
polysaccharides are superior to their un- 
charged counterparts (10). 

Determination of the exact role of sial- 
ic acid in the organ-specific adherence of 
lymphocytes to HEV awaits the isolation 
and characterization of the HEV attach- 
ment sites from the various lymphoid 
organs. 
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Stimulation of Bone Resorption in Vitro by Synthetic 
Transforming Growth Factor-Alpha 

Abstract. Experiments were conducted to test the hypoth~s i s  that tumor-derived 
transforming growth factor-alpha (TGF-a) is responsible for the increased bone 
resorption and hypercalcemia seen in some malignant diseases. Homogeneous 
synthetic TGF-a prepared by the solid-phase synthesis method stimuluted bone 
resorption directly in vitro in a concentration-dependent manner. Incubation times of 
72 hours or more were required to  stimulate resorption, which is similar to  the time 
course of bone resorption by epidermal growth factor. 

Transformed cells produce endoge- 
nous transforming growth factors 
(TGF's) that can reversibly induce the 
transformed phenotype in indicator cells 
in vitro. These polypeptide stimulators 
of cell growth and replication may repre- 
sent examples of autocrine or paracrine 
secretion by tumor cells (1). One class of 
these factors, called TGF-a, competes 
for binding to the epidermal growth fac- 
tor (EGF) receptor. Rat TGF-a has been 
sequenced and synthesized (2). We 
showed earlier that TGF-a activity is 
present in the partially purified material 
responsible for the bone-resorbing activ- 
ity in tumors associated with hypercalce- 

mia (3). We now report that synthetic 
TGF-a stimulates bone resorption di- 
rectly in vitro. Increased bone resorption 
may be an endocrine effect of TGF's 
secreted by tumor cells and may be 
responsible for the bone destruction fre- 
quently associated with malignancy. 

Synthetic rat-type TGF-a was pre- 
pared as described by Tam et al. (2). 
Purity of the protein was confirmed by 
sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis, amino acid analysis, 
and reversed-phase high-performance 
liquid chromatography (2). The biologi- 
cal activity of TGF-a preparations and 
synthetic TGF-a was monitored by 
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Fig. 1. Stimulation of bone resorption by 
synthetic TGF-a. Synthetic TGF-a was dis- ** solved in 100 PI of 10 mM acetic acid contain- 
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ing bovine serum albumin (BSA) (fraction V;  
5 mglml) (Sigma) and serially diluted into 
BGJb plus 5 percent fetal bovine serum. 

1.0 fetal rat long bones (5). Bones were cultured 
0 .5  1 . 0  2 .0  4 .0  8 . 0  for 96 hours. Bone-resorbing activity is ex- 

R a t  s y n tke t i c  TGF-a ( n g l m l )  pressed as the treated-to-control ratio of 4 5 ~ a  
release ( 2  standard error of the mean of four 

bones per group). Statistical differences were calculated with Student's t-test for unpaired data 
(*P < 0.05; **P < 0.025). 
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* 
Doses are expressed as nanogram equivalents 
of EGF per milliliter of culture medium. Con- 
trols were treated with equivalent concentra- 
tions of 10 mM acetic acid containing BSA. 
Bone resorption was assessed by measuring 
the release of 45Ca from previously labeled 



means of an EGF radioreceptor assay 
(4). Bone resorption was assessed by 
measuring the release of 4 5 ~ a  from previ- 
ously labeled fetal rat long bones. Preg- 
nant rats at the 18th day of gestation 
were injected with 200 pCi of 45Ca (5). 
The mothers were killed on the 19th day 
of gestation, and the fetuses were re- 
moved. The mineralized shafts of the 
radii and ulnae were dissected free of 
surrounding tissue and cartilage and 
placed in organ culture. The bones were 
incubated in BGJb medium (Irvine Sci- 
entific) for 24 hours at 37°C in a humidi- 
fied atmosphere of 5 percent C 0 2  and 95 
percent air to allow for the exchange of 
loosely complexed 45Ca. The bones were 
then cultured for 48 to 120 hours in BGJb 
medium supplemented with 5 percent 
fetal bovine serum (KC Biologicals) con- 
taining control or test substances. Bone- 
resorbing activity was measured as the 
percentage of total 4 5 ~ a  released into the 
medium and was expressed as a treated- 
to-control ratio. Statistical significance 
was determined with Student's t-test for 
unpaired data. 

Synthetic rat-type TGF-cx (molecular 
weight, 5600) in concentrations greater 

than 2 ng of EGF equivalents per millili- 
ter stimulated bone resorption in a con- 
centration-dependent manner in three 
separate experiments. The data from one 
experiment are shown in Fig. 1. Synthet- 
ic TGF-cx caused no significant bone 
resorption during the first 48 hours of 
bone culture but clearly stimulated re- 
sorption over the following 3 days (Fig. 
2). In this respect the synthetic form of 
TGF-a appears to be similar to EGF, 
which resorbs bone over a similar time 
course in this bioassay (6). The effect of 
TGF-a on bone resorption appeared to 
be independent of prostaglandin synthe- 
sis because bone-resorbing activity was 
not inhibited by ~ o - ~ M  or ~ o - ~ M  indo- 
methacin (data not shown). 

Since rat TGF-a resorbed bone in vi- 
tro, we also tested human preparations 
containing TGF-a activity for their ef- 
fects on bone. Partially purified prepara- 
tions of high and low molecular weight 
TGF-cx were prepared from a human 
melanoma cell line (7). These prepara- 
tions were partially purified by acid ex- 
traction and gel filtration chromatogra- 
phy (7). Both high (13,000) and low 
(6,000) molecular weight forms stimulat- 

ed bone resorption (Fig. 3). The high 
molecular weight form stimulated re- 
sorption within 48 hours, whereas the 
low molecular weight form required 72 to 
96 hours to stimulate resorption-a time 
course similar to that of synthetic rat- 
type TGF-a and EGF (6). The reason for 
the difference in time courses of the high 
and low molecular weight forms of TGF- 
a is not clear. The high molecular weight 
form may represent an incomplete pro- 
cessing of the precursor form (8) of TGF- 
a having slightly different properties. An 
alternative possibility is that the high 
molecular weight form contains other 
biologically active components that con- 
tribute to the bone-resorbing activity of 
the preparation. 

We showed earlier that in a rat model 
of the humoral hypercalcemia of malig- 
nancy, TGF-cx activity and bone-resorb- 
ing activity produced by the tumor cells 
eluted together from gel filtration col- 
umns (3). That observation led to the 
hypothesis that TGF-a, like EGF, could 
resorb bone (6). The bone-resorbing ac- 
tivity had an apparent molecular weight 
of 30,000 and eluted with TGF-a activi- 
ty, as assessed by stimulation of soft 
agar growth of kidney fibroblasts and 
inhibition of EGF binding to its receptor 
(3). We also found that antiserums to the 
EGF receptor that inhibit the action of 
the low molecular weight TGF sarcoma 
growth factor (9) inhibited the bone-re- 
sorbing activity produced by the Leydig 
tumor cells (10). Our data in this report 
together with earlier observations sug- 
gest that the TGF's could be responsible 
for the increased bone destruction asso- 
ciated with some neoplastic diseases. 
These factors probably circulate since 
increased amounts of TGF activity have 
been found in the urine of patients with 
cancer (II) ,  and extracts of urine from 
hypercalcemic cancer patients contain 
the bone-resorbing activity (12). All of 
these observations indicate that trans- 
forming growth factors may be humoral 
mediators of hypercalcemia in some neo- 
plastic disease states. 
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I 1 Fig. 2 (left). Time course of action of (0) 
Day 0 Day 2 ~a y 6 parathyroid hormone (400 nglml); (A) rat-type 

synthetic TGF-a (6 ng of EGF equivalents per 
milliliter; and (A) EGF (30 nglml). The bone resorption assay was performed as described in 
Fig. 1, except that the bones were first incubated for 48 hours, then transferred to wells 
containing fresh medium and parathyroid hormone, TGF, or EGF as appropriate and incubated 
for 72 hours longer. The release of 45Ca over each incubation period was measured. Bone- 
resorbing activity is expressed as the treated-to-control ratio of 45Ca release (t standard error 
of the mean offour bones per group) (*P < 0.05; **P < 0.025; **"P < 0.005). Fig. 3 (right). 
Bone resorbing activity of BioGel PI0 column fraction of TGF-a from medium conditioned with 
human melanoma cells (3. Open bars represent the 13,000-dalton fraction and hatched bars the 
6,000-dalton fraction. Lyophilized material was dissolved in 100 p1 of 10 mM acetic acid 
containing BSA (5 mglml). The amount of TGF-a added was either 4-ng or 2-ng equivalents of 
EGF per milliliter. The bone resorption assay was performed as described in Fig. 1, except that 
the bones were first incubated for 48 hours, then transferred to wells containing fresh medium 
and TGF as appropriate and incubated for 72 hours longer. The release of 45Ca over each 
incubation period was measured. Bone-resorbing activity is expressed as the treated-to-control 
ratio of 45Ca release (i standard error of the mean of four bones per treatment) ("P < 0.05, 
**P < 0.01, < 0.005). 
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Selection for Increased Safety Factors of Biological Structures 
as Environmental Unpredictability Increases 

Abstract. Theory predicts that selection should increase the ratio of the perform- 
ance of a biological structure or system to the requirements placed upon it (that is, 
its safety factor) as conditions become increasingly unpredictable. Although conven- 
tional safety factors are rarely measurable, an alternative, truncation safety factor 
(the ratio of mean strength to maximum possible load), can be measured quantita- 
tively for certain load-bearing structures. For intertidal limpet shells subject to 
prying forces, truncation safety factor was found to increase with increased 
variability in shell strength, thus providing direct support for the theory. 

Most biological structures, from the 
cellular to organ system level, have 
evolved in environments that are, to a 
greater or lesser degree, unpredictable. 
In particular, using load-bearing struc- 
tures as an example, one would expect 
lifetime maximum loads on such struc- 
tures to vary in an unpredictable fashion. 
Through environmental effects on devel- 
opment and aging, the strength of these 
structures should also vary unpredict- 
ably. Therefore, selection for the 
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strength of a structure, relative to the 
maximum load it must bear, should be 
sensitive not only to the average maxi- 
mum load likely to be encountered, but 
also to variability in the strength of the 
structure or the maximum load on the 
structure, or both ( I ) .  One measure of 
relative strength is "safety factor"-that 
is, the ratio of mean strength to mean 
lifetime maximum load (2). 

Figure 1A illustrates, for a hypotheti- 
cal load-bearing structure, the mean 
force required to break the structure (3) 
and the mean maximum force that struc- 
ture experiences during its lifetime 
(L,J, where these means are calculated 
for a population of individuals; safety 
factor equals Sit,,. Since individual 
structures in the population will not all 
break at the same force (S), there will be 
a variance in S.  Also, since individual 
structures will not all experience the 
same lifetime maximum load (L,,), there 
will be a variance in L,,. If the distribu- 
tion of L,, is described by function f and 
the distribution of S is described by 
function g,  then the probability (PF) that 
an individual structure, chosen at ran- 
dom from the population, will fail some- 
time during its lifetime is 

Fig. 1. Potential effect of increasing variance 
(unpredictability) on safety factor. The curves magnitudes PF are 
illustrate, for a given load-bearing, biological as shaded overlap regions in Fig. 1). If 
structure, the - distribution of structural such a failure i s  deleterious. selection 
strengths and lifetime maximum loads for should act to minimize PF by'increasing 
individuals within a single population as 
strength variance is increased. Increasing when it is possible to reduce i m x  or 
maximum load variance would have an analo- either variance. However, if there is a 
gous effect. 
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cost to strengthening the structure, PF 

mav not be reduced to zero. If the vari- 
ance in S or L,, is increased without 
changing the means, the overlap, and 
thus PF, will increase (Fig. 1B). Conse- 
quently, selection should act to increase 
the safety factor by increasing to bring 
PF back down to a suitably low value 
(Fig. 1C). Therefore, more variable sys- 
tems should experience selection for 
greater safety factors-that is, greater 
relative strengths (3). 

Testing this prediction requires a con- 
sistent measure of relative strength- 
that is, a measure (with statistically fixed 
points such as 3 and L,, used to define a 
safety factor) of the relative positions of 
the two curves illustrated in Fig. 1A. The 
mean and variance of strength are readi- 
ly obtained for many structures by mea- 
suring the force required to break several 
test specimens from the population of 
interest. The mean and variance of life- 
time maximum load, however, are usual- 
ly difficult to measure under natural con- 
ditions because of the heterogeneous 
environment of forces that most load- 
bearing structures experience. For ex- 
ample, L,, for a given segment of an 
adult zebra femur would be a complex 
function of several variables including 
the adult lifetime probabilities of a wide 
range of accelerations, decelerations, 
cruising speeds, falls, and collisions with 
predators and conspecifics. Biewener (4) 
has shown that a nonrigorous choice of 
L,, can lead to the perhaps unreason- 
able conclusion that the limb bones of 
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Fig. 2. Truncation safety factor for hypotheti- 
cal limpet population subject to prying forces. 
The shapes of the maximum prying load and 
shell strength distributions are meant to sug- 
gest that (i) maximum load variance is likely 
to be greater than strength variance because 
of the heterogeneity of the intertidal environ- 
ment, (ii) many limpets probably live to repro- 
duce and then die without ever having experi- 
enced a prying load, and (iii) maximum tenaci- 
ty determines the right-hand truncation of the 
maximum load curve. 
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