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INTRODUCTION 

Autocrine motility factor (AMF) is expressed by a wide variety of tumor cells, 
including several melanoma, fibrosarcoma, and prostate cancer and human MCF7 breast 
cancer cells, where its expression is stimulated by heregulin. It increases invasion through 
extracellular matrix and cell motility by a number of tumor lines. AMF is identical to a 
previously characterized molecule, neuroleukin, which is secreted by stimulated 
lymphocytes and is in turn the extracellular form of phosphoglucose isomerase, a 
glycolytic enzyme. The pathway of secretion of AMF is unknown but may follow a 
nonclassical route, similar to that taken out of cells by FGFs 1 &2. Serum phosphoglucose 
isomerase levels were used as a marker of metastatic breast disease over 40 years ago 
and found to correlate with the growth of tumor in bone. Since AMF is secreted by 
multiple tumor types by an unknown mechanism, it has not been developed as a useful 
prognostic marker. 

Our work is the first to test a role in vivo for AMF in experimental animal models. 
These experiments were initially hindered by a substantial and previously unsuspected 
species preference (about 100 fold for mouse versus human AMF). When administered 
to nude mice, CHO tumors constitutively over-expressing and secreting mouse AMF 
caused periosteal (on the outer surface of the long bones) new bone formation -an 
osteoblastic response, similar to the type which is found with about 15% of breast cancers 
metastatic to bone. In the past year we found that this periosteal response was consistent 
in two different models of metastasis. We also found that whenever the serum AMF 
concentrations of tumor-bearing animals were significantly increased, the animals 
displayed tumor-associated weight loss (cachexia), a major cause of morbidity and 
mortality in advanced metastatic disease. We found the effects of AMF on bone to be 
independent of the factor PTHrP, which we have previously shown plays a central role in 
osteolytic bone metastases caused by breast cancer. The elucidation of the 
interrelationship between PTHrP and AMF was a major goal of this proposal. We also have 
determined the clearance rate of AMF from the mouse circulation. 

The species-specific effects of AMF remain little understood; so we have 
undertaken to clarify the stucture:function relationships involved. In the past year we 
cloned, sequenced and expressed rabbit AMF, for which the x-ray crystallographic data 
were already partially solved. These results have been published. We also developed a 
recombinant protein expression system for the mouse and human factors, which we are 
now able to prepare in 100mg batches. The o human factor has been successfully 
crystallized and the x-ray structure solved to 1.8Ä by our collaborator. Sequences of the 
putative receptors for AMF from mouse and human cells were described 6 months ago; 
so it will now be possible to study ligand:receptor interactions. 
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BODY 

For the sake of clarity, the tasks completed in the first year of this award are briefly 
summarized. Then those completed during the second year (the subject of this progress 
report) are described. Finally the tasks remaining for the third year ahead are listed. The 
task numbering used is that of the statement of work (SOW) in the original proposal. The 
original proposal included 48 references. We continue this numbering with references 
added here beginning at 49. 

1) Progress in first year (previously reported) 1: Tasks 1-3, the analyses of secretion of 
AMF by various breast cancer cell lines, effects of exogenous factors on AMF secretion by 
cancer cells and on growth rates were completed on schedule. Unfortunately the regulation 
of AMF secretion (which goes via an entirely unknown, non-classical pathway) remains 
mysterious. Since it is not understood in vitro, we still have no idea how it might be 
regulated in vivo from tumor cells. R Kumar's laboratory recently reported regulation of 
AMF expression by heregulin (49); however this work did not demonstrate changes in 
secretion of functional AMF from the cells. 

Tasks 4 and 5, initial animal experiments, have been completed. The results of 5) 
are reported in the next section. Task 6, the preparation of a CHO cell line producing both 
mAMF and PTHrP and its use in the animal model (tasks 7-9, which were scheduled to 
overlap from years one into two)) has been completed. The results are summarized in the 
following section. Task 10, construction of amplifiable AMF plasmid was completed. This 
was intended for use in task 11 in year 2. This overall strategy has proven unsuccessful 
(discussed in the next section); so we present in the third section, alternate strategies now 
underway to carry out task 11. Tasks 15 and 16, data analyses and preparation have been 
carried out routinely in each year, as originally proposed. 

2) Current progress (4/1999-4/2000): 

Effects of AMF on bone metastases in vivo (tasks 4-9). We tested the effects of 
mouse AMF overproduction in nude mice using the CHO-1C6 cell line, which constitutively 
overproduces AMF from a gene-amplified plasmid vector. Conditioned media from this cell 
line have 8 fold elevated AMF content (80ng/ml/48hrs/million cells) compared to the control 
CHO-K1 cell line, in the absence of cell lysis, which releases intracellular PGI. All methods 
were as described in the original proposal. 

A) Effects of AMF overproduction by intramuscular tumors. The CHO-1 C6 
(AMF+) tumor line grows slightly faster both in vitro and in vivo than the CHO-K1 control. 
When these two cell lines were inoculated into the thigh muscle of nude mice, all animals 
developed large IM tumors. The periosteal bone surfaces of those mice bearing AMF+ 
tumors showed new bone formation by x-ray (figure 1, reported previously), indicated by 
arrows on the center and right-hand panels, compared to the mice bearing control tumors 
(left hand panel). This was confirmed by histology of bone sections following fixation and 
decalcification (figure 2). The arrows on the right hand panel indicate new bone formation 
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on the surface of the femur adjacent to the site of growth of the AMF+ CHO-1C6 tumor. 
We detected no such periosteal osteoblastic response in the the control CHO-K1 tumor- 
bearing animals. All animals were examined at autopsy and showed no tumor at other 
sites. 

The tumor-bearing animals were assessed for body weight, whole blood ionized 
calcium, and for plasma AMF concentrations. By assay of AMF via its phosphoglucose 
isomerase activity, we are readily able to detect basal AMF activity from 10(Jl of serum. 
In these experiments (with 6-8 animals per group) all the animals remained normocalcemic 
(figure 3), while plasma AMF was elevated in the AMF+ group only figure 4), and body 
weights were significantly decreased in the AMF+ group only (figure 5) compared to 
controls. [Please note that the experimental milli-units of PGI activity in figure 4 correspond 
to 1ng of 125Kda dimeric AMF protein.] Significance was determined by ANOVA. This 
experiment and the following one were halted at 2-3 weeks after cell inoculation, when the 
AMF+ animal groups showed severe cachexia and paraplegia. 

B) Effects on AMF overproduction by tumor cells metastatic to the long bones. 
The same experiment as the previous one was carried out, except that the mice were 
inoculated with the two types of CHO cells by the intracardiac route, which results in rapid 
development of osteolytic lesions, visible by x-ray, in the long bones near the growth 
plates. These animals did not have significant tumor formation at non-bone sites. The 
lesions on the primary x-rays (not shown) were quantified by a blinded observer using a 
computerized image analysis system. The results are expressed as both lesion number 
and lesion area (figure 6). AMF over-expression decreased both of these parameters 
compared to the lesions seen with the CHO-K1-bearing control animals; however, this 
reduction did not reach statistical significance and may reflect a trivial explanation due to 
the slightly slower growth rate of the AMF+ cell line. Very surprisingly, the detailed 
histological analysis of the bones from this experiment showed periosteal new bone 
formation indistinguishable from that seen with the intramuscular tumors in the previous 
experiment. Figure 7 shows representative results. The left hand panel shows a normal 
bone free of tumor. Cortical bone is intact, surrounding a marrow cavity containing 
trabecular bone and normal marrow cells. The right hand panel shows a bone with a 
severe osteolytic metastasis caused by the CHO-K1 control cell line. The tumor has 
completely replaced the marrow cavity, destroying the trabecular bone and eroding through 
the cortical bone at the upper right; so that tumor is now growing outside of the bone shaft. 
This same phenomenon is seen in the center panel with the AMF-overproducing CHO-1C6 
cell line. However, the osteolytic metastases in the animals, after erupting through the 
cortical bone, caused periosteal new bone formation (indicated by the arrow in figure 7) 
where the erupted tumor is in contact with the external surface of the long bone shaft. We 
have not been able to perform quantitative histomorphometry of the periosteal new bone 
formation, since there is normally no such bone formation at this site. There is therefore 
no baseline to which the experimental values could be compared. The new bone formation 
was consistently seen in all animals carrying well-advanced AMF+ tumors adjacent to the 
periosteum. 
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The histological results indicate that cells on the periosteum of bone, but apparently 
not on the inner surface of bone (either covering the trabecular elements or lining the inner 
aspect of the cortex) are specific targets for the effects of tumor-produced AMF. It is 
observed that breast cancers metastatic to bone result in about 85% osteolytic response 
and 15% osteoblastic, whereas bony metastases from prostate cancer are more often 
osteoblastic (1,2). It was our hypothesis when this proposal was submitted that AMF was 
probably an osteolytic factor and hence likely to be synergistic with PTHrP: the basis of the 
experiments in tasks 6 and 11 in particular. However, it now appears that AMF is, among 
other things, an osteoblastic factor. Our results show that it is an important factor causing 
pathological alterations in bone when the factor is expressed by metastatic tumor cells 
adjacent to bone. 

The animals in this experiment were assayed, as before, for serum AMF 
concentration, whole blood ionized calcium, and body weight. All animals remained 
normocalcemic (not shown). Both groups showed equivalent weight loss and serum AMF 
activity increases (figures 8 and 9). It should be noted that the assay used for AMF cannot 
distinguish host animal (mouse) from tumor-derived (human) AMF. We are unaware of any 
currently available reagents (such as monoclonal antibodies) which would permit this 
species-specific distinction. [Please note that, as above, the experimental milli-units of 
PGI activity in figure correspond to 1ng of 125Kda dimeric AMF protein.] 

Our previous data (contained in the progress report for last year) showed species- 
specific effects of AMF, suggesting that biologically active AMF in the osteolytic metastasis 
experiments is likely to be the mouse factor (and thus host-derived). They also suggest a 
biphasic dose-response of target cells to the factor; so that only intermediate levels of the 
factor (around 1 ng/ml) are likely to be agonistic. Finally, we previously showed that one of 
the effects was not directly upon osteoclasts or their precursors, but via the modulation of 
gene expression (such as RANK ligand and osteoprotegerin) of bone marrow stromal cells. 
These cells are in the osteoblast lineage; so it is not unreasonable to see an osteoblastic 
response from cells that bind AMF. It is only in the last six months that the full, correct 
sequences of two cDNAs have been published which probably encode the mouse and 
human AMF receptors (50). These closely related sequences encode a new subfamily of 
7-transmembrane domain G-protein-coupled receptors, with a small N-terminal 
extracellular domain and a very large C-terminal cytoplasmic domain. Formal proof has 
not yet been published that these proteins are capable of high affinity binding to AMF 
ligand proteins and transduction of signaling responses to exogenous AMF. The published 
data indicate that the putative AMFR is abundantly expressed by all mouse tissues tested 
except for spleen. We inspected the mouse and human EST database and found that the 
putative receptors are widely expressed in these databases, with over 100 hits for each 
species. We have prepared a nearly full-length mouse AMFR cDNA clone in a mammalian 
expression vector and are isolating a human cDNA. 

C) Interactions between AMF and PTHrP in vivo. The data in the previous section 
indicate that, contrary to our original hypothesis, AMF does not act as an osteolytic factor 
in bone metastases. Thus, synergistic or additive interactions between these two factors, 
AMF and PTHrP, were no longer anticipated (the purpose for tasks 6 and 11). We 
nevertheless were puzzled and surprised by the osteolytic phenotype displayed by both 
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control and AMF+ CHO cells in the previously described experiment. We therefore tested 
whetherthese cells might express endogenous PTHrP. The cells are of ovarian origin, and 
ovary is one of a number of tissues reported to express PTHrP. PTHrP was determined by 
Nichols 2-site ELISA of serum free medium conditioned for 48 hours by CHO-K1 and CHO- 
1C6 cells, with and without treatment with TGFbeta (a potent inducer of expression of 
PTHrP by breast cancer cells, ref. 51). Figure 10 shows the surprising result that both cell 
lines express substantial amounts of PTHrP. The receptor-binding N-terminus of PTHrP 
is identical in most mammals, and Chinese hamster PTHrP should have biological activity 
identical to either mouse or human factor. The level expressed by the two CHO cell lines 
is higher than that from unstimulated MDA-MB-231 breast cancer cells (51) and sufficient, 
from our experience to cause, osteolytic metastasis without systemic hypercalcemia. The 
CHO PTHrP was not regulated by TGFß. We have tested several other CHO cells lines 
expressing recombinant factors, and not all are PTHrP+. Thus, in this experiment we 
unintentionally completed tasks 6-9. The results from this task rendered task 11 entirely 
irrelevant. Below, we propose a modified version of task 11 and the subsequent tasks 
dependent upon it. 

D) Species-specific effects of AMF. Our data from the first year with osteoclast 
formation in bone marrow cultures showed a strong selectivity for the mouse factor with 
mouse cells and human factor with human cells. We are not aware that this ~100X species 
specificity has been observed in other assays. Two recent papers from an x-ray 
crystallography group in Taipei have reported that PGI/AMF from Bacillus 
stearothermophilus has AMF and neuroleukin biactivities in mammalian cell assays 
(51,52). These data were reported without full controls, statistical analysis for significance 
or characterization of the bacterial protein (such as freedom from endotoxin 
contamination). We are thus unconvinced that bacterial protein has AMF biological 
activities and were prompted to pursue basic biochemical characterization of the structural 
and functional bases of AMF activity in our bone cell assays in vitro. We therefore 
formulated a new task: Additional Task 17: Preparation of pure recombinant AMFs 
from multiple species. At the time we began this new task (summer 1999), data on the 
structures of mammalian PGI/AMFs were unavailable at high resolution. Conversations 
with Dr Christopher Davies, an x-ray crystallographer at University of Sussex, Brighton UK, 
indicated that x-ray data on the rabbit muscle protein were incompletely interpretable due 
to lack of the primary amino acid sequence. Our preliminary data for this proposal were 
obtained with rabbit muscle protein as a surrogate for the commercially unavailable human 
protein. We therefore undertook an efficient molecular approach to obtaining the cDNA 
sequence or rabbit AMF without the need to screen a cDNA library, based on highly 
conserved regions within the published sequences of mouse, human, and pig cDNAs. This 
strategy was fully successful, and the results have been published. The sequence is now 
publically available from Genbank (53). At the same time the laboratory of Petsko solved 
the rabbit x-ray structure and obtained the same cDNA sequence (54). 

As part of our cloning strategy, rabbit AMF was modified by PCR mutagenesis to 
create a 1.7kb DNA fragment flanked by unique Nde I (in frame with the initiator 
methionine codon) and EcoR I sites. The C-terminus was modified to add six consecutive 
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His codons followed by a stop codon. The 6His extension allows facile one-step purification 
by affinity chromatography under native conditions on NiNTA agarose. All of the technical 
details are provided in ref 53, a copy of which is appended. The Nde I to EcoR I DNA was 
subcloned into the commercially available bacterial T7 expression vector pET5a and 
introduced into E coli strain BL21DE3pLysS. Induction with 0.3mM iPTG resulted in 
abundant soluble expression of PGI/AMF. Again, all details are published. At the same 
time, we identified IMAGE clones encoding mouse and human PGIs from the Genbank 
EST databases. These clones were used to generate parallel Nde I to EcoR I fragments 
encoding 6His-tagged versions of both mouse and human AMFs (designated mAMFH6 
and hAMFH6). These were expressed in E. coli and purified on NiNTA agarose. Figure 11 
shows a representative induction on independently isolated bacterial colonies carrying 
pET5a-mAMFH6. The prominent band just below the 62kDa molecular weight marker is 
the predicted size for mammalian AMF/PGI (558 amino acids without the 6His extension). 
The rabbit, mouse, and human 6His proteins have all been expressed in E. coli and 
purified to >95% homogeneity by a single step binding to Qigen NiNTA agarose and elution 
with 0.25M imidazole. Yields are 30-70mg pure protein per liter of bacterial culture after 
3hrs induction at 30°C. Each protein showed a single band of about 60kDa on reducing 
denaturing SDS PAGE gel followed by Coomassie blue staining (figure 12 shows 
representative purification for mouse AMFH6). The proteins were characterized for PGI 
activity by conventional steady state kinetic assays and showed Km and Vmax values 
similar to one another and to those published for the enzyme conventionally purified from 
rabbit muscle. Mouse and human proteins were sent to Dr. Davies in Brighton and have 
yielded good quality crystajs. Dr. Davies has recently solved the crystal structure of human 
AMF125kDa dimerto 1.8Ä resolution (personal communication), using this recombinant 
material. We assayed the recombinant mAMFH6 and hAMFH6 for endotoxin 
contamination using a Limulus amoebocyte assay kit from Sigma. LPS contamination was 
less than one part per thousand. We tested these same two protein preparations in the 
bone marrow osteoclast differentiation assay described in the original proposal. Figure 13 
shows that mAMFH6 has potent biological activity at 0.1ng/ml (approximately 1pM) in the 
mouse marrow culture assay. As seen before, the dose-response curve was bell-shaped. 
As found previously, very much higher concentrations of human AMF were required for a 
significant response in this assay (figure 14). 

The results with bacterially expressed recombinant mouse and human AMFs fully 
confirm our previously reported results. They demonstrate that the biological activity of 
AMF on bone cells is not dependent on any mammalian post-translational modification or 
co-purifying contaminant. They provide an abundant source of the mammalian factors from 
three different species. They have also already provided the material for the solution of the 
crystal structure of human AMF. This new task was envisioned, designed, and completed 
entirely between the previous and the current progress reports. 

3) Work to be undertaken during third year of project. 

In the original proposal work in the third year included part of task 11 and tasks 12- 
14: to examine the effects in the mouse model of bone metastasis of over-expression of 
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AMF by the human breast cancer cell line MDA-MB-231. We showed in the work of this 
past year that AMF is an osteoblastic rather than an osteolytic factor and that its actions 
on bone are independent of those caused by PTHrP. We have already shown that the 
metastasis to bone of the MDA-MB-231 cell line is primarily dependent on PTHrP and its 
induction by bone-derived TGFbeta (7,8,55). Therefore there is no point in carrying out the 
precise experiment originally proposed. However, we believe that a very similar experiment 
merits performance. This would be to test in the mouse model of bone metastasis (exactly 
as proposed in tasks 12-14) expression of AMF in a relevant breast cancer cell line. 

As discussed in the original application and above, the pathway by which AMF is 
secreted by cells is entirely unknown. It is therefore unclear how to manipulate cells to 
enhance their secretion through the nonclassical pathway. This pathway is used by cells 
to secrete IL-1, FGFs 1 and 2, several of the cancer-associated galectins, platelet-derived 
endothelial cell growth factor (like AMF, PD-ECGF is the secreted from of an intracellular 
enzyme, as is autotaxin), and clotting factor XIIIA chain pro-transglutaminase (16,17). At 
least three proteins on this list (IL-1, FGF-2, and fXIIIA) have been successfully secreted 
from eukaryotic cells by providing their cDNAs with conventional ER signal peptides. We 
propose to test this approach. Two possible pitfalls are: a) the secreted AMFs will probably 
be glycoproteins and b) the relatively oxidizing environment of the endoplasmic reticulum 
may result in aberrant folding and disulfide bond formation involving the 3 to 5 free cysteine 
residues per AMF subunit. Aberrant folding is likely to result in the commonly encountered 
phenotype of ER retention and subsequent tetra-ubiquitin-mediated targeting to the 
proteasome for intracellular degradation. 

As described above, mouse, human, and rabbit AMF cDNAs have been subcloned 
as parallel Nde I to EcoR I 1.7kb fragments which add 6His C-terminal extensions. The 
Nde I recognition sequence is CTA ATG, with the second half encoding the initiator 
methionine. We have prepared a 75 base PCR fragment which encodes the 20 amino acid 
ER signal peptide from a mouse IgG kappa light chain as a Hind III to Nde I restriction 
fragment, with the Nde I in the same reading frame as in the AMFs. This fragment will be 
ligated into the standard expression vector pcDNA3 cut with Hind III to EcoR I, along with 
the Nde I EcoR I fragments from the three species. DNAs will be checked by restriction 
mapping and tested by transient transfection into human HEK 293 cells. Serum-free 
conditioned media will be tested for expression of AMFH6 protein by binding to NiNTA 
agarose, elution with imidazole and SDS PAGE gels followed by silver staining for the 
expected 62kDa band. Activity will be tested by conventional PGI activity assay. 

AMFs from all three species could be N-glycosylated at N91FS and N105RS. Mouse 
has an additional acceptor site at N39FS, and the human a third site at N249TT. If in these 
experiments no protein secretion is detected, the strategy will be terminated. If inactive 
protein is secreted, we can eliminate the 2 glycosylation sites by mutagenesis in vitro of 
the rabbit sequence for example. We have published these types of experiments 
previously. Standard protocols for renaturation in vitro of inactive PGI are available in the 
classic literature on the subject. 

If the secretory strategy is successful, mouse and human pre-AMFH6s will be stably 
transfected into the MCF7 breast cancer cell line. MCF7s form bone metastases when 
inoculated by the intracardiac route (T Guise and T Yoneda, unpublished). The cells cause 
indolent osteoblastic or mixed lytic/blastic metastases, in the absence of PTHrP production. 
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Stable transfectants are readily made in MCF7s and will be screened by assay of 
conditioned media for PGI enzymatic activity. 

Two other alternative approaches are available. One is parallel to the above but not 
as directly relevant. We now have available a bicistronic expression vector which carries 
the light and heavy chains for the monoclonal mouse IgG antibody 3F5, which we 
previously have used to neutralize PTHrP in vivo (55). This DNA (Figure 15) could be used 
stably to transfect the CHO-1C6 cell line to eliminate its production of active PTHrP in vivo. 
We have already shown that the DNA produces secreted nuetralizing activity. The DNA 
was transiently transfected into 293 cells and the IgG purified from serum-free conditioned 
media by binding to Protein G agarose. Eluted and neutralized material effectively inhibited 
Ca45 release from labeled neonatal rat long bones in response to exogenous synthetic 
PTHrP 1-34 (figure 16). PTHrP has nuclear, intracrine growth promoting effects at least 
in prostate cancer cells; so that the use of PTHrP-antisense DNA results in growth arrest 
of transfectants (our unpublished observations with the PC3 prostate cancer cell line.) The 
antibody secreting plasmid approach will neutralize only the PTHrP secreted outside the 
CHO cells, providing a reasonable surrogate of the originally proposed experiment. 

A final alternative is to use our now readily available recombinant mouse mAMFH6 
in animals. We have tested this material by ip injection (figure 17), resulting in readily 
detectable increases in the assayed levels of AMF in the peripheral circulation. These 
results indicate that AMF is rapidly cleared from the bloodstream. A multi-week bone 
metastasis experiment would require an impractical number of injections every few hours 
to sustain elevated blood levels. We are presently investigating the practicality of using 
Alzet minipumps to deliver the active factor. We do not yet have a detailed protocol for this 
experiment but will provide one prior to initiating such as approach. This technology would 
permit us to test the effect of AMF alone on systemic responses, such as cachexia, and 
on the fate of injected MCF7 cells to metastasize to bone. 

4) Future Directions. 

We think it likely that AMF could play a systemic role in cachexia of malignancy, 
which accompanies virtually all advanced cancers and which we have observed to be 
invariably associated with advanced bone metastases in the animal model. These same 
animals always have raised plasma AMF concentrations (figures 4 and 9), which is 
consistent with the old literature on PGI as a marker of human metastatic breast cancer 
tumor burden (18,19). We have tested whether the sera of the mice assayed in figures 4 
and 9 had increased concentrations of several well-known cachectic factors. The samples 
were assayed with ELISA kits from R&D Systems for mouse IL-6 and mouse TNFa. 
Neither factor was present above the limits of detection (60pg/ml and 30pg/ml, 
respectively). Other cachectic factors, such as IL-1, have not been assayed. The 
availability of the recombinant AMF proteins will permit testing of whether AMF itself is a 
cachectic factor in mice. The 6His tags will provide a means of distinguishing exogenous 
from endogenous AMF in experimental animals. We are obtaining (not with Army funds) 
a panel of mouse monoclonal hybridomas against hAMFH6, which has proved to be an 
excellent immunogen in mice. 

-12- 



The AMFs from mouse and human are 88% identical and have a number of conserved 
unique restriction sites; so that it would be straightforward to generate mouse-human 
chimeric AMF proteins and purify them from E. coli. These would allow us to determine the 
structural basis of the species-specific binding, which we presume to be via binding to the 
mammalian AMFRs. The species-specific receptonligand interactions could provide future 
targets for pharmacological intervention to block effects of tumor-produced effects on bone 
and on cachexia. 

Publications: The first paper from this work was published earlier this year (53). Data 
collection is complete and we anticipate submission of three papers this year: One ,on 
effects of AMF on RANK ligand, osteoprotegerin, and osteoclastogenesis in vitro. Two, on 
the effects of mouse AMF to cause perisoteal new bone formation iv vivo. [These data 
have been selected for oral presentation at the European Society for Calcified Tissue 
Research meeting in Tampere Finland , May 2000]. Three, describing the expression, 
purification, and kinetic and biochemical characterization of this AMFH6s from mouse 
rabbit and human and the activity of the recombinant mouse protein on bone cells in 
culture. 
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figure    4 
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figure    5 
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figure    8 
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figure    9 
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figure    14 
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KEY RESEARCH ACCOMPLISHMENTS 

AMF is a species-specific regulator or RANK ligand and osteoprotegerin mRNAs 
AMF induces mouse and human osteoclastogenesis in vitro 

AMF induces periosteal new bone formation in vivo. This is the first animal 
model experimentation with AMF 
Effects of AMF are independent of the osteolytic factor PTHrP 

Rabbit AMF cDNA cloned, sequenced, expressed, and purified 
Mouse AMF cDNA cloned, expressed, and purified 
Human AMF cDNA cloned, expressed, and purified 
Recombinant mouse and human factors normally active on bone cells 

Serum AMF elevated ~4X in mice bearing AMF+ tumors 
Serum AMF elevated ~4X in mice bearing bone metastases 
Serum clearance rate of mouse AMF determined 

Mouse and human AMF proteins crystallized 
Structure of human AMF collaboratively solved to 1.8A 

Serum [AMF] correlated with cachexia. Effects independent of IL-6 or TNFoc 

Bold indicates established during the second year of the proposed work. 
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REPORTABLE OUTCOMES 

First paper published: 

X li, JM Chirgwin (2000). Rabbit phosphoglucose isomerase/neuroleukin/autocrine motility 
factor: cloning via interspecies identity. Biochim BiophysActa 1476: 363-367. 

Abstract selected for oral presentation at the European Society for Calcified Tissue 
Research meeting in Tampere Finland , May 7, 2000: 

X Li, SJ Choi, GD Roodman, TA Guise, JM Chirgwin. Autocrine Motility Factor (AMF) 
Stimulates Periosteal New Bone Formation. 
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CONCLUSIONS 

AMF is a potent, multi-functional, biologically active, extracellular factor with 
unanticipated effects on bone when expressed by tumors metastatic to the skeleton. 
Effects are presumed to be mediated via recently-described seven transmembrane domain 
receptor class widely expressed on a variety of mammalian cell types (50). The 
biochemical basis of binding is as yet unexplored. Osteoblastic metastases are the second 
major type of breast cancer metastasis to the skeleton and the most common type of 
prostatic cancer metastasis to bone. AMF may play important roles in this important 
pathological and incurable complication of malignancy. Detailed biochemical 
characterization of the human and mouse factors, including their high resolution crystal 
structure, will facilitate understanding the molecular interactions of these potent ligands 
with their receptors. We have developed an abundant source of pure, active, recombinant 
factors which will greatly facilitate future work. We are now able to prepare mutant factors 
to test a number of unanswered questions in the field. Although the mechanism by which 
tumor cells secrete active AMF in unknown, it has recently been shown that heregulin 
increases AMF expression by breast cancer cells (49), further supporting an important role 
for AMF in tumor metastasis in vivo. Since there is no evidence for a normal physiological 
function or requirement for ligand binding to the AMF receptor in the adult, this 
receptor.ligand interaction could provide a new, specific target for pharmacological 
intervention to inhibit tumor metastasis by breast cancer cells to bone and possibly other 
sites. 
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APPENDIX 

Copies of two papers are attached: 

53. X li, JM Chirgwin (2000). Rabbit phosphoglucose isomerase/neuroleukin/autocrine 
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Abstract 

Phosphoglucose isomerase is the first committed enzyme of glycolysis. The protein also has a variety of biological activities 
on mammalian cells. The molecular basis of these extracellular functions is unclear, and the high resolution three- 
dimensional structure of a mammalian enzyme has not been described. We report here the cDNA and protein sequence for 
phosphoglucose isomerase from rabbit muscle. The sequence was obtained directly by PCR without the need to screen clones 
from a cDNA library and encoded active enzyme when expressed in bacterial cells. The 558 amino acid rabbit coding 
sequence is the same length as and highly similar (92% residue identity) to the sequences from human and pig and less so 
(88%) to the mouse enzyme. Non-conservative amino acid changes between the four mammalian sequences are concentrated 
in the first 35 and last five residues. The rabbit protein has an additional Cys residue and amino acid changes at five positions 
otherwise invariant in the mammalian enzymes.    © 2000 Elsevier Science B.V. All rights reserved. 

Keywords: Phosphoglucose isomerase; Autocrine motility factor; Neuroleukin 

The glycolytic enzyme phosphoglucose isomerase 
has several alternative names and a variety of bio- 
logical actions, including effects on peripheral neu- 
rons (neuroleukin [1]), tumor cell motility (autocrine 
motility factor [2]), monocyte differentiation [3], and 
bone marrow stromal cells (Li and Chirgwin, in 
preparation). These extracellular activities may be 
mediated by binding to a recently described receptor 
[4]. Phosphoglucose isomerase is a 125 kDa homo- 
dimer in mammals. The relation of isomerase enzy- 
matic activity to the extracellular biological roles of 

* Corresponding author. Fax: +1-210-567-6693; 
E-mail: chirgwin@uthscsa.edu 

1 This paper is dedicated to the memory of Professor Ernst A. 
Noltmann, who pioneered the study of rabbit phosphoglucose 
isomerase. 

the protein is not yet clear, although enzymatic ac- 
tivity in the serum of cancer patients has been 
studied for over 45 years [5] as a marker of meta- 
static disease. 

The crystal structure of a prokaryotic phosphoglu- 
cose isomerase from Bacillus stearothermophilus was 
recently published [6]. Although work was begun 
over 25 years ago to solve the structure of a mam- 
malian enzyme [7,8], high resolution data have not 
yet been published, in the case of the rabbit protein 
[9] due to lack of the amino acid sequence. Phospho- 
glucose isomerase from rabbit skeletal muscle has 
been commercially available from Sigma for decades, 
but its sequence has not been described. The rabbit 
protein has been used extensively because of the sim- 
ilarity of its behavior to the human protein. We 
therefore undertook to obtain the sequence of phos- 

0167-4838/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved. 
PII: S0167-4838(99)00258-7 
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phoglucose isomerase from rabbit muscle. The 
cDNA sequences of human, mouse, and pig proteins 
were used to design PCR primers to regions con- 
served between species. Pools of clones from a rabbit 
cDNA library were amplified with primers for N- 
and C-terminal regions of the protein. Amplified 
products were sequenced and used to design a second 
pair of primers encompassing the complete open 
reading frame, which was in turn sequenced and 
then expressed in Escherichia coli, where it encoded 
abundant phosphoglucose isomerase enzymatic activ- 
ity. 

A cDNA library prepared from skeletal muscle of 
New Zealand white rabbits in X Zap II vector (2 
million primary plaques) was obtained from Strata- 
gene Inc. (cat. 936901). A small aliquot was titered 
on XLIB MRF' cells and directly converted into 
ampicillin-resistant plasmids by a mass excision pro- 
tocol provided by the manufacturer, using SOLR 
cells and ExAssist helper phage. The resultant 
cDNA library, now in pBluescript plasmid, was 
plated to give 104 colonies per 100 mm dish. After 
18 h at 37°C, colonies were scraped from 36 plates 
into 5 ml each of saline, collected by centrifugation, 
transferred to microfuge tubes, and DNA was indi- 
vidually isolated with a plasmid miniprep kit (Prom- 
ega) according to the manufacturer's instructions. 

Published sequences of mouse (GenBank accession 
number M14220), human (K03515), and pig 
(X07382) phosphoglucose isomerase/neuroleukins 
were aligned with MacVector 6.5 software (Oxford 
Molecular) to identify regions of extended nucleotide 
sequence identity. All three cDNAs are about 2 kb 
with short 5' untranslated and 1674 base coding se- 
quences. One primer was RPG5c: 5'-GGAATTCA- 
GTCACCATGAGGGGTCCCAGGTC, which in- 
cludes a 27 base sequence that is identical in all 
three species, ending at base 522 in human, extending 
toward the N-terminus, and adding an EcoRI site. 
RPG3: 5' -GGA ATTCGCCATGT ATG AGCAC A- 
AGATC includes a 23 base sequence identical in 
all three species, extending 3' from base 1486 in hu- 
man, and adding an EcoRI site. 

The cDNAs were non-directional subclones with 
EcoRI adapters in the polylinker of the pBluescript 
plasmid vector, which provides flanking sites for T3 
and T7 primers. Individual pools of the library (50 
ng of template DNA) were amplified with a specific 

primer plus either T3 or T7 primer, using a Taq 
DNA polymerase kit (Life Technologies) for 25 
cycles under standard conditions in an MJ Research 
minicycler. All pools tested (12) gave a band of the 
expected size with RPG3-primed reactions. Several 
pools gave a band of the predicted size with the 
RPG5-primed reactions. Bands from two indepen- 
dent pools from each primer amplification were pu- 
rified with a gel extraction kit (Qiagen), digested with 
EcoRI, and ligated into pBluescript which had been 
digested with EcoRI plus alkaline phosphatase. 
White colonies were selected from X-gal indicator 
plates and DNAs isolated. These were sequenced us- 
ing the T3 and T7 primer sites in the vector. RPG5- 
primed clones (2) gave 45 bases of 5'ut and the first 
125 codons of phosphoglucose isomerase, while the 
RPG3-derived clones (2) gave the last 59 codons of 
the enzyme followed by 315 nucleotides of 3'ut. One 
of the clones had an additional five nucleotides of 
3'ut (shown in Fig. 1) and an 18 nucleotide polyA 
tail. Potential polyA addition signals are at positions 
1986 (ATAGA, conserved in all four mammalian 
cDNA sequences) and 1994 (ATAAA, occurring 
only in the rabbit and pig cDNAs). 

A second set of primers was designed from the 
initial sequence to amplify the entire open reading 
frame as a 1.7 kb Hmdlll to EcoRI fragment: 
RPG-N 5' -CCCAAGCTTCATATGGCCGCGCTC- 
ACCCGCAACCCG and RPG-C 5'-CGGAATTCT- 
TAATGGTGATGGTGATGGTGTTGGATTTTG- 
GCCTCACGCTGCTG. The primers convert the 
bases before the start codon into a unique Ndel 
site and replace the normal stop codon with an ex- 
tension of six histidine codons followed by a new 
UAA stop codon. The primers were designed so 
the DNA could be sequenced as a HindlU to EcoRI 
insert in pBluescript and also subcloned as an Ndel 
to EcoRI insert into the bacterial protein expression 
vector pET5a. Since the PCR primers were dictated 
by the template sequence, they were not optimized 
and required the use of hot-start Taq DNA polymer- 
ase for efficient amplification of the target sequence, 
which was subcloned as before. One of the sequenced 
pBluescript subclones was digested with Ndel and 
Hindlll to release the coding insert, which was gel 
purified and ligated into correspondingly double-di- 
gested pET5a DNA (Stratagene). The recombinant 
plasmid was transformed into E. coli strain XLIB, 
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30 60 90 120 
CAGCCGCGGCGCACG TCCCGGTCCGTGCAC CCTGCTGGCCGCGCC ATGGCCGCGCTCACC CGCAACCCGCAGTTC CAGAAGCTGCAGCAA TGGCACCGCGAGCAC GGCTCCGAGCTCAAC 

MetAlaAlaLeuThr ArgAsnProGlnPhe GlnLysLeuGlnGln TrpBiaArgGluBia GlySerGluLeuAan> 25 

150 180 210 240 
CTGCGGCACCTTTTC GATACCGACAAGGAG CGCTTCAACCACTTC AGCTTGACGCTCAAC ACCAACCATGGCCAT ATTCTGTTGGATTAC TCCAAGAACCTGGTG ACGGAGGAGGTGATG 
LeuArgBiaLeuPhe AapThrAapLysGlu ArgPheAanBisPhe SerLeuThrLeuAan ThrAsnHisGlyHis IleLeuLeuAapTyr SerLyaAanLeuVal ThrGluGluValMet> 65 

270 300 330 360 
CACATGCTGCTGGAC CTGGCCAAGTCCAGG GGTGTGGAGGCCGCG CGGGAGTCCATGTTC AATGGTGAGAAGATC AACAGCACAGAGGAC CGGGCAGTCCTGCAT GTGGCCCTGCGGAAC 
HiaMetLeuLeuAap LeuAlaLyaSerArg GlyValGluAlaAla ArgGluSerHetPhe AanGlyGluLyalle AanSerThrGluAap ArgAlaValLeuBia ValAlaLeuArgAan> 105 

390 420 450 480 
CGCTCCAACACACTC ATTGTGGTGGACGGC AAGGACGTGATGCCG GAAGTCAACAAGGTT CTGGACAAGATGAAG GCCTTCTGCCAGCGG GTCCGCAGTGGCGAC TGGAAGGGGTACACG 
ArgSerAanThrLeu IlaValValAapGly LyaAapValMetPro GluValAanLyaVal LeuAapLyaMetLya AlaPheCyaGlnArg ValArgSerGlyAap TrpLyaGlyTyrThr> 145 

510 540 570 600 
GGCAAGACCATCACG GACGTCATCAACATT GGCATCGGTGGCTCC GACCTGGGACCCCTC ATGGTGACCGAAGCT CTGAAGCCATACTCG TCGGGAGGCCCCCGC GTCTGGTTTGTCTCC 
GlyLysThrlleThr AspVallleAanlle GlylleGlyGlySer AspLeuGlyProLeu MetValThrGluAla LeuLyaProTyrSer SerGlyGlyProArg ValTrpPheValSer> 185 

630 660 690 720 
AACATCGATGGGACC CACATTGCCAAAACG CTGGCCTGCCTGAAC CCCGAGTCGTCCCTG TTCATCATCGCCTCC AAGACCTTTACCACC CAGGAGACCATCACG AACGCAGAGACGGCC 
AanlleAapGlyThr BialleAlaLysThr LeuAlaCysLeuAan ProGluSerSerLeu PhellelleAlaSer LysThrPheThrThr GlnGluThrlleThr AanAlaGluThrAla>225 

750 780 810 840 
AAGGACTGGTTTCTC CTGTCCGCCAAGGAT CCTTCTACAGTTGCG AAACACTTTGTCGCG CTGTCTACTAACACG GCCAAAGTGAAAGAG TTTGGAATTGACCCT CAAAACATGTTCGAG 
LyaAapTrpPheLeu LeuSerAlaLyaAap ProSerThrValAla LyBBiaPheValAla LauSerThrAanThr AlaLyaValLyaGlu PheGlylleAapPro ÖlnAanHotPheGlu> 265 

870 900 930 960 
TTCTGGGACTGGGTG GGAGGACGCTACTCG CTGTGGTCAGCCATC GGCCTCTCCGTCGCC CTGCACGTGGGTTTT GACAACTTCGAGCAG CTGCTCTCCGGGGCT CACTGGATGGACCAG 
PheTrpAapTrpVal GlyGlyArgTyrSer LeuTrpSerAlalle GlyLeuSerValAla LeuHiaValGlyPhe AspAanPheGluGln LeuLeuSerGlyAla HiaTrpMetAapGln>305 

990 1020 1050 1080 
CACTTCCGCACGACG CCCCTGGAGAAGAAC GCCCCCGTCCTGCTG GCCATGCTGGGGATC TGGTACATCAACTGC TTTGGGTGTGAGACT CAGGCCGTGCTGCCC TATGACCAGTACCTG 
BiaPheArgThrThr ProLeuGXuLyaAan AlaProValLeuLeu AlaMetLeuGlylle TrpTyrlleAanCya PheGlyCysGluThr GlnAlaValLeuPro TyrAapGlnTyrL«u>345 

1110 1140 1170 1200 
CACCGCTTTGCAGCC TACTTCCAGCAGGGT GACATGGAGTCCAAT GGGAAGTACATCACC AAGTCCGGCGCCCGT GTGGACCACCAGACG GGCCCCATTGTGTGG GGGGAGCCGGGGACC 
BiaArgPheAlaAla TyrPheGlnGlnGly AspMetGluSerAsn GlyLysTyrlleThr LyaSerGlyAlaArg ValAspHiaGlnThr GlyProIleValTrp GlyGluProGlyThr> 385 

1230 1260 1290 1320 
AACGGCCAGCATGCC TTCTACCAGCTCATC CACCAAGGCACCAAG ATGATACCCTGTGAC TTCCTCATCCCAGTC CAGACCCAGCACCCG ATCCGGAAGGGTCTG CACCACAAGATCCTG 
AanGlyGlnBiaAla PheTyrGlnLeuIlo BiaGlnGlyThrLys HetlleProCyaAsp PheLoulleProVal GlnThrGlnBisPro IleArgLyaGlyLou HiaBiaLyaIleLau>425 

1350 1380 1410 1440 
CTGGCCAACTTTCTA GCGCAGACCGAGGCC CTGATGAAGGGGAAA TCGACAGAGGAGGCC CGTAAGGAGCTGCAG GCTGCAGGCAAGAGT CCCGAGGACCTCATG AAGCTGCTGCCACAC 
LeuAlaAsnPheLeu AlaGlnThrGluAla LeuMetLysGlyLya SerThrGluGluAla ArgLysGluLouGln AlaAlaGlyLysSer ProGluAspLauMet Ly3LouLeuProBia>465 

"70 1500 1530 1560 
AAGGTCTTTGAAGGA AATCGCCCAACGAAC TCTATCGTGTTCACG AAGCTCACACCATTC ATCCTTGGAGCCTTG ATCGCCATGTATGAG CACAAGATCTTCGTC CAGGGCGTCGTCTGG 
LyaValPheGluGly AanArgProThrAsn SerlleValPheThr LyaLeuThrProPhe IloLeuGlyAlaLsu IleAlaMotTyrGlu BiaLysIloPhaVal GlnGlyValValTrp>505 

1590 1620 1650 1680 
GACATCAACAGCTTC GACCAGTGGGGAGTG GAGTTGGGAAAGCAG CTGGCTAAGAAGATC GAGCCGGAGCTGGAC GGCAGCAGTCCCGTG ACCTCTCACGACTCC TCCACCAACGGGCTC 
AspIlaAsnSerPhe AapGlnTipGlyVal GluLeuGlyLysGln LeuAlaLysLysIle GluProGluLeuAsp GlySerSarProVal ThrSerBisAapSer SarThrAanGlyLeu> 545 

1710 1740 1770 1800 
ATCAACTTCATCAAG CAGCAGCGTGAGGCC AAAATCCAATAAACT CGTGTTCGGCCGCAA CCCCTGTCGTGACTG GTCCTTGTCCCACCT CACCAGAGTCTGCAC TGCATGGCCCTGGCC 
IloAanPhelleLya GlnGlnArgGluAla LysIleGln**»> 

183° I860 1890 1920 
CTCCCTGCCCAGAGC ACTCTCGGGCCGTGG GCTTAGACCCCCAGC CCCTTGAGTGGGTGG GGTGGGGCACTCGAA GCCAGTCTGGATCCA CCACTGCCACCCCTT CGACGTCCACTGTCC 

1950 1980 2010 
CTGTTTTACGATTGG CTGAAGTGTGTCAGT GCCGCTGATTCGTTT GACCTGTGATCACAT CTCAAATAGAAAAAT AAAGATGTCACAAAG G 

Fig. 1. Sequence of 2011 nucleotide rabbit phosphoglucose isomerase cDNA and the 558 amino acid open reading frame. Spaces are 
at 15 base/5 amino acid intervals. DNA numbering is above the sequence and protein numbering at the right margin. 

purified, and verified by restriction mapping. It was 
then transferred into the specialized host cells 
BL21DE3pLysS (Stratagene). Protein expression 
was induced according to standard conditions [10] 
with 0.3 mM isopropylthiogalactoside, and the cells 
were harvested after 3 h at 30°C. Cell cytosols were 
isolated by sonication and centrifugation. The solu- 

ble supernatants were assayed for phosphoglucose 
isomerase enzymatic activity by monitoring the con- 
version of fructose 6-phosphate to glucose 6-phos- 
phate using a standard coupled spectrophotometric 
assay [11]. Protein concentrations were determined 
with a commercial dye binding kit (Pierce). Oligonu- 
cleotide synthesis and DNA sequencing (fully con- 
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firmed on both strains) were carried out by the Cen- 
ter for Advanced DNA Technologies, Department of 
Microbiology. 

Fig. 1 shows the composite complete cDNA se- 
quence for phosphoglucose isomerase from skeletal 
muscle of New Zealand white rabbit. Except for the 
last five bases of the 3' untranslated sequence and the 
polyA tail, identical sequences were obtained from 
clones isolated from separate pools of the library. 
The untranslated regions are of similar extent to 
those reported for the cDNAs from mouse, human, 
and pig. The 558 amino acid protein sequence is 
entirely co-linear with those from the other species 
and shows substantial amino acid sequence identity 
to human (92%), pig (92%), and mouse (88%) en- 
zymes. The sequence is available from GenBank: 
accession number AF199601. The subunit molecular 
weight (62 744, and p/= 7.25 were calculated with the 
Mac Vector Protein Toolbox) shows good agreement 
and the amino acid composition excellent agreement 
with the values experimentally determined 30 years 
ago by classical means [12]. The mammalian enzymes 
have four conserved cysteine residues (with Cys330 
changed to Phe in the pig). The rabbit enzyme has a 
fifth cysteine at non-conserved position 198. It also 
has five amino acid changes at otherwise invari- 
ant positions: Serl31Ala, Ala238Thr, Leu322Met, 
Asn329Ser, and Glu460Met. (The residue before 
the number is found in mouse, pig, and human; 
the residue after the number is found in rabbit.) 
All the mammalian enzymes show highly conserved 
core sequences. Variable residues are concentrated at 
the N-terminus (eight variable positions between res- 
idues 15 and 35) and the C-terminus (last five resi- 
dues). The significance of these sequence variations 
should become clear when high resolution structures 
of rabbit and pig enzymes are published. 

Sequence alignment shows no gaps in the 558 ami- 
no acid coding sequences of the four mammalian 
cDNAs. The bacterial enzymes are over 100 amino 
acids shorter, with many deletions [6]. Surprisingly, 
substantial blocks of conserved nucleotide sequence 
also occur throughout the mammalian 3' untrans- 
lated regions, along with gaps and insertions. Un- 
translated regions seldom show interspecies conser- 
vation. The data suggest that the 3'ut of 
phosphoglucose isomerase could serve a regulatory 
or other function. Both at the DNA and protein 
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Fig. 2. Bacterial expression of rabbit phosphoglucose isomerase 
enzymatic activity. E. coli cells carrying two independently de- 
rived clones of the C-terminally (His)(,-extended rabbit DNA in 
the pET5a vector were grown to A(mnm =0.5 and induced for 
3 h. Cell lysatcs were cleared by ccntrifugation and equivalent 
amounts assayed. Results were expressed as specific activity of 
induced (I) versus uninduccd (U) samples and compared to that 
of commercial (C) rabbit enzyme (Sigma). 

levels, human and pig sequences show the highest 
identity, while the rabbit is slightly more distant 
from these two. The mouse sequence is considerably 
more diverged. These sequence relationships are con- 
sistent with our observation that the effects of mouse 
phosphoglucose isomerase are specific for mouse 
bone marrow cells, while rabbit and human proteins 
are both active on human marrow cells (Li et al., in 
preparation). 

Fig. 2 demonstrates phosphoglucose isomerase cat- 
alytic activity directed by the cloned sequence, com- 
pared to the empty vector control. The activity of the 
rabbit enzyme is similar to that obtained with the 
mouse and human proteins when expressed with 
C-terminal (His)(, tags, and all can be purified to 
homogeneity by metal chelate affinity chromatogra- 
phy (Li et al., in preparation). Induction of the bac- 
terial cultures resulted in an approximately 10-fold 
increase in isomerase activity. The specific activity 
of the induced lysate was 10% that of the highly 
purified commercial enzyme. The C-terminal (His)6 
tag will facilitate future purification of the enzyme 
with site-directed mutations which may interfere 
with activity. 

The elucidation of the rabbit muscle phosphoglu- 
cose isomerase sequence required only four custom 
PCR primers and a commercially available rabbit 
cDNA library. No screening of the library as plaques 
or colonies was required. The inducible activity when 
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expressed in the pET5a vector confirmed that the 
coding information was correct; it also provides a 
substantial source of the recombinant rabbit enzyme, 
which can be purified by standard Ni-NTA agarose 
affinity chromatography (not shown). The public da- 
tabases contain many sequences in the form of ESTs 
from mouse and man. However, few sequence data 
for species such as rabbit are available. We used the 
published sequences of phosphoglucose isomerase/ 
neuroleukin from mouse, human, and pig to design 
primers to amplify the 2 kb full-length sequence of 
the homologous cDNA from rabbit. The strategy 
was PCR based and required very little commitment 
of labor or resources. This approach could be ap- 
plied to the rapid isolation and expression of protein 
sequences of interest from organisms which are not 
yet the subject of extensive sequence analysis. 

The availability of the rabbit protein sequence 
should facilitate interpretation of the rabbit crystallo- 
graphic data [9]. A three-dimensional structure of a 
mammalian protein will permit analysis of the rela- 
tion between intracellular isomerase activity and the 
extracellular biological activities, as well as compar- 
ison of the structures of mammalian and bacterial 
isomerases [6] and assessing the controversial claim 
that the enzyme from B. stearothermophilus has ac- 
tivity in the mammalian factor bioassays. 

This research was supported by a grant from the 
U.S. Army Breast Cancer Research Program and a 
Merit Award from the Veterans Administration Re- 
search Service to J.M.C. 
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TGF-ß signaling blockade inhibits PTHrP secretion 
by breast cancer cells and bone metastases development 
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Breast cancer frequently metastasizes to the skeleton, and the associated bone destruction is mediated 
by the osteoclast. Growth factors, including transforming growth factor-ß (TGF-ß), released from bone 
matrix by the action of osteoclasts, may foster metastatic growth. Because TGF-ß inhibits growth of 
epithelial cells, and carcinoma cells are often defective in TGF-ß responses, any role of TGF-ß in metas- 
tasis is likely to be mediated by effects on the surrounding normal tissue. However, we present evidence 
that TGF-ß promotes breast cancer metastasis by acting direcdy on the tumor cells. Expression of a dom- 
inant-negative mutant (TßRüAcyt) of the TGF-ß type II receptor rendered the human breast cancer cell 
line MDA-MB-231 unresponsive to TGF-ß. In a murine model of bone metastases, expression of TßRI- 
IAcyt by MDA-MB-231 resulted in less bone destruction, less tumor with fewer associated osteoclasts, 
and prolonged survival compared with controls. Reversal of the dominant-negative signaling blockade 
by expression of a constitutively active TGF-ß type I receptor in the breast cancer cells increased tumor 
production of parathyroid hormone-related protein (PTHrP), enhanced osteolytic bone metastasis, and 
decreased survival. Transfection of MDA-MB-231 cells that expressed the dominant-negative TßRIIA- 
cyt with the cDNA for PTHrP resulted in constitutive tumor PTHrP production and accelerated bone 
metastases. These data demonstrate an important role for TGF-ß in the development of breast cancer 
metastasis to bone, via the TGF-ß receptor-mediated signaling pathway in tumor cells, and suggest that 
the bone destruction is mediated by PTHrP. 

/ Clin. Invest. 103:197-206 (1999). 

introduction of breast cancer metastatic to bone, which reveals tumor 
In 1889, Paget (1) proposed the "seed and soil" hypothe- cells adjacent to bone-resorbing osteoclasts (5). Bisphos- 
sis to explain the predilection with which breast cancer phonates, potent inhibitors of osteoclastic bone resorp- 
grows in bone. Despite these observations, the mecha- tion, decrease the morbidity associated with breast cancer 
nisms underlying the affinity with which breast cancer bone metastases (6, 7). These findings indicate that the 
grows in bone are not completely understood Breast can- bone destruction by breast cancer is mediated by tumor 
cer metastasizes to bone in greater than 80% of patients stimulation of osteoclastic bone resorption. 
with advanced disease and causes local osteolysis (2). The Parathyroid hormone-related protein (PTHrP) is a 
associated pain, pathological fracture, hypercalcemia, tumor product (8-10) that stimulates osteoclastic bone 
and nerve compression syndromes are consequences of resorption and renal tubular «absorption of calcium by 
the bone destruction. These morbid complications can be binding to a common PTH/PTHrP receptor (11,12). The 
devastating, because patients with breast cancer and bone majority of patients with solid tumors and hypercalcemia 
metastases may survive for many years. have increased plasma PTHrP concentrations (13). PTHrP 

A unique characteristic of the skeleton is the storage may have a more common role in malignancy as a media- 
within bone matrix of immobilized growth factors such tor of osteolytic bone metastasis in breast cancer, even in 
as transforming growth factor (TGF)-ß, insulin-like the absence of hypercalcemia. Women with PTHrP-posi- 
growth factor (IGF)-l and -2, fibroblast growth factor tive primary breast tumors are more likely to develop bone 
(FGF)-l and-2, and platelet-derived growth factors (3). metastases (14). Human breast cancer cells express PTHrP 
The most abundant repository for TGF-ß is the bone more often in bone (IS) than in the primary (16) or soft tis- 
matrix, and it is released locally in the microenvironment sue sites, and neutralizing antibodies to PTHrP inhibit the 
as a consequence of osteoclastic bone resorption (4). Thus, development of osteolytic metastases by human breast 
tumor cells with the capacity to stimulate osteoclastic cancer cells in vivo (17). The reasons for increased expres- 
bone resorption may enrich the bone microenvironment sion of PTHrP in bone are unknown, but bone-derived 
with growth factors that may alter behavior of tumor cells, growth factors may be responsible. 
Data in support of this include histological examination Because TGF-ß is one of the most abundant growth 
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factors in bone matrix (3), is released in 
active form during osteoclastic bone 
resorption (4), and increases PTHrP 
expression by cancer cells in vitro (18-21), 
we postulated that TGF-ß was responsi- 
ble for enhancing PTHrP production in 
the bone microenvironment and the sub- 
sequent bone destruction. To test this 
hypothesis, the human breast cancer cell 
line MDA-MB-231 (22) was transfected 
with a cDNA encoding a TGF-ß type II 
receptor lacking most of the cytoplasmic 
domain (TßRIIAcyt), which acts as a 
dominant-negative to block the biologic 
effects of TGF-ß (23). Expression of this 
mutant receptor in human breast cancer 
cells inhibited TGF-ß-stimulated PTHrP 
production and blocked the growth 
inhibitory effects of TGF-ß in vitro. Block- 
ade of TGF-ß responsiveness in breast 
cancer cells resulted in decreased osteol- 
ysis, less tumor burden in bone, and 
enhanced survival in mice bearing tumors 
that expressed the dominant-negative recep- 
tor. When TGF-ß responsiveness of the 
breast cancer cells expressing the domi- 
nant-negative type II receptor was 
restored by expression of a constitutively 
active TGF-ß type I receptor subunit, 
growth of tumor in bone and osteolysis 
were markedly enhanced, and survival 
was decreased. Because PTHrP produc- 
tion was increased fivefold in this tumor 
line, the data suggested that the effects of 
TGF-ß to enhance bone destruction were 
mediated by PTHrP. To confirm this 
notion, a cDNA-encoding human PTHrP 
was transfected into the breast cancer 
cells expressing the dominant-negative 
type II receptor. The resulting increase in 
constitutive PTHrP production in vitro 
was associated with accelerated bone 
metastases in vivo. 
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Figure 1 
(a) Effects of bone growth factors on PTHrP secretion from MDA-MB-231 cells in vitro. 
MDA-MB-231 cells were plated onto48-well plates and grown to near confluence. Cells 
were washed and treated with serum-free media containing the respective growth factors 
for 48 h. PTHrP concentrations in conditioned media were corrected for cell number. 
Only the results for the highest concentration of each growth factor are shown. Inset: Dose 
response for PTHrP secretion by MDA-MB-231 cells treated with TGF-ß. Values represent 
the mean ± SEM (n - 3 pergroup).(fc) Effect ofTGF-ß on PTHrP secretion by MDA-MB- 
231, MDA/pcDNA3, and MDA/TßRIIAcyt clones. Respective cells were plated onto 48- 
well plates and treated as described in a. Values represent the mean ± SEM (n = 3 per 
group). P- parental MDA-MB-231; EV" empty vector pcDNA3 clone; 1, 2, and 3 are 
respective MDA/TßRIIAcyt clones, (c and d) Osteolytic lesion area from radiographs of 

two separate experiments comparing clones 3 and 2 (c) or clones 1 and 2 (</) with con- 
trols of MDA-MB-231 (P) or pcDNA3 vector (EV). Values represent mean ± SEM (n - 4 
per group). *P<0.05, **P< 0.01 ,***P< 0.001 vs. controls. PTHrP, parathyroid hor- 
mone-related protein; TGF-ß, transforming growth factor-ß. 

Methods 
Cells. MDA-MB-231 cells were cultured in DMEM (Life Tech- 
nologies Inc., Rockville, Maryland, USA) containing 10% FCS 
(HyClone Laboratories, Logan, Utah, USA), 1% penicillin/strep- 
tomycin, and nonessential amino acids (GIBCO BRL, Gaithers- 
burg, Maryland, USA). To test the effect of bone-derived growth 
factors on PTHrP secretion by MDA-MB-231 cells, 10" cells/ml 
were plated onto 48-well plates. When near confluence, cells were 
washed with PBS, and 250 |il of serum-free DMEM containing 
the following growth factors was added to each well: TGF-ß 1 (0, 
1,5, or 10 ng/ml), FGF-1 (0,4,20, or 40 ng/ml), FGF-2 (0,4,20, 
or 40 ng/ml), PDGF (0,1,5,10, or 40 ng/ml), IGF-1 (0,1,5,10, 
or 40 ng/ml), and IGF-2 (0,1,5,10, or 40 ng/ml). TGF-ßl, FGF- 
1, FGF-2, PDGF, IGF-1, and IGF-2 were purchased from R&D 
Systems Inc. (Minneapolis, Minnesota, USA). Conditioned 
media were collected after 48 h, stored at -70 ° C for PTHrP meas- 
urement, and cell number was counted for each well to correct 
the PTHrP concentration of the conditioned media. Triplicate 
measurements were performed for each treatment. 

To measure the effects of TGF-ß on the growth rate of MDA- 

MB-231 cells and respective clones, 104 cells/ml were plated onto 
each of two 24-well plates. One plate was treated with TGF-ßl 
(20 ng/ml) and the other with vehicle. Cell number was counted 
daily for 8 days; each measurement was performed in triplicate. 

Stable transaction of MDA-MB-231 cells with<DNAfor the truncat- 
ed type II TGF-ß receptor (TßRIIAcyt). TßRIIAcyt cDNA (23) was 
subcloned from pMEP4 into the pcDNA3 expression vector 
(Invitrogen Corp., Carlsbad, California, USA) as a 
HmdIII-B«roHI fragment. The pcDNA3/TßRIIcyt DNA or the 
empty vector, pcDNA3, was transfected into MDA-MB-231 cells 
by calcium phosphate precipitation. Single clones were isolated 
by limiting dilution in the presence of the selective marker, G418 
(Sigma Chemical Co., St. Louis, Missouri, USA). Clones were 
screened by measuring the amount of secreted PTHrP in serum- 
free 48-h conditioned media in the presence or absence of TGF- 
ß (5 ng/ml). Clones in which PTHrP secretion did not increase 
in response to TGF-ß were selected for further study. 

Stable transfection ofMDA/T$RIIAcyt with cDNAfor the con- 
stitutively active type I TGF-ß receptor T$RI(T204D). The 
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Figure 2 
(a) 125l-labeled TGF-ß1 cross-linking followed by immunoprecipitation with anti-HA antibody in clonal MDA-MB-231 cells expressing theTßRIIAcyt 

(MDA/TßRIIAcyt) or the empty vector (MDA/pcDNA3). Clonal lines were cross-linked with 160 pM 12Sl-labeled TGF-ß1 alone (-) or in the presence 
of excess unlabeled TGF-ß1 (5 nM) (+). Cell extracts were subjected to SDS-PAGE and autoradiography to visualize the truncated receptor, (b) Effect 
ofTGF-ß on growth rate of MDA-MB-231, MDA/pcDNA3, and MDA/TßRIIAcyt cells. Respective cells were plated at a density of 10" cells per well 

with or without TGF-ß (20 ng/ml) in 10% FCS and counted daily. Values represent the mean ± SEM (n = 3 per group). In the absence ofTGF-ß, growth 

rates of each cell line did not significantly differ. 

TßRI(T204D) cDNA insert (24, 25) was subcloned into 
pcDNA3.1zeo (Invitrogen Corp.) as a Hindlll-BamHl frag- 
ment. The pcDNA3.1zeo/TßRI(T204D) DNA or the empty 
vector, pcDNA3.1zeo, was transfected into the MDA-MB- 
231 clonal line expressing the truncated type II TGF-ß recep- 
tor, MDA/TßRIIAcyt, by calcium phosphate precipitation. 
Single clones were isolated by limiting dilution in the pres- 
ence of the selective markers, G418 and zeocin (Invitrogen 
Corp.), and screened as described. Clones with increased 
PTHrP production, basally and in response to TGF-ßl, were 
selected for further study. 

Stable transfection of MDA/TABIIAcyt with cDNAfor PTHrP. 
Human preproPTHrP cDNA encoding the 1-141 isoform was 
subcloned from pCMVIE-AKl-DHFR(26) into pcDNA3.1zeo 
(Invitrogen Corp.) as a Hmdlll-itamHI fragment. The 
pcDNA3.1zeo/PTHrP DNA or the empty vector, pcDNA3.1zeo, 
was transfected into the MDA-MB-231 clonal line expressing the 
truncated type II TGF-ß receptor, MDA/TßRIIAcyt, by calcium 
phosphate precipitation. Single clones were isolated by limiting 
dilution in the presence of both selective markers, G418 and 
zeocin (Invitrogen Corp.), and screened as described. Clones 
with increased PTHrP production, in the basal state, and which 
did not respond to TGF-ßl, were selected for further study. 

Cross-linking and immunoprecipitation. MDA-MB-231 clones 
expressing either TßRIIAcyt (MDA/TßRIIAcyt) or the empty vec- 
tor (MDA/pcDNA3) were plated onto two 10-cm petri dishes 
(106 cells per dish). Cells were grown to confluence and incubat- 
ed for 3 h at 4°C with 12SI-labeled TGF-ßl (160 pM) (Du Pont 
Nen Research Products, Boston, Massachusetts, USA) alone or 
with cold TGF-ßl (5 nM) as a competitor (23). After washing 
away the unbound TGF-ßl, ligand-receptor was cross-linked 
with disuccinimidyl suberate and solubilized with 10 mM Tris 
buffer (pH 7.4) containing 1% Triton X-100,1 mM EDTA, and 
protease inhibitors. The receptor complexes were immunopre- 
cipitated with 2.5 Hg/ml mouse anti-HA monoclonal antibody, 
12CA5 (Boehringer Mannheim Biochemicals, Indianapolis, Indi- 
ana, USA), followed by adsorption to protein G-Sepharose (Phar- 
macia Biotech Inc., Piscataway, New Jersey, USA). This mixture 
was washed, and bound protein was eluted by heating samples 
in SDS-PAGE sample buffer containing 100 mM dithiothreitol. 
Samples were run on 12.5% SDS-PAGE gels under reducing con- 
ditions, and gels were fixed, dried, and exposed to film at -70 ° C. 

Animals 

Animal protocols were approved by the Institutional Animal 
Care and Use Committee at the University of Texas Health Sci- 
ence Center at San Antonio and were in accordance with the 
National Institutes of Health Guide for the Care and Use of Labo- 
ratory Animals. Female nude mice 4 weeks of age were housed in 
laminar flow isolated hoods. Water supplemented with vitamin 
K and autoclaved mouse chow were provided ad libitum. Whole 
blood samples for ionized calcium concentration were obtained 
by retro-orbital puncture under metofane anesthesia. Blood for 
PTHrP measurement was similarly obtained and collected on 
ice in Vacutainer tubes containing EDTA and 400 IU/ml apro- 
tinin (Sigma Chemical Co.). Tumor inoculation into the left 
cardiac ventricle was performed as described previously (17). 

Experimental protocols 

Bone metastasis. In the pilot experiments (Fig. 1, c and d), mice 
were inoculated with tumor-cell suspensions of MDA/TßRI- 
IA-cyt (independent clones: 1, 2, and 3), MDA/pcDNA3, or 
parental MDA-MB-231 cells into the left cardiac ventricle (» 
= 4 per group) on day 0. At sacrifice, on day 28, radiographs 
were obtained and analyzed as described later in this paper. 
Because MDA/TßRIIAcyt, clone 2, was the least responsive to 
TGF-ß in vitro (Fig. lb), more detailed experiments were per- 
formed comparing this clone with the controls. In the first set 
of experiments, mice were inoculated with tumor-cell sus- 
pensions of MDA/TßRIIAcyt (clone 2), MDA/pcDNA3, or 
parental MDA-MB-231 cells into the left cardiac ventricle (» 
= 13 per group) on day 0 after baseline radiographs, body 
weights, and blood for Ca2+ and plasma PTHrP concentra- 
tions were obtained. Radiographs were taken on day 21 and 
at sacrifice on day 24 to monitor progression of osteolytic 
metastases. Ca2* and body weight were measured weekly after 
tumor inoculation until sacrifice, at which time most control 
mice were cachectic and paraplegic. Blood was collected for 
Ca2+ and PTHrP measurement, and all bones and soft tissues 
were fixed in formalin for histologic analysis. Autopsy was 
performed on all mice, and those with tumor in the chest were 
excluded from analysis, because this indicated that'the tumor 
inoculum did not properly enter the left cardiac ventricle. A 
separate experiment was similarly performed to assess sur- 
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Figure 3 
(a) Representative radiographs of hindlimbs from mice bearing 
MDA-MB-231, MDA/pcDNA3, or MDA/TßRIIAcyt tumors 24 
days after tumor inoculation. Osteolytic lesions are indicated by 

the arrows, (b) Osteolytic lesion number and area on radi- 
ographs as measured by computerized image analysis of fore- 

limbs and hindlimbs. Respective tumor cells were inoculated on 
day 0. Values represent the mean ± SEM (n = 13 per group), (c) 

Histomorphometric analysis of forelimbs and hindlimbs from 

mice with osteolytic lesions. Data represent measurements from 
midsections of tibiae, femora, and humeri of mice from b, inoc- 
ulated with either MDA-MB-231, MDA/pcDNA3, or 
MDA/TßRIIAcyt clone 2. Tumor area (mm2) from metastatic 
bone lesions is illustrated on the right and osteoclast number 
per millimeter of tumor adjacent to bone (tumor/bone inter- 

face) on the left. Values represent the mean ± SEM. 

Parental PCDNA3 TßRIlAcyt 

15 

MO 

I   5. vival. In this experiment, mice were sacrificed when 
they became moribund. 

In the second set of experiments, female mice were inoc- 
ulated with tumor-cell suspensions of clonal MDA-MB- 
231 lines TßRIlAcyt + TßRI(T204D) or TßRIlAcyt + 
pcDNA3. lzeo into the left cardiac ventricle on day 0. Radi- 
ographs, body weight, and blood for Ca2* and PTHrP were 
obtained at baseline and sacrifice as in the first set of exper- 
iments. Ca2*, body weight, and radiographs were moni- 
tored weekly for 4 weeks, at which time the mice were sac- 
rificed. Tissue processing, autopsy, data analysis, and a 
separate survival experiment were performed as in the first 
experiment. 

In the third set of experiments, female mice were inocu- 
lated with tumor-cell suspensions of clonal MDA-MB-231 
lines TßRIlAcyt + PTHrP (two different clones) or TßRI- 
lAcyt + pcDNA3.1zeo into the left cardiac ventricle on day 
0. The same parameters were measured as in the previous 
experiments. Two separate experiments were performed 
using two different TßRIlAcyt + PTHrP clones. Four TßRI- 
lAcyt + PTHrP clones were studied in total. 

Local tumor growth. To investigate whether expression of the 
dominant-negative type II TGF-ß receptor subunit in breast 
cancer cells altered tumor growth in sites other than bone, 
tumor-cell suspensions (107/100 ul PBS) of either 
MDA/TßRIIAcyt, MDA/pcDNA3, or parental MDA-MB-231 
cells were inoculated into the right thigh of female nude mice. 
Tumor volume was measured with calipers and calculated by 
the formula of an ovoid where L equals midaxis length and W 
equals midaxis width: tumor volume = 4/371 x L/2 (W/2)2. 

Analytical methods 

Ca2* measurement. Ca2* concentrations were measured in whole 
blood using a Ciba Corning 634ISE Ca2*/pH analyzer (Corn- 
ing Medical and Scientific Medfield, Massachusetts, USA) as 
described previously (17). 

PTHrP assay. PTHrP concentrations were measured in condi- 
tioned media and plasma using a two-site immunoradiometric 
assay (Nichols Institute, San Juan Capistrano, California, USA) 
that detects PTHrP-(l-72) and has a calculated sensitivity of 0.3 
pmol/1 (27). PTHrP concentrations in conditioned media samples 
were calculated from a standard curve generated by adding recom- 
binant PTHrP-(l-86) to the specific type of medium (uncondi- 
tioned) used and were considered undetectable if media concen- 
trations were <0.3 pmol/1 before correction for cell number. 

Radiographs and measurement of osteolytic lesion area. Animals were 
x-rayed in a prone position against the film as described previ- 
ously (17). All radiographs were evaluated without knowledge of 
treatment groups. The area of osteolytic bone metastases was cal- 
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culated using a computerized image analysis system. Video 
images of radiographs were captured using a frame grabber board 
on a PC system. Quantitation of lesion area was performed using 
image analysis software Qava, Jandal Video analysis; Jandel Scien- 
tific, Corte Madera, California, USA). 

Bone histology and histomorphometry. Forelimb and hindlimb bones 
were removed from mice at time of killing, fixed in 10% buffered 
formalin, decalcified in 14% EDTA, and embedded in paraffin wax. 
Sections were stained with hematoxylin, eosin, orange G, and 
phloxine. The following variables were measured in midsections of 
tibiae and femora, without knowledge of experimental groups, to 
assess tumor involvement: total tumor area and osteoclast num- 
ber per millimeter of tumor/bone interface. Histomorphometric 
analysis was performed on an OsteoMeasute System (Osteomet- 
rics Inc., Adanta, Georgia, USA). 

Statistical analysis 

Results are expressed as the mean ± SEM. Data were analyzed 
by analysis of variance followed by Tukey-Kramer post test. 
Log-rank test (Wilcox survival) was used to analyze survival 
data. P < 0.05 was considered significant. 

Results 
Effects of bone growth factors on PTHrP production in vitro by 

MDA-MB-231 cells. Because previous clinical and experi- 

mental studies demonstrated increased PTHrP expres- 
sion by breast cancer cells in the bone microenviron- 
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Figure 4 
Survival (a) and plasma PTHrP concentrations (b) in mice 
bearing MDA-MB-231, MDA/pcDNA3, or MDA/TßRIlA- 

cyt tumors, (a) Survival of mice bearing MDA/TARIIAcyt 

tumors was significantly longer than that of the controls. 
(b) Plasma PTHrP concentrations at sacrifice were signifi- 

cantly higher than respective concentrations before tumor 

inoculation (baseline) in mice bearing control tumors of 
MDA-MB-231 or MDA/pcDNA3. There was no significant 
difference between baseline and sacrifice values in mice 

bearing the MDA/TßRIIAcyt tumors. 

35     40     456585   MJWVB-231     K*WpcDNA3    MWTßRIacyt 

TIME (d) 

ment, the effect of factors known to be present in bone 
matrix were tested on PTHrP production by human 
MDA-MB-231 breast cancer cells in vitro. Only TGF-ß 
significantly increased PTHrP production by these cells 
in a dose-dependent manner (Fig. la). Other growth fac- 
tors abundant in bone, such as FGF-1 and -2, IGF-1 and 
-2, and PDGF, had no effect on PTHrP secretion over a 
wide range of concentrations. 

Expression of a truncated type II TGF-ß receptor (TfiRIIA- 
cyt) in MDA-MB-231 cells. TGF-ß was the only factor test- 
ed that affected PTHrP secretion, so its role in breast can- 
cer metastasis to bone was investigated by transfecting 
MDA-MB-231 cells with the cDNA for a truncated type 
II TGF-ß receptor (MDA/TßRIIAcyt) and generating 
clonal lines. This receptor is truncated at the intracyto- 
plasmic domain and has 199 amino acids and a predict- 
ed protein size of 22 kDa. A hemagglutinin (HA) epitope 
is present in the extracellular domain. The mutant recep- 
tor binds TGF-ß, but because it cannot phosphorylate 
the type I receptor, signal propagation does not occur 
(23). Thus, it acts in a dominant-negative fashion to 
block the biologic effects of TGF-ß. 

As shown in Fig. lb, treatment of parental MDA-MB- 
231 cells and the MDA/pcDNA3 clone with TGF-ßl (5 
ng/ml) significantly stimulated PTHrP secretion, while 
the same treatment of three different MDA/TßRIIAcyt 
resulted in minimal or no increase. Similar results were 
observed when the clones MDA/TßRIIAcyt and 
MDA/pcDNA3 were grown in the absence of the selec- 
tive marker, G418, for four weeks and indicate that 
TßRIIAcyt was stably expressed. These data demonstrate 
that TßRIIAcyt acts as a dominant-negative to block the 
biologic effects of TGF-ß to stimulate PTHrP produc- 
tion by MDA-MB-231 breast cancer cells. In two separate 
pilot experiments using a mouse model of bone metas- 
tases, all three MDA/TßRIIAcyt clones had smaller total 
osteolytic lesion area on radiographs compared with 
parental or empty vector controls (Fig. 1, c and d). 
Because MDA/TßRIIAcyt clone 2 was the least respon- 
sive to TGF-ß, it was studied in further detail. 

Receptor expression in stable clones was demonstrated 
by cross-linking to 12SI-labeled TGF-ß 1. Figure 2a demon- 
strates the autoradiograph of 125I-labeledTGF-ßl cross- 
linking followed by immunoprecipitation with anti-HA 
antibody in clonal MDA-MB-231 cells expressing the 
TßRIIAcyt (MDA/TßRIIAcyt, clone 2) or the empty vec- 
tor (MDA/pcDNA3). Two distinct bands, which were 
completely competed by cold TGF-ß, were present in 

MDA/TßRIIAcyt. One band had a molecular weight cor- 
responding to the predicted size of the truncated TGF-ß 
type II receptor plus TGF-ß dimer (47 kDa). The other 
band corresponded to the truncated type II TGF-ß recep- 
tor plus TGF-ß monomer, which has a predicted size of 
34 kDa. No bands were evident by immunoprecipitation 
with the anti-HA antibody in the MDA/pcDNA3 clonal 
cells, which indicates that only MDA/TßRIIAcyt 
expressed the truncated type II TGF-ß receptor. These 
results also indicate that in the MDA/TßRIIAcyt, this 
mutant TGF-ß type II receptor was expressed at the cell 
surface and bound TGF-ß. Endogenous type II TGF-ß 
receptor was expressed by both cell lines, as demonstrat- 
ed by 12SI-labeled TGF-ßl cross-linking followed by 
immunoprecipitation with a polyclonal type II TGF-ß 
receptor antibody (data not shown). 

EffectofTGF-ßongrowtkofMDA-MB-231,MDA/pcDNA3, 
and MDA/T$RIIAcyt clonal cells. Because TGF-ß also reg- 
ulates cellular functions of proliferation and differenti- 
ation, the effects of TGF-ß on growth of parental MDA- 
MB-231, MDA/TßRIIAcyt (clone 2) and MDA/pcDNA3 
clonal cells were studied. As illustrated in Fig. 2b, growth 
rates were similar for all three cell lines in the absence of 
TGF-ß. TGF-ßl (20 ng/ml) inhibited the growth of 
parental MDA-MB-231 and MDA/pcDNA3 cells but had 
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Figure 5 
Effect ofTGF-ß on PTHrP secretion by MDA-MB-231 clonal lines, TßRIIA- 

cyt + TßRI(T204D), and TßRIIAcyt + pcDNA3.1zeo. Respective cells were 
plated onto 48-well plates and treated as in Fig. \a. Values represent the 
mean ± SEM (n -3 per group). **P<0.01 and ***P<0.001 compared with 

TßRIIAcyt + pcDNA3.1zeo (control orTGF-ß-stimulated). 
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Figure 6 
(a) Representative radiographs of hindlimbs from mice bearing TßRIlA- 
cyt + TßRI(T204D) orTßRIIAcyt + pcDNA3.1zeo 28 days after tumor 
inoculation. Osteolytic lesions are indicated by the arrows, (b) Osteolyt- 
ic lesion number and area on radiographs as measured by computerized 
image analysis of forelimbs and hindlimbs. Respective tumor cells were 
inoculated on day 0. Values represent the mean ± SEM (n = 5 per group). 
(c) Histomorphometric analysis of hindlimbs from mice with osteolytic 
lesions. Data represent measurements from midsections of tibiae and 
femora of mice (from b) inoculated with either TßRIIAcyt + TßRI(T204D) 
orTßRIIAcyt + pcDNA3.1zeo tumors. Tumor area (mm2) from metasta- 
tic bone lesions is illustrated on the right and osteoclast number per mil- 
limeter of tumor adjacent to bone (tumor/bone interface) on the left. 
Values represent the mean + SEM. (d) Bone histology from the midtibial 
metaphysis of representative mice bearing either TßRIIAcyt + 
TßRI(T204D) orTßRIIAcyt + pcDNA3.1zeo tumors. Tumor {arrows) filled 
the marrow cavity and replaced normal cellular elements in mice bearing 
TßRIIAcyt + TßRI(T204D) tumors {right). There was significant loss of 
both cortical and trabecular bone in this group, and tumor has eroded 
through the growth plate. In contrast, sections from mice bearing con- 
trol TßRIIAcyt + pcDNA3.1zeo tumors {left) had small foci of tumor in 
the marrow cavity {arrows) with little bone destruction, as evidenced by 
intact trabecular and cortical bone. 
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no effect on MDA/TßRIIAcyt. Thus, expression of the 
dominant-negative receptor blocked TGF-ß-mediated 

growth inhibition of MDA-MB-231 cells. 
Role ofTGF-ß in breast cancer metastases to bone. To deter- 

mine the effects of TGF-ß on breast cancer-mediated 
osteolysis, MDA/TßRIIAcyt (clone 2) or controls were 

studied in a mouse model of bone metastasis (17). 
Respective tumor cells were inoculated into the left car- 

diac ventricle of female nude mice, and serial radi- 
ographs were obtained. Representative radiographs from 
mice 24 days after tumor inoculation are illustrated in 
Fig. 3a. Osteolytic lesion number and area on radi- 
ographs were significantly less in MDA/TßRIIAcyt-bear- 
ing mice compared with that of MDA/pcDNA3 and 
MDA-MB-231 controls (Fig. 3b). These data were con- 
sistent with the pilot experiments in which two other 
MDA/TßRIIAcyt clones, in addition to clone 2, had sig- 

nificantly fewer and smaller bone metastases on radi- 

ographs compared with controls (Fig. 1, c and d). 
Because radiographic methods assess only bone 

destruction and are not a direct measurement of tumor 
area in bone, histomorphometric analysis of forelimb 
and hindlimb bones was performed. Osteoclast number 

per millimeter of tumor/bone interface and tumor area 
in bone was significantly less in MDA/TßRIIAcyt-bear- 
ing mice compared with MDA/pcDNA3 and MDA-MB- 

231 controls (Fig. 3c). 
In a separate experiment, survival of mice bearing 

MDA/TßRIIAcyt was significantly longer than that of 

the controls (Fig. 4a). In all experiments, there were no 
differences between MDA/TßRIIAcyt and control groups 

with regard to metastasis to nonbone sites. Gross and 
histological assessment of soft tissues revealed little or 

no metastasis to adrenal glands, lungs, liver, spleen, 
ovaries, brain, or kidneys. In this survival experiment, 
plasma PTHrP concentrations were higher in the control 

groups, MDA/pcDNA3 and MDA-MB-231, at the time 

« 5i 
O a] 

CD TßRIIAcyt + pcDNA3.1zeo ITßRIIAcyt + TßRI(T204D) 

TßRII(Acyt) + pcDNA3 TßRII(Acyt) + TßRI(T204D) 

of death compared with baseline, measurements. PTHrP 
concentrations did not differ from baseline to sacrifice 

in the MDA/TßRIIAcyt group (Fig. 4b). 
Effect of TßRIIAcyt on local tumor growth. Although there 

were no differences in metastasis to nonbone sites 
between MDA/TßRIIAcyt and control groups, there were 
insufficient metastases to determine whether expression 
of the dominant-negative receptor significantly affected 

tumor growth at sites other than bone. Thus, tumor-cell 
suspensions (107 cells/100 |il/mouse) of MDA/TßRIIA- 
cyt, MDA/pcDNA3, or MDA-MB-231 cells were inocu- 

lated intramuscularly into the right thfgh of female 
athymic nude mice. Tumors were excised, measured, and 

weighed at sacrifice, 21 days after tumor inoculation. 
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Figure 7 
(a) Plasma PTHrP concentrations (ng/it) and whole blood ionized calcium concentrations (left) at sacrifice were significantly higher than respective 
concentrations before tumor inoculation (baseline) in mice bearing tumors TßRIIAcyt + TßRI(T204D). There was no significant difference between 

baseline and sacrifice values in mice bearing the control TßRIIAcyt + pcDNA3.1zeo tumors, (b) Survival of mice bearing TßRIIAcyt + TßRI(T204D) 

was significantly shorter than that of the controls, TßRIIAcyt + pcDNA3.1zeo (n = 10 per group). 

Tumor volume and tumor weight did not differ signifi- 
cantly between the groups (data not shown). 

Restoration ofTGF-ß responsiveness into MDA/T$RIIAcyt by 
expression of a constitutively active type I TGF-ß receptor. To 
confirm that the decrease in bone metastasis was due to 
blockade of TGF-ß signaling, the effects of the domi- 
nant-negative type II receptor mutation were reversed by 
the introduction of a constitutively active form of the type 
I receptor, TßR-I. This receptor has a point mutation at 
amino acid 204 of the GS domain in which aspartic acid 
replaces threonine (T204D). In TGF-ß signal transduc- 
tion, TßR-II phosphorylates TßR-I, which then propagates 
the signal (28). TßRI(T204D) is constitutively phospho- 
rylated and does not require ligand binding or interaction 
with the type II receptor to mediate TGF-ß signaling (24). 
TGF-ß did not stimulate PTHrP production in the TßRI- 
IAcyt + pcDNA3.1zeö clone (empty vector control). How- 
ever, there was a fivefold increase in the basal production 
of PTHrP by the TßRIIAcyt + TßRI(T204D) clone that was 
further enhanced byTGF-ß (Fig. 5). Thus, expression of 
the constitutively active TGF-ß type I receptor overcame 
the dominant-negative blockade and restored the 
TGF-ß-stimulated PTHrP production. 

Next, to study the effect of the restoration of TGF-ß 
responsiveness, MDA-MB-231 clonal lines of TßRIIA- 
cyt + TßRI(T204D) or TßRIIAcyt + pcDNA3.1zeo con- 
trol cells were inoculated into the left cardiac ventricle 
of female nude mice, and serial radiographs were 
obtained. Four weeks after tumor inoculation, mice 
bearing TßRIIAcyt + TßRI(T204D) tumors had signifi- 
cantly more and larger osteolytic lesions on radiographs 
compared with : those bearing TßRIIAcyt + 
pcDNA3.1zeo tumors (Fig. 6, a and b). Histomorpho- 
metric analysis of hindlimbs supported the radi- 
ographic findings and revealed that the osteoclast num- 
ber per millimeter of tumor/bone interface and tumor 
area in bone was significantly greater in the TßRIIAcyt 
+ TßRI(T204D) group when compared with the control 
group, TßRIIAcyt + pcDNA3.1zeo (Fig. 6c). Histological 
sections of the midtibial metaphysis from mice bearing 

TßRIIAcyt + TßRI(T204D) demonstrate tumor replac- 
ing the marrow cavity and destruction of both trabecu- 
lar and cortical bone, whereas bones from mice bearing 
TßRIIAcyt + pcDNA3.1zeo had small foci of tumor in 
the bone marrow cavity with little bone destruction (Fig. 
6d). Plasma PTHrP and blood ionized calcium concen- 
trations were also significantly higher in mice bearing 
TßRIIAcyt + TßRI(T204D) tumors compared with those 
bearing the control, TßRIIAcyt + pcDNA3.1zeo (Fig. 7a). 
In a separate experiment, mice bearing the TGF- 
ß-responsive tumor, TßRIIAcyt + TßRI(T204D), had a 
significantly shorter survival time than mice bearing the 
tumors that were unresponsive to TGF-ß (Fig. 7b). 

Overexpression of PTHrP, under the control of a constitutive 
promoter, into MDA/T$RIIAcyt. To determine whether the 
effects of TGF-ß to enhance bone metastases were medi- 
ated by PTHrP, the MDA/TßRIIAcyt clonal line was 
transfected with the cDNA encoding human pre- 
proPTHrP-(l-141) under the control of a constitutive 
CMV promoter. Figure 8a demonstrates that basal 
PTHrP secretion in vitro was greater in two different 
TßRIIAcyt + PTHrP clones compared with the TßRIIAcyt 
+ pcDNA3.1zeo control. PTHrP secretion did not 
increase in response to TGF-ß in any clone expressing the 
dominant-negative type II receptor (Fig. 8a). Next, the 
effect of PTHrP overexpression by MDA/TßRIIAcyt was 
studied in vivo. Thirty-one days after tumo_r inoculation, 
mice bearing either TßRIIAcyt + PTHrP clone had signif- 
icantly larger and more osteolytic lesions on radiographs 
compared with those bearing TßRIIAcyt + pcDNA3.1zeo 
tumors (Fig. 8, b and c). At the time of sacrifice, plasma 
PTHrP concentrations (Fig. 8d) were significantly greater 
in both TßRIIAcyt + PTHrP groups compared with the 
TßRII-cyt + pcDNA3.1zeo control group, as were blood 
ionized calcium concentrations (data not shown). 

Discussion 
Breast cancer metastasizes to bone in greater than 80% 
of patients with advanced disease and causes local bone 
destruction (2) with subsequent pain, fracture, hyper- 
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Figure 8 
(a) Effect ofTGF-ß on PTHrP secretion by MDA-MB-231 and MDA/TßRIIAcyt cell clones that overexpress PTHrP {TßRIIAcyt + PTHrP; two clones) 
or the empty vector (TßRIIAcyt+ pcDNA3.1zeo). Respective cells were plated onto 48-well plates and treated as in Fig. 1a. Values represent the mean 
+ SEM (n - 3 per group), (b) Representative radiographs of hindlimbs from mice bearing two different TßRIIAcyt + PTHrP clones or TßRIIAcyt + 

pcDNA3.1zeo control 31 days after tumor inoculation. Osteolytic lesions are indicated by the arrows, (c) Osteolytic lesion number and area on 
radiographs as measured by computerized image analysis of forelimbs and hindlimbs. Respective tumor cells were inoculated on day 0. Values rep- 
resent the mean ± SEM (n = 5) per group, (d) Plasma PTHrP concentrations at sacrifice were significantly higher than respective concentrations 
prior to tumor inoculation (baseline) in mice bearing either TßRIIAcyt + PTHrP tumors. There was no significant difference between baseline and 

sacrifice values in mice bearing the control TßRIIAcyt + pcDNA3.1zeo tumors. 

calcemia, and nerve compression syndromes. The data 
presented here suggest a central role for TGF-ß in the 
pathogenesis of breast cancer metastasis to bone. Breast 
cancer cells that metastasizes to bone stimulate osteo- 
clastic bone resorption (5-7, 29) and release of active 
TGF-ß into the bone microenvironment (4). This 
increase in locally active TGF-ß alters tumor-cell behav- 
ior to promote growth and bone destruction at the 
metastatic site. Thus, in the situation of breast cancer 
metastases to bone, it appears that host-derived TGF-ß 
acts on the tumor cells, via a receptor-mediated mecha- 
nism, to endow metastatic capacity rather than a case of 
tumor-derived TGF-ß acting on the mesenchyme to 
favor invasion. In the results reported here, TGF-ß has 
the paradoxical effect of enhancing metastasis and bone 
destruction while inhibiting tumor-cell growth in vitro. 

Dominant-negative blockade of the type II TGF-ß 
receptor had no effect on cell growth in vitro in the 
absence of TGF-ß or on cell growth of tumor cells inoc- 
ulated intramuscularly, but it significantly decreased 

tumor growth in bone. In contrast, expression of the 
dominant-negative type II TGF-ß receptor blocked the 
growth inhibitory effects of TGF-ß in vitro. On the basis 
of the growth results in vitro, one might expect the 
MDA/TßRIIAcyt cells to grow more rapidly in bone, 
when, in fact, these cells had a much slower growth rate 
in bone compared with the controls. 

It has been suggested that breast cancer cells may 
progress from a growth-inhibited to a growth-stimulated 
response to TGF-ß (30). Previous work in breast cancer has 
focused on the growth inhibitory effects of TGF-ß, as 
exemplified by the findings that TGF-ß 1 suppresses 
mammary tumorigenesis in mouse mammary tumor 
virus/TGF-ßl transgenic mice (31). Furthermore, expres- 
sion of a type II TGF-ß receptor in the human breast can- 
cer cell line, MCF-7, diminished tumorigenicity (32), 
whereas transgenic mice overexpressing a dominant-neg- 
ative mutant type II TGF-ß receptor had enhanced 
tumorigenesis in the mammary gland and lung in 
response   to   the   carcinogen   7,12-dimethylbenz-[d]- 
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anthracene (33). The data presented here, however, sug- 
gest that the effects of TGF-ß unrelated to growth inhibi- 
tion in the context of tumor-host interaction can nega- 
tively affect the host. This paradigm goes against the 
simple idea that losing responsiveness to TGF-ß is uni- 
versally permissive for transformation. In fact, the results 
suggest that maintenance of TGF-ß receptors on the 
tumor cells can adversely affect the host by an indirect 
effect on the metastatic process. 

Although loss of TGF-ß receptor function (34) or its 
signaling molecules (35-38) has been associated with 
malignant progression (28), there is growing evidence 
that TGF-ß may enhance tumor growth and invasion. 
In a transgenic mouse model in which TGF-ß 1 expres- 
sion was targeted to keratinocytes, TGF-ß 1 had a 
biphasic action during skin carcinogenesis by acting 
early as a tumor suppressor and later by enhancing a 
malignant phenotype (39). TGF-ß has also been shown 
to induce an epithelial-mesenchymal transdifferentia- 
tion to an invasive phenotype (40, 41). Mammary 
epithelial cells transformed by Ras can become resist- 
ant to growth inhibition by TGF-ß (42). Furthermore, 
in these cells, TGF-ß enhances invasion and tumorige- 
nesis by inducing a highly motile fibroblastoid pheno- 
type. A possible basis for this is the ability of Ras-acti- 
vated Erk to phosphorylate and inhibit Smad proteins 
(43). An oncogenic Ras mutation has been reported in 
MDA-MB-231 breast cancer cells (44). This may explain 
why these cells are only moderately growth-inhibited by 
TGF-ß in vitro, as well as why cells expressing the con- 
stitutively active type I TGF-ß receptor develop severe 
bone metastases, a phenotype that indicates excessive 
tumor growth in bone. 

The effects of TGF-ß in cancer maybe tissue-specific. In 
recent work by Böttinger etal. (45), targeted expression of 
a dominant-negative type II TGF-ß receptor in pancreas 
and liver resulted in pancreatic carcinoma without liver 
abnormalities. The results presented here are also consis- 
tent with a tissue-specific role of TGF-ß in malignancy. In 
the situation of breast cancer metastasis to bone, TGF-ß, 
released and activated as a result of tumor-stimulated 
osteoclastic bone resorption, is an important segment of 
a paracrine loop that may be responsible for the affinity 
with which breast cancer grows in bone. In tumor cells 
with oncogenic Ras mutations, TGF-ß may promote fur- 
ther tumor development. The data presented here also 
suggest the possibility that PTHrP may be an effector of 
TGF-ß in bone metastases, because overexpression of 
PTHrP into the breast cancer cells that expressed the 
dominant-negative TGF-ß type II receptor resulted in 
accelerated bone metastases. The effect of TGF-ß on 
tumor cells to stimulate PTHrP may result in adverse 
effects only when tumor cells are housed in bone rather 
than in soft tissue sites. Tumor cells in the bone microen- 
vironment produce PTHrP and stimulate osteoclastic 
bone resorption, which in turn results in the release of 
active TGF-ß. TGF-ß then acts on the tumor cells to 
endow them with metastatic capacity and the ability to 
stimulate production of PTHrP. The net result is tumor 
growth, bone destruction, fracture, and the complica- 
tions of osteolytic bone metastases. 
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