion

In summary, we have developed a novel electroporation
method using Amaxa� nucleofection for expressing
transgenes in resorbing human osteoclasts. This tech-
nique offers an attractive alternative to adenoviral
transfection since it has the advantages of being very
simple (requiring only plasmid DNA) and extremely
quick. Although the transfection efficiency is not as high
as reported with viral approaches, this method never-
theless could prove enormously useful, particularly for
single-cell analysis, to allow the study of specific proteins
in osteoclastic bone resorption, and hence for elucidat-
ing further aspects of osteoclast biology.
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