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Abstract

Transforming growth factor-alpha (TGF-a) is synthesized by a
variety of tumor cell lines and stimulates osteoclastic bone re-
sorption in vitro. The mechanism by which TGF-a increases
osteoclast activity is unknown. Weused a human marrow culture
system that forms osteoclast-like multinucleated cells (MNCs)
to determine the effects of recombinant human TGF-a on MNC
formation. Addition of 0.01 ng/ml TGF-a for the 1st week fol-
lowed by 1,25-dihydroxyvitamin D3 I1,25(0H)2D31 for the sub-
sequent 2 wk significantly increased MNCs. Treatment of these
cultures with TGF-a without later addition of 1,25(0H)2D3 did
not increase MNCformation. Autoradiographic studies revealed
that TGF-a stimulated proliferation of precursors for MNCs,
and 1,25(OH)2D3 increased their rate of fusion into MNCs. Ad-
dition of murine epidermal growth factor (EGF) (0.1 ng/ml)
followed by 1,25(OH)2D3 also significantly stimulated MNC
formation. These data suggest that TGF-a and EGFmay stim-
ulate bone resorption by increasing the proliferation of osteoclast
precursors, which leads to increased numbers of osteoclasts.

Introduction

Transforming growth factors are a heterogeneous family of
polypeptides that reversibly induce anchorage-independent
growth in nonneoplastic anchorage-dependent cells (1). One
group, defined as a-type, or transforming growth factor-alpha
(TGF-a),' competes with epidermal growth factor (EGF) for
binding to the same receptor and induces several known bio-
logical effects of EGF(2). TGF-a was first demonstrated in the
conditioned medium of virally transformed neoplastic mouse
cells (3), and has been purified from virally transformed rat cells
and from human melanoma cell lines (4, 5). Recent develop-
ments have led to the cloning of a sequence coding for both
human (6) and rat (7) TGF-a, and to the production of a bio-
logically active human TGF-a in Escherichia coli (6). Specific
hybridizations have indicated that TGF-a messenger RNA
(mRNA) is present in a variety of tumors, many of which can
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cause malignancy-associated hypercalcemia (Derynck, R., un-
published results).

Recently, both synthetic rat (8) and recombinant human
TGF-a have stimulated osteoclastic bone resorption in vitro (9-
1 1). Attention, therefore, has been focused on TGF-a as a pos-
sible mediator of increased bone resorption in the humoral hy-
percalcemia of malignancy (12-15). However, the underlying
mechanism responsible for TGF-a-induced osteoclastic bone
resorption is unknown.

Werecently developed a system for examining formation of
osteoclast-like multinucleated cells (MNCs) from feline (16), ba-
boon (17), and human bone marrow cells (MacDonald, B. R.,
N. Takahashi, L. M. McManus, G. R. Mundy, and G. D. Rood-
man, submitted for publication) in long-term cultures. The for-
mation of MNCswas increased by parathyroid hormone and
1,25-dihydroxyvitamin D3 [1 ,25(OH)2D3] and decreased by cal-
citonin. The MNCscontained a tartrate-resistant acid phospha-
tase, which is a marker enzyme for osteoclasts whose activity
was modulated appropriately by osteotropic hormones (16, 17).

In this report, we examined the effects of recombinant human
TGF-a and purified murine EGF on the MNCformation in
human marrow long-term culture. Wenow report that TGF-a
stimulates the formation of MNCswith osteoclast-like charac-
teristics by increasing the proliferation of the precursors for these
cells.

Methods

Collection and culture of human marrow cells. After obtaining informed
consent, bone marrow was aspirated from the iliac crest of healthy normal
donors. Marrow aspirates were collected in syringes containing 1,000
U/ml preservative-free heparin (Sigma Chemical Co., St. Louis, MO) in
alpha minimum essential medium (MEM) (Gibco, Grand Island, NY).
Marrow mononuclear cells were obtained by centrifigation on Hypaque-
Ficoll gradients as described previously (17). The cells were washed twice
with alpha MEMand cultured in alpha MEMcontaining 20% horse
serum (Flow Laboratories, McLean, VA) at 106 cells/ml in 24-well plates
(Linbro; Flow Laboratories) (0.5 ml/well). All cultures were maintained
in a humidified atmosphere of 4% CO2-air at 370C for 3 wk. Cultures
were fed weekly by removing half of the medium and replacing an equal
volume of fresh medium (unless otherwise noted in the text). Murine
EGF(receptor grade, 99%pure by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; Collaborative Research, Inc., Waltham, MA) or re-
combinant human TGF-a was added to the cultures at varying concen-
trations for the first week or for the entire three weeks of culture. In
selected experiments, 1,25(OH)2D3 (generously provided by Dr. Usko-
kovic, Hoffman-LaRoche Inc., Nutley, NJ) at a concentration of 10-8
M, was added to the cultures. After 3 wk, cells were fixed with 5% glu-
taraldehyde (Sigma Chemical Co.), stained with Wright's stain, and cells
containing three or more nuclei were counted with an inverted-phase
microscope. Recombinant human TGF-a was expressed in E. coli as
previously described (6). The protein was purified to homogeneity using
Sephadex G-75 gel filtration and reverse-phase high performance liquid
chromatography, and was >99% pure as assessed by amino acid com-
position and high performance liquid chromatography. Mink CCL 64
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lung fibroblasts and UMR106 osteosarcoma cells were used to verify
the equivalence of TGF-a and murine EGFpreparations (6, 9). Con-
centrations of TGF-a in terms of nanogram equivalents of EGFwere
measured by determining the amounts of TGF-a required to displace
labeled EGF from its receptors (6, 9). Results are expressed as the
mean±SEMfor triplicate or quadruplicate samples. Statistical significance
was evaluated using a Student's t test for paired samples.

Autoradiography. Marrow cells were cultured in the presence or ab-
sence of 0.1 ng/ml of TGF-a or 10 ng/ml of EGFon Lux 15-mm diam
coverslips (Miles Laboratories, Waperville, IL). After 24 h, [3H]thymidine
(0.5 MCi/well) (59 Ci/mmol sp act; Schwartz Mann, Orangeburg, NY)
was added for the next 48 h. The medium was then removed and the
fresh medium was added to the culture. Nonadherent cells removed with
the spent medium were recovered by centrifugation and replaced with
fresh medium. The cells were then cultured in the presence or absence
of TGF-a or EGFfor the next 4 d. After 1 wk of culture the medium
was replaced with fresh medium and the cultures continued for 2 wk in
the presence or absence of 1,25(OH)2D3 (10-8 M). The cells were then
fixed in 5%glutaraldehyde for 15 min, and following this the coverslips
were mounted on glass slides and processed for autoradiography as de-
scribed by Roodman et al. (18). Results are expressed as the percentage
of MNCscontaining one or more labeled nuclei, and also as the number
of labeled nuclei per MNC(assessed from the first 100 MNCs). MNCs
that formed on coverslips were also counted.

Assay of colony stimulating factor (CSF) activity. Bone marrow
mononuclear cells were prepared as described above. 1 X 101 cells/ml
were then cultured in alpha MEM-20%fetal calf serum in methylcellulose
as described by Richman et al. (19) in the presence or absence of human
placental conditioned medium (PCM) as a source of a CSF. In selected
experiments varying concentrations of TGF-a were added to these cul-
tures in the presence or absence of PCM. Marrow cells were cultured
for 7 or 14 d. Granulocyte-macrophage colony-forming unit (CFU-GM)-
derived colonies were then scored in situ using an inverted-phase mi-
croscope at the end of the culture period. Colonies were counted if they
contained 40 or more cells per colony. In selected experiments, random
colonies were plucked from the cultures with a finely drawn pipette,
transferred to glass slides, and stained with Wright's stain to confirm
that colonies were composed of granulocytes and monocytes-macro-
phages. Maximal colony formation occurs in these assays with 10% vol/
vol of PCM.

Results

The effects of recombinant human TGF-a on formation of os-
teoclast-like MNCare shown in Table I. As we have previously
reported, treatment of marrow cells with 1,25(OH)2D3 (10-8 M)
for 3 wk markedly increased the number of MNCs(Table I).
Treatment of the cultures for only the last 2 wk with 1,25(OH)2D3
significantly increased MNCformation in two of three experi-
ments. Addition of 0.1 ng/ml TGF-a to the cultures for the first
week or for all three weeks of culture did not significantly increase
the number of MNCs. However, addition of TGF-a for the first
week followed by treatment with 10-8 M1,25(OH)2D3 for the
last two weeks of culture significantly increased the number of
MNCscompared with corresponding control cultures treated
with 1,25(OH)2D3 alone for the last two weeks (P < 0.01)
(Table I).

The effects of adding varying concentrations of TGF-a to
the cultures for 1 wk followed by 1,25(OH)2D3 (10-8 M) for the
final 2 wk of culture are shown in Table II. Addition of TGF-a
at 0.001-10 ng/ml to the culture for 3 wk did not change basal
MNCformation (data not shown). Treatment of cultures with
TGF-ax at concentrations as low as 0.01 ng/ml for the first week
followed by treatment with 1,25(QH)2D3 (10-8 M) for the sub-
sequent two weeks significantly increased the number of MNCs.

Table L Effect of TGF-a on MNCFormation
in HumanMarrow Long-term Culture

Treatment MNCper culture

Week I Weeks 2 and 3 Exp. I Exp. 2 Exp. 3

Medium Medium 1±0.5 1±0.3 129±10
1,25(OH)2D3 1,25(OH)2D3 11±5* 105±5* 498±92t
Medium 1,25(OH)2D3 17±3t 49±5f 141±13
TGF-a TGF-a 2±1 ND 120±17
TGF-a Medium 2±1 6±1* 123±42
TGF-a 1,25(OH)2D3 28±3t1§ 93±5t§ 319±43t1§

Humanbone marrow mononuclear cells (5 X 10' cells/well) were cul-
tured in alpha MEMwith 20% horse serum, in the presence or ab-
sence of TGF-a (0.1 ng/ml) or 1,25(OH)2D3 (10-8 M). After 3 wk of
culture, cells were fixed and stained with Wright's stain. Cells contain-
ing three or more nuclei per cell were scored. Results are expressed as
means±SEMfor three or four cultures. ND, not determined.
* Significantly different from control cultures (medium alone),
P< 0.05.
t Significantly different from control cultures (medium alone),
P<0.01.
§ Significantly different from cultures treated with 1,25(OH)2D3 for the
last 2 wk, P< 0.01.

Maximal MNCformation occurred in two of three experiments
when 0.1 ng/ml TGF-a was added to the cultures (Table II).
The total number of adherent cells per culture was not changed
by treatment of the cultures with TGF-a (control = 6,996±523
adherent cells; 0.1 ng/ml TGF-a = 6,831±396 adherent cells).

Because the biological effects of TGF-a are mediated through
EGF receptors, and EGFalso stimulates osteoclastic bone re-
sorption (20, 21), we next examined the effects of EGFon MNC
formation (Table III). Addition of EGFalone (0.01-50 ng/ml)
to the cultures for 3 wk did not increase the number of MNCs

Table II. Effect of Varying Concentrations
of TGF-a on MNCFormation

Treatment MNCper culture

Week I Weeks 2 and 3 Exp. I Exp. 2 Exp. 3

Medium 1,25(OH)2D3 17±3 49±5 141±13
TGF-a (0.001 ng/ml) 1,25(OH)D3 ND 45±4 184±26
TGF-a (0.01 ng/ml) 1,25(OH)2D3 55±2* 65±2* 253±30*
TGF-a (0.1 ng/ml) 1,25(OH)D3 28±3* 93±5* 319±43*
TGF-a (1 ng/ml) 1,25(OH)2D3 14±1 44±7 284±25*
TGF-a (10 ng/ml) 1,25(OH)D3 11±1 8±3 212±16t

Humanbone marrow mononuclear cells (5 X 101 cells/well) were cul-
tured in the presence or absence of varying concentrations of TGF-a
for I wk followed by treatment with 1,25(OH)D3 (10-8 M) for the
next 2 wk. MNCswere counted after 3 wk of culture. Results are ex-
pressed as means±SEMfor three or four cultures. ND, not deter-
mined.
* Significantly different from cultures treated with 1,25(OH)D3 for
the last 2 wk, P< 0.01.
t Significantly different from cultures treated with 1,25(OH)D3 for
the last 2 wk, P< 0.05.
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formed (data not shown). Treatment of marrow cells with EGF
(0.1-50 ng/ml) for the first week followed by 1,25(OH)2D3 (1O-a
M) for the last two weeks significantly stimulated MNCfor-
mation (Table III). Maximal MNCformation in response to
EGFwas observed at concentrations of 10 ng/ml. Treatment of
the cultures with EGFdid not change the total number of ad-
herent cells per culture after 3 wk of culture (control
= 9,372±1,650 adherent cells; 10 ng/ml EGF = 9,240+1,056
adherent cells). In contrast to TGF-a and EGF, addition of other
growth factors such as fibroblast growth factor (0.5-50 ng/ml,
Collaborative Research, Inc.), platelet-derived growth factor (0.1-
10 ng/ml, Collaborative Research, Inc.), or recombinant human
insulinlike growth factor (0.25-25 nM, Amgen Biologicals,
Thousand Oaks, CA) to the cultures for the first week followed
by 1,25(OH)2D3 at 10-8 Mfor the next two weeks failed to stim-
ulate MNCformation (data not shown).

Autoradiographic studies (Table IV) showed that treatment
of cultures with 1,25(OH)2D3 (10-8 M) for the last 2 wk did not
significantly increase the number of MNCformed on coverslips
or the percentage of MNCscontaining labeled nuclei. However,
this treatment significantly increased the number of labeled nu-
clei in MNCscontaining at least one labeled nucleus. Treatment
of cultures with TGF-a (0.1 ng/ml) alone for the first week did
not affect these parameters. Addition of TGF-a for the first week
followed by 1,25(OH)2D3 for the next two weeks markedly in-
creased the number of MNCson the coverslips as well as the
percentage of MNCscontaining labeled nuclei. In separate ex-
periments, treatment of cultures with 1 ,25(OH)2D3 alone for all
three weeks significantly increased the number of MNCson
coverslips but did not change the percentage of MNCscontaining
labeled nuclei (unpublished results). These results suggest that
TGF-a stimulates the proliferation of precursors for the MNCs
and 1,25(OH)2D3 increases the rate of fusion of the precursors
into MNCs. EGF(10 ng/ml) stimulated MNCformation in a
similar manner as TGF-a (Table IV). Similar results were seen
in two other separate experiments.

Finally, we examined whether TGF-a preparations possessed

Table III. Effect of Varying Concentrations
of EGFon MNCFormation

Treatment MNCper culture

Week I Weeks 2 and 3 Exp. I Exp. 2

Medium 1,25(OH)2D3 3+1 15+1
EGF(0.0I ng/ml) 1,25(OH)2D3 ND 20+7
EGF(0.1 ng/ml) 1,25(OH)2D3 8+1* 32+4*
EGF(1 ng/ml) 1,25(OH)2D3 16+3* 40+6*
EGF(10 ng/ml) 1,25(OH)2D3 27+8* 90+19*
EGF(50 ng/ml) 1,25(OH)2D3 ND 28+5*
EGF(100 ng/ml) 1,25(OH)2D3 12+5 ND

Humanbone marrow mononuclear cells (5 X 101 cells/well) were cul-
tured in the presence or absence of varying concentrations of EGFfor
I wk followed by treatment with 1,25(OH)2D3 (10-a M) for the next 2
wk. MNCswere counted after 3 wk of culture. Results are expressed
as means±SEMfor three or four cultures. ND, not determined.
* Significantly different from cultures treated with 1,25(OH)D3 for
the last 2 wk, P< 0.01.
* Significantly different from cultures treated with 1,25(OH)2D3 for
the last 2 wk, P< 0.05.

Table IV. Autoradiography of MNCs
Formed in Response to TGF-a and EGF

Treatment Cells Labeled
MNCs/ containing nuclei/labeled

Week I Weeks 2 and 3 coverslip labeled nuclei cell

Medium Medium 453±73 12.0±2.3 1.10±0.05
Medium 1,25(OH)2D3 568±110 13.3±0.7 1.37±0.07*
TGF-a Medium 446±91 12.8±2.0 1.16±0.06
TGF-a 1,25(OH)2D3 831±38*4t 24.0±3.0*.§ 1.35±0.08*
EGF Medium 457±46 15.3±1.8 1.26±0.10
EGF 1,25(OH)2D3 806±28*4 24.0±2.5*.§ 1.60±0.19*

Humanbone marrow mononuclear cells (5 X 101 cells/well) were cul-
tured on the Lux coverslip in the presence or absence of TGF-a (0.1
ng/ml), EGF(10 ng/ml), or 1,25(OH)2D3 (10-8 M). After 24 h of cul-
ture, [3H]thymidine (0.5 ,uCi/well) was added for the next 48 h. Cells
were fixed after 3 wk of culture and processed for autoradiography.
MNCson coverslips and labeled nuclei in MNCswere scored. Results
are expressed as means±SEMfor three or four cultures.
* Significantly different from control cultures (medium alone),
P<0.01.
t Significantly different from cultures treated with 1,25(OH)2D3 for
the last 2 wk, P< 0.05.
§ Significantly different from cultures treated with 1,25(OH)2D3 for the
last 2 wk, P< 0.01.

granulocyte-macrophage colony stimulating factor (CSF-GM)
activity because our previous studies showed that CSF-GMin-
creased MNCformation when CSF-GMwas added for the first
week of culture followed by 1,25(OH)2D3 for the last two weeks
of culture (22). In a standard marrow culture CSFassay, PCM
at the concentrations of 1 or 10%markedly increased the number
of colonies at 7 and 14 d of culture (Table V). TGF-a at 0.001-

Table V. Effect of TGF-a on CFU-GMAssay

Colony formation

Exp. 1 Exp. 2

Treatment Day 7 Day 14 Day 7 Day 14

Medium 0 1±0.2 0 2±0.4
PCM(I%) ND ND 47±3 47±2
PCM(10%) 35±2 29±3 94±2 86±6
TGF-a (0.00 1/ng/ml) ND ND 0 1±0.6
TGF-a (0.1 ng/ml) 0 3±0.3 0 0.3±0.3
TGF-a (10 ng/ml) 0 1±0.2 1±0.5 0
PCM(1%) + TGF-a

(0.1 ng/ml) ND ND 50±5 27±0.2
PCM(10%) + TGF-a

(0.1 ng/ml) ND ND 107±6 81±6

Humanbone marrow mononuclear cells (5 X 104 cells/well) were cul-
tured in alpha MEMwith 20% fetal calf serum in methylcellulose, in
the presence or absence of PCMas a CSF. In selected experiments,
varying concentrations of TGF-a were added to cultures. CFU-GM-
derived colonies that are composed of 40 or more cells were counted.
Results are expressed as means±SEMfor three cultures. ND, not de-
termined.
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10 ng/ml did not stimulate colony formation. Furthermore,
TGF-a (0.1 ng/ml) did not affect colony formation stimulated
by PCM(Table V, exp. 2). Colonies formed in these cultures
were composed of granulocytes and monocytes-macrophages.
Discussion
Werecently reported that osteoclast-like MNCsare formed in
feline, baboon (16, 17), and human marrow long term cultures
(MacDonald, B. R., N. Takahashi, L. M. McManus, G. R.
Mundy, and G. D. Roodman, submitted for publication). These
MNCshave several ultrastructural features of osteoclasts, re-
spond appropriately to osteotropic hormones, and contain a tar-
trate-resistant acid phosphatase, a marker enzyme for osteoclasts.
This long-term marrow culture system allows us to test the action
of agents, which stimulate bone resorption and increase osteoclast
numbers on formation of osteoclast-like cell in vitro. Using this
culture system we can differentiate if these agents are increasing
osteoclast numbers by increasing the number of precursor cells,
increasing the rate of fusion of the precursors, or both.

In this report, we demonstrated that recombinant human
TGF-a increased the number of osteoclast-like MNCsin long-
term human marrow cultures when marrow cells were incubated
with TGF-a for the first week followed by 1,25(OH)2D3 for two
weeks. Autoradiographic studies demonstrated that TGF-a
stimulated the proliferation of precursors of MNCs while
1,25(OH)2D3 stimulated the fusion of these precursors into
MNCs. Wepreviously reported that CSF increases the number
of MNCsby stimulating proliferation of the precursors for these
cells in baboon marrow cultures, and 1,25(OH)2D3 potentiated
CSF effects by promoting fusion of the precursors (22). Thus,
the action of TGF-a on MNCformation is similar to that of
CSF. TGF-a, however, had no CSF-like activity in a standard
marrow culture CSFassay. This indicates that both TGF-a and
CSFare able to enhance the proliferation of precursors for os-
teoclast-like cells. Possibly the action of TGF-a may be restricted
to a committed osteoclast precursor, which may be a more dif-
ferentiated progeny of CFU-GM, while CSFis acting on the less
differentiated CFU-GM. In contrast to TGF-a and CSF, other
growth factors such as fibroblast growth factor, platelet-derived
growth factor, and insulinlike growth factor failed to stimulate
MNCformation. This suggests that although these growth factors
are mitogenic for many cell types, the stimulation of MNCfor-
mation appears to be a specific property of TGF-a and CSF.

EGFis known to be a potent stimulant of osteoclastic bone
resorption (20, 21). In our experiments, EGF increased the
number of osteoclast-like cells similar to TGF-a. These results
suggest that the bone-resorbing activity of EGFmay result in
part from the enhancement of proliferation of osteoclast pre-
cursors.

TGF-a has recently been implicated in the pathogenesis of
the humoral hypercalcemia of malignancy (14, 15). This syn-
drome is thought to be caused by tumor cells releasing circulating
factors that stimulate osteoclastic bone resorption (14, 15, 23).
Ibbotson et al. (12) first demonstrated that in the hypercalcemic
variant of the rat Leydig cell tumor, TGF-a-like activity was
produced by the tumor cells and stimulated bone resorption in
organ culture. The tumor-derived bone-resorbing activity was
blocked by antisera to the EGFreceptor (13). In addition, both
synthetic rat (8) and recombinant- human TGF-a have been
shown to stimulate bone resorption in vitro (9-1 1). These ob-
servations indicate that TGF-a maybe responsible for increased
bone destruction in some neoplastic disease states.

Although many lines of evidence indicate that TGF-a is a
tumor product in adult animal and human, TGF-a has also
been found in increased amounts in developing rodent embryos
(24). Recently, Smith et al. (25) reported that TGF-a accelerated
eyelid opening on newborn mice and Tam (26) showed that
TGF-a also accelerated incisor eruption in these animals. These
results suggest that TGF-a could have physiological actions in
the developing fetus and newborns. The effects of TGF-a on
bone resorption and on the formation of osteoclast-like cells
support the conclusion that TGF-a could play an important
role in bone metabolism in both normal and pathologic states
by stimulating the proliferation of osteoclast precursors. These
results further suggest that the precursors for osteoclast-like cells
are exquisitely sensitive to TGF-a and respond to TGF-a at
much lower concentrations than those reported in other sys-
tems (8-12).
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