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INTRODUCTION 

Parathyroid hormone-related protein (PTHrP) is a secreted 

factor expressed in almost all normal fetal and adult tissues. It 
is involved in a wide range of developmental and physiological 

processes, including serum calcium regulation. PTHrP is also 

associated with the progression of skeletal metastases, and its 

dysregulated expression in advanced cancers causes malignancy

associated hypercalcemia. Although PTHrP is frequently expressed 

by breast tumors and other solid cancers, its involvement in tumor 

initiation and metastasis in vivo is not clear. 

BODY 

PTHrP is expressed in normal epithelial cells but its 
expression increases in breast cancer and becomes associated with 

multiple metastatic lesions and reduced survival. It is, however, 

still unknown whether PTHrP overexpression is simply a consequence 

of tumor progression, or whether it is mechanistically linked to 

the tumor progression process from initiation to metastasis. In 

order to shed light on this relationship, we ablated the Pthrp 

gene in mammary epithelial cells and determined the consequences 

of this ablation on tumor initiation, growth and metastasis 

( 1) (Appendix 1) . 

Toward this objective, we 

specifically excised in mammary 

used a model in 

epithelial cells 

which 

using 

Pthrp is 
the ere-

loxP system. In the MMTV- PyMT transgenic mouse model, expression 

of the oncoprotein polyoma middle T antigen ( PyMT) is under the 

control of the mouse mammary tumor virus long terminal repeat 

(LTR) and its expression is restricted to the mammary epithelium 

and absent from myoepithelial and surrounding stromal cells. PyMT, 

when overexpressed in the mammary epithelium of transgenic mice, 

it acts as a potent oncogene. Mammary hyperplasia can be detected 

in this animal model as early as 4 weeks of age. The hyperplasia 

then progresses to adenoma in 6 weeks, to early carcinoma in 9 
weeks and to late carcinoma 12 weeks, with pulmonary metastasis 

present in 100% of animals. The MMTV-PyMT mouse model of breast 

cancer is characterized by a high incidence of lung metastasis 

with highly reproducible progression kinetics. Although PyMT 

transgenic mice do not develop bone metastasis per se, metastatic 

cells are found in the bone marrow relatively early and continue 

to grow in later stages without evidence of bone metastasis. 
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Disruption of the Pthrp gene in the mammary epithelium of the 
PyVMT transgenic mouse model produces mice that are homozygous 
(PyVMT-Pthrpflox/flox) or heterozygous (PyVMTPthrpflox/+) for the 
floxed Pthrp allele. Both groups of animals possess two active 
Pthrp alleles, whether flanked by flox sequences or not. These 
mice were crossed with a separate strain expressing Cre 
recombinase under the control of the MMTV promoter that targets 
Cre expression to the mammary epithelium. Excision of flax
bordered essential Pthrp sequences renders the gene nonfunctional. 
The resulting homozygous mice (PyVMT-Pthrpflox/flox; Cre+) 

therefore express no PTHrP in the mammary epithelium, while the 
heterozygous mice (PyVMTPthrpflox/+;Cre+) present lowered levels 
of PTHrP expression. 

A significant consequence of reduction or elimination of 
PTHrP expression in the mammary epithelium of the offspring is a 
marked delay in tumor onset. 100% of control animals (normal PTHrP 
levels) present tumors by day 55, while heterozygous (PTHrP 
haploinsufficiency) and homozygous animals (absent PTHrP) reach 
this percentage by days 77 and 85, respectively. Metastatic spread 
to lungs was similarly reduced independent of tumor size, 
illustrating the crucial importance of ablating PTHrP signaling to 
prevent breast cancer progression and metastasis. 

Other Cre/lox studies indicate ablation of floxed sequences 
in only 90% of the cells, leaving 10% of the cells to potentially 
express the knock-out protein. In order to overcome the problem of 
residual PTHrP expression, we isolated cells from PyVMT 

Pthrpflox/flox;Cre- tumors, transfected them with an adenoCre-GFP 
(or control adeno-GFP) construct, subcultured the cells and 
purified them by flow cytometry to obtain pure populations of Cre+ 
(or control Cre-) cells with complete or no Pthrp ablation. When 
these cells were transplanted into the mammary fat pad of healthy 
syngeneic mice, tumor onset was significantly delayed post-tumor 
implantation in adeno-Cre animals compared to adeno-GFP controls. 
Tumor growth was also significantly delayed in the adenoCre mice. 
Metastatic tumor cells were detectable in the bone marrow of 
adenoCre animals during killing, confirming that this model can be 
used to examine natural progression of breast cancer from the 
primary site to the skeleton. 

The ablation of Pthrp was also observed to inhibit GO/Gl to S 
transition in tumor cells, to enhance tumor cell apoptosis 
(increased TUNEL staining and decreased Bcl-2 expression) and to 
decrease Aktl and increase Akt2 expression. The reduction in 
metastases may have been related to reductions in the expression 
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of CXC chemokine 
blocking antibody 

receptor 4 and of angiogenesis. Finally, a 
to PTHrP, inhibited primary tumor growth and 

lung metastases in a xenograft model. 

KEY RESEARCH ACCOMPLISHMENTS 

• Demonstrated in mice the pleiotropic involvement of PTHrP in 
key steps of breast cancer initiation, 
metastasis 

progression, and 

• The MMTV-Cre transgene was used to target the Pthrp gene in 
mouse mammary epithelial cells 

• Loss of PTHrP expression did not affect tumor incidence, but 
it did dramatically prolong tumor latency, slow tumor growth, 
and reduce metastases in lung and bone 

• Restraint of tumor growth correlated with reduced 
proliferation and increased apoptosis, 
cyclin Dl, protein kinase B 1 and 2, 
expression 

due to alterations in 
and B-cell lymphoma 2 

o The reduction in metastases was related to reductions in the 
expression of CXC chemokine receptor 4 and the inhibition of 
angiogenesis 

• A blocking antibody to PTHrP inhibited primary tumor growth 
and metastases in a xenograft model. 

REPORTABLE OUTCOMES 

• Li, J.' Karaplis, A. C., Huang, D.C., Siegel, p.M.' Camirand, 

A.' Yang, X. F., Muller, w. J.' and Kremer, R. 2011. PTHrP 
drives breast tumor initiation, progression, and metastasis 
in mice and is a potential therapy target. J Clin Invest 
121:4655-4669. 
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• Kremer, R., 
Parathyroid 
progression. 

Li, J., Camirand, A., and Karaplis, 
hormone related protein ( PTHrP) 

Adv Exp Med Biol 720:145-160. 

A. C. 
in 

2011. 
tumor 

CONCLUSIONS 

We have shown that PTHrP is involved in breast cancer 
initiation, growth and metastasis. Our findings suggest that PTHrP 
plays a role in a number of critical checkpoints for PyVMT, which 

points to a novel role as a facilitator of oncogenes and 
emphasizes the importance of attempting its targeting for 
therapeutic purposes (2) (Appendix 2) _ 

The clinical 
substantiated in 

relevance of this work in mice was more recently 
humans. In work published in Nature Genetics, 

Ghoussaini and colleagues combined several datasets encompassing 
70,000 patients and 68,000 controls in order to perform genome
wide association studies to identify new breast cancer 
susceptibility loci (3) _ One of the three new loci they 

identified, rsl0771399, was in a 300 kb linkage disequilibrium 
block that contains only one gene, PTHLH (PTHRP) _ If the PTHLH 

gene is confirmed to be causal in resequencing studies of the 
rsl0771399 locus, the animal studies described in the present work 

will be instrumental in understanding how PTHrP might alter 
disease susceptibility (4) _ 
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9 



Research article 

PTHrP drives breast tumor initiation, 
progression, and metastasis in mice 

and is a potential therapy target 
Jiarong Li,1 Andrew C. Karaplis, 2 Dao C. Huang,1 Peter M. Siegel,3 Anne Camirand,1.2 

Xian Fang Yang,1 William J. Muller,3 and Richard Kremer1 

1Department ot Medicine, McGill University Health Centre, Montreal, Quebec, Canada. 2Lady Davis Institute for Medical Research, 
Jewish General Hospital, Montreal, Quebec, Canada. 3Goodman Cancer Research Centre, McGill University, Montreal, Quebec, Canada. 

Parathyroid hormone-related protein (PTHrP) is a secreted factor expressed in almost all normal fetal and 
adult tissues. It is involved in a wide range of developmental and physiological processes} including serum 
calcium regulation. PTHrP is also associated with the progression of skeletal metastases, and its dysregulated 
expression in advanced cancers causes malignancy-associated hypercalcemia. Although PTHrP is frequently 
expressed by breast tumors and other solid cancers, irs effects on tumor progression are unclear. Here, we 
demonstrate in mice pleiotropic involvement ofPTHrP in key steps ofbreasr cancer- it influences the ini
tiation and progression of primary tumors and metastases. Pthrp ablation in the mammary epithelium of 
the PyMT-MMTV breast cancer mouse model caused a delay in primary tumor initiation, inhibited tumor 
progression, and reduced metastasis to distal sites. Mechanistically, it reduced expression of molecular mark
ers of cell proliferation (Ki67) and angiogenesis (factor VIII), antiapoptotic factor Bcl-2, cell-cycle progres
sion regulator cyclin D 1, and survival factor AKTl. PTHrP also influenced expression of the adhesion factor 
CXCR4, and co expression ofPTHrP and CXCR4 was cmcial for metastatic spread. Importantly, PTHrP-spe
cific neutralizing antibodies slowed the progression and metastasis of human breast cancer xenografts. Our 
data identify what we believe to be new functions for PTHrP in several key steps ofbreast cancer o:i.nd suggest 
that PTHrP may constitute a novel target for therapeutic intervention. 

Introduction 
Metastases to bone, lung, and other organs are common and cata
srrophic consequences ofbreast cancer progression; most patients 
do not die from the primary tumor, but because of cancerous 
invasion to distal sites (1, 2). Once breast cancer metastases are 
established in bone or lung, the condition is generally con.sidered 
incurable. There is therefore an urgent need to improve current 
therapies that address cancer spread, and an ideal solution will 
target upstream signaling molecules to prevent compensatory 
mechanisms that can result from blockade of individual down
scream signaling points (3, 4). 

Parathyroid hormone-related pwtein {PTHrP, also referred to 
as parathyroid hormone-like protein [PTHLPJ) is a secreted fac
tor expressed in almost all normal fetal and adult tissues. The 13 
N-terminal amino acids ofPTHrP are highly homologous to those 
of parathyroid hormone (PTH), a characteristic that allows PTHrP 
to act through the type 1 PTH receptor (PTH1R) (5). The rest of 
the PTHrP amino acid sequence is unique, however, and confers to 
the molecule many properties resulting from signal transduction 
cascades and nuclear translocation distinct from those ofPTH (6). 
PTHrP acts as an autocrine, paracrine, or intracrine factor in a wide 
range of developmental and physiological processes (7, 8), it has 
growth-promoting and antiapoptotic propenies (6), and it plays a 
crucial role in the development of the mammary gland andskeleron 
(8-10). Of special imerest is the association ofPTHrP \.\-'ith onco
logic pathologies such as breast cancer (11, 12) and lung (13-15), 
prostate (16-18), renal (19), colorectal (20-22), skin (23, 24), 

Conflict of intc~est: The authors have declared rhat no conflict of interest exists. 

Citation for this arride:J Clin Jnve$/... 2011; 121 (12):4655-4669. doi: 10.1172/JCI16131. 

and gastric carcinomas (25, 26). Circulating levels ofPTHrP gener
ally correlate with the more advanced stages of cancer (20, 27-32), 
and PTHrP regulates the expression of several tumor-relevant 
genes {33). Despite the frequent association ofPTHrP dysregula
rion with many rumor types, a precise and direct role for PTHrP in 
cancer development and progression has been difficult to prove, 
and its involvement in tumor initiation in vivo and in critical steps 
of malignant conversion is not clear. 

Here, we demonstrate PTHrP implication in key steps ofbreast 
cancer initiation, progression, and metastasis. We show that 
PTHrP plays a major role in stimulation ofbreas:r rumor growth 
races and metastatic spread co distal organs through its effects 
on several crucial control molecules, including prosurvival signal 
molecule AKT and chemokine receptor CXCR4. 

Results 
Pthrp ablation occurring after birth allows normal mammary development. 
To clarifY the role ofPTHrP in tumorigenesis, the human breast 
cancer mouse model PyMT-MMTV (where the mT oncogene drives 
oncogenic transformation; ref. 34) was used to generate animals 
with a Cre~loxP-mediated (35) hetero- or homozygous Pthrp gene 
ablation specifically targeted to the mammary epithelium (ME) 
(Supplemental Figure 1, A and B; supplemenral material available 
online with this article; doi:10.1172/JCI46134DS1). All animals 
used in the present study were confirmed by marker analysis to pas~ 
sess more than 99% FVB/NJ background. In standard PyMT-MMTV 
animals, tumors appeared spontaneously, approximately 100% of 
these tumors expressed PTHrP (55 tumors tested by RT-PCR), 
and their PTHrP expression increased with age (Figure 1A). In con
trast, in Pthrp-ablated animals, spontaneous breast tumors shmved 

The journal of Clinical Invescigation hrrp://wvtw.jci.org Volume 121 Numhe1· 12 December 201 1 4655 
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Figure 1 
ere-mediated Pthrp ablation in ME allows normal mammary devel
opment. {A) Confocal images of IF staining with anti-PTHrP anti
body in spontaneous breast tumors from standard PyMT mice and 
Western blot quantification showing increasing PTHrP expression in 
these tumors with respect to age. (B) Confocal images of IF stain
ing for DAPI (blue) and PTHrP (green) in tumor tissues from control 
(Pthrpfloxlllox;cre- and PthrpWT;Cre+), heterozygous (Pthrpfloxi+;Cre+), 
and homozygous (Pthrp110"'110";Cre-<-) transgenic animals showing incre
mental decrease in PTHrP expression with allele ablation. Lower 
panel: Western blot quantification for PTHrP expression in tumors from 
the various genotypes. (C) Confocal images of IF staining with DAPI 
(blue), Cre recombinase {green), and PTHrP {red) showing colocal
ization of Cre and PTHrP. {D) Whole-mount staining analysis (Neu
tral Red) of mammary glands showing ductal outgrowth at 3, 5, and 7 
weeks for control, heterozygous, and homozygous female virgin mice. 
(E) Western blot of PTHrP expression in mammary glands of virgin 
7-week-o!d mice. Scale bars: 50 f.Lm (A-G); 5 11m (D). 

incremental reduction in PTHrP expression from Pthrpflo:c/fl=; 
Cre- (control) co Pthrpfl=I+;Cre+ (hecerozygou,s) to PthrpfloxffloxJ.Cre" 
(homozygous) (Figure 1B). PthrpWTIIVT_;Cre+ animals were gener
ated co test potencial artifactual side effects caused by expre.s.sion 
ofCre recombinase, but showed no difference from other controls 
throughouc all experimem.s. 

When tumor cells were culcured in vitro, radioimmunomet~ 
ric assays for PTHrP in che conditioned medium indicated low 
residua! expression ofPTHrP in homozygous ablated cells as fol
lows: Cre- control cells, 178.7 ± 33.6 pg/ml; Cre+ cumor~derived 
cells, 10.1 ± 2.3 pg/ml; mean± SD, n"' 13 and 10 mice, respec
tively. In tumor-bearing mice, circulating PTHrP was undetect
able, and calcium serum concentrations were not significantly 
differem between conttol (2.28 ± 0.39 mmolfl) and Pthrp-ablated 
mice (2.23 ± 0.23 mmoljl). 

PTI-IrP expression in the normal gland was localized both in 
luminal epithelial cells and in myoepithelial cells (Supplemental 
Figure 2, A-C, and ref. 36). PTH1R expression was unaffected by 
Pthrp ablation (Supplemental Figure 3). 

Immunofluorescence (IF) sta-ining confirmed Cre expression 
in the luminal epithelium of control mice (Figure 1C). The Cre 
gene wa,s expressed under the control of the MMTV-long termi
nal repeat (MMTV~LTR), and its expte.ssion wa,s detectable from 
6 days postpartum (37). Pthrp ablation therefore occurred after 
birth, and mammary glands from 3~, 5~, and 7-week-old virgin 
female,s pre.sented normal ductal outgrowth as well as normal lac
tation capacity with no detectable differences among genotypes 
(Figure 1D). PTHrP in the mammary gland was substantially 
reduced in 7-week-old homozygous mice in comparison with 
control animals (Figure lE). These data show that ME-targeted 
Pthrp deletion can be achieved without hindering normal mam
mary gland development. 

Pthrp ablation delays breast cancer initiation and primary tumor pro~ 
g;ression. Tumor hyperplasia was detectable in the mammary gland 
of control animals as early as 27 days afrer birth, adenomas were 
vi.sible by 35 days, and early adenocarcinomas were visible by day 
45 (Figure 2A). In contrast, ablation of both Pthrp alleles signifi
cantly delayed tumor initiation (Figure 2A). Tumor growth over 
time was reduced in homozygous PthrpfloX/f/ox;Cre+ animals in com
parison with Pthrpfl""'lflnx;Cre- and PthrpWT;Cre+ controls (Figure 2B), 
and cum or weight/mouse at sacrifice (13 weeks) wa,s 70% lower 
in ablated animals than in controls (Figure 2C). While 100% of 
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control mice presented palpable tumors (2-mm diameter) around 
day 55, heterozygom and homozygou,s animals reached this per
centage by days 75 and 92, respectively (Figure 2D). Homozygou,s 
mice reached rumor size requiring humane sacrifice at a much 
later age than control and heterozygou,s mice (Figure 2E). Tumors 
from hetero- and homozygom mice were 50% and 75% smaller 
than their respective Cre- controls, and there were 35% and 60% 
fewer tumors in heterozygous and homozygou,s mice at 13 weeks 
(Figure 3, A and B, and Supplemental Table 1). The expression of 
Cre was noc involved in the changes ob.served in tumor delay, as 
demonstrated by the Pthrpw-r·_;Cre.,_ control.s, which did not differ 
from the other controls (Figure 2, B-E, and Figure 3, A and B). 
These results show that ablarion of the Pthrp g~ne in the ME of 
PyMT~MMTV mice significantly delays prim~ry breast cancer 
initiation events, even before tumors reach a palpable stage, and 
reduces their subsequent growth. 

More complete Pthrp ablation by Cre--carrying adenovirus further delays 
breast cancer initiation and progression. Because some residual PTHrP 
expression was detectable in approximately 20% of primary tumors 
from Pthrpfl=lflox;Cre+ animals (Figure lB), a more complete Pthrp 
knockout was achieved bytransfecting isolated cells from Pthrpii«<!Jlnx; 
Cre-, Pthrpfla:c/+~·Cre- and Pthrp1VT tumors with an adenovirus con
taining a CreGFP sequence or with a control adehovirus contain
ing GFP only. Transfected adenoGFP control or adenoCre-<- cells 
purified by cell sorting were transplanted into the fourth mam
mary fat pad {MFP) of healthy FVB syngeneic mice (5 x 10s cells). 
PTH rP expression was eliminated in the adenoCre•~derived tumors 
(Figure 4, A and B), tumor volume was greatly decreased (Figure 4C), 
and tumor load at injection .site was dramatically reduced (Figure 4, 
D and E). These results show that more .stringent Pthrp ablation 
conditions enhance tumor inhibition. 

Pthrp ablation modifies cell~cycle, apoptosisJ and angiogenesis events. 
Decreasing PTHrP expte.s.sion reduced Ki67 (cell proliferation), fac
tor V11I (angiogenesis), and cyclin D 1 .staining (Figure 5, A and B). 
Propidium iodide flowcytometryanalysis revealed that53.7% ± 1.19% 
of conctol Pthrpfiox/flnx;Cre~ remained in G0/G 1 compared with 
71.32% ± 3.70% of homozygous Pthrpfi=lflox;Cre.,.. In contrast, 
18.34% ± 1.80% of conrrol PthrpllaxififJX;Cre- and 8.10% ± 4.00% of 
homozygous Pthrpllox/fo>x;Cre+ rumor cells were in$; phase, an obser
vation consistent with the cyclin D1 decrease (not shown). Impor~ 
randy, in cultured cells isolated from tumors, cyclin D1 expression 
colocalized .specifically with cells that e.scaped PTHrP ablation 
(Figure 5C}, sugge.sting that in this system, PTHrP is crucial 
for cyclin D1 expression. Pthrp ablation was accompanied by an 
increase in TUNEL apoptotic .staining in tumors and tumor
derived cultured cells (Figure 5D) and by a decrease in Bcl-2 expres
sion (Figure 5B). Western blots showed no difference in expression 
levels for factor VIII, cyclin D1, and Bcl-2 between Pthrpflaxlfl"";·Cre
and PthrpWT;Cre+ controls (Supplemental Figure 4}, indicating that 
decreases in .signaling molecule levels can be attributed to Pthrp 
ablation. Overall, these data indicate a pleiotropic effect ofPTHrP 
in cell~cycle, apoprosis, and angiogene.sis events. 

PTHrP is involved in CXCR4 and AKT expression control. Pthrp 
ablation was accompanied by inhibition of meta.stasi.s marker 
CXCR4 expression in primary breast tumors o:f the same size 
(controls: 13 weeks; homozygous animals: 18 weeks; Figure 6, 
A and B). Furthermore, CXCR4 in cells isolated from primary 
tumors appeared exclusively in cells that avoided Pthrp ablation 
(Figure 6B). Pthrp ablacion also decreased AKTl total protein and 
increased total AKT2 in tumor tissues (Figure 6, C and D), and 
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Pthrp ablation delays breast cancer initiation and progression. (A) H&E staining of breast tissues from control (PthrplloxJflox;cre-) and homozygous 
(Pthrptloxttlox;cre+) animals at 27, 35, and 45 days. Hyperplasias (arrowheads) are not detectable in homozygous animals before 45 days. Scale 
bars: 200 flm. (B) Tumor volume over time for control (Pthrpfloxlflox;Cre- and PthrpWT;Cre+) and homozygous mice (Pthrpttoxfflox;Cre+) showing that 
the delay in tumor growth is not related to the expression of the Cre gene. Inset: early time points. Values shown represent mean± SD, n = 12 
mice per group. ***P < 0.001. (C) Tumor weight per mouse at sacrifice (13 weeks) for control and homozygous animals. Values shown represent 
mean± SD, n = 12 mice per group. ***P < 0.001. {D) Kaplan~ Meier analysis of tumor onset for mice of all genotypes illustrating allelic effect for 
Pthrp ablation. (E) Kaplan-Meier analysis showing that control mice reach age requiring sacrifice much earlier than homozygous animals. 

most residual AKT1 colocated with residual PTHrP in Cre .. cul
tured cells isolated from tumors (Figure 6E). Again, the expres
sion ofCre was not involved in changes seen for AKT or CXCR4 
(Supplemental Figure 4). Phosphorylation of AKT1 (Ser473) 
was also inhibited by Pthrp ablation (Figure 6F). siRNA experi
ments targeting AKT1 effectively decreased its levels in control 
(Cre-) and Pthrp-ablated (Cre-+) tumor cells (Figure 7A). Cell pro
liferation was reduced by 38.9% ± 8.0% by Pthrp ablation alone 
(Figure 7B), by 46.7% ± 4.1% through AKT1 knockdown alone, 
and by 80.2% ± 2.2% in Pthrp-ablated cells combined with AKT1 
siRL~A. These data indicate chat PTHrP is involved in the control 
of expression of survival molecules AKT1 and AKT2 and of the 
chemokine receptor CXCR4. 

PTHrP drives metastatic spread to peripheral blood, bone marrow~ and 

lungs, and distal metastases comprisePTHrP/CXCR4 dnuble-positive cells. 
Cells from control tumors possessed more than C\Vice the Matrigel 
invasiveness potential of cells from Pthrp-ablated rbice (Figure SA), 
and their motility after surface wounding was higher (Figure 8B). 
There were fewer circulating tumor cells in homozygous than in 
control animals (same-size tumors, controls: 13 weeks; homozy
gous: 18 weeks; Figure SC). Tumor cells flushed from bone mar
row were detectable only in control animals (average of31.5 ± 3.4 
cells per animal, n = 4; Figure 8D). 

Similarly, the incremental decrease in PTHrPlowered the number of 
micro- and macroscopic mecastaticlesions in lung tissues. At 13 weeks, 
100% (45/45) of control mice presented lung metastases compared 
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with 47% (8/17) for heterozygous and 0% for homozygous ani~ 
mals (0/18) (Figure 8E). At 18 weeks, when same-size tumors were 
achieved in homozygous mice, smaller lung tumors appeared in 40% 
(12/30) of homozygous mice compared with 100% of control mice 
euthanized at 13 weeks for humane reasons (Figure 8, F and G). 
\Vhen tumor cells were transfected with adenoCreGFP or adenoGFP 
virus, purified, and implanted {5 x 10s cells) in the fourth MFP of 
syngeneic mice, same~size primalytumors in theMFPwere achieved 
at 8 weeks in control, 11 weeks in heterozygous, and 16 weeks in 
homozygous mice (not shown}. At those stages, lung metastases 
were present in 70% (16/23) of control, 55% {6/11) of heterozygous, 
and 0% (0/22) of homozygous mice (Figure 8, Hand I). 

lmponantly, in the spontaneous PyMT tumor model, lung 
metastases cells in control and homozygous mice (same~size 
rumors, 13 weeks and 18 weeks, respectively) were almost uni~ 
formly PTHrP and CXCR4 positive (Figure 9), indicating that lung 
metastases were mainly derived from PTHrP-expressing tumor 
cells that escaped gene ablation (Supplemental Figure 5). These 
results point to a driving role for PTHrP in invasion and metasta
sis in this system and suggest that combined expression ofPTHrP 
and CXCR4 is crucial to metastatic spread. 

Anti-PTHrP neutralizing mAbs inhibit breast cancer progression in 
vitro and in vivo. mAbs were produced against human PTHrPl-33, 
and 2 molecules positive exclusively for this peptide (158 IgG, 
M45 IgM) significanrly inhibited Matrigel invasion by human 
MDA-MB-435 breast cancer cells (PTHrP positive, secreting 
300 ±30 pg/mlofPTiirP in theconditionedmedium) compared with 
cells treated with a control antibody (Figure lOA). MDA-MB-435 
cells were also injected into the MFPs ofBALB/c nu/nu mice and 
animals treated with the mAbs (200 1-1-g subcutaneously every 
48 hours for 6 weeks). Primary tumor growth in untreated ani~ 
mals reached LS-2.0 cm3 by 6 weeks after tumor transplantation. 
A significam inhibition (P < 0.01) in the size of primary tumor 
growth was observed in mice treated with 158 or M45 compared 
with controls (Figure lOB). The: 158 antibody reduced the expres
sion of CXCR4 and AKTl in mammary tumors developing from 
injected cells (Figure lOC). After 6 weeks, approximately 100% of 
control animals presented lung metastases in contrast with 33% 
for mAb~treated mice (Figure 10, D and E), and metastases from 
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0 0 7 c E , 
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~2 
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lungs of antibody-treated mice were fewer and 50% smaller than 
those from vehicle-treated controls (Figure 10, F and G). CXCR4 
expression was still prevalent in lung metastases despite antibody 
treatment (Figure lOH), suggesting that either efficacy ofPTHrP 
neutralization was not optimized or that CXCR4 expression can 
be driven by additional facrors. Liver and kidney tissues from ani
mals treated with antibodies presented no hisrcilogical evidence 
for toxicity due to treatment (not shown). These results suggest 
that anti-PTHrP antibodies can be considered for therapeutic use 
against human breast cancer progression. 

Overall, our results indicate chat PTHrP favors tumor cell surviv
al in the primary site and plays a role in breast cancer progression 
through its control of cydin Dl, Ki67, Bd-2, fat tor VIII, AKT1, 
AKT2, and CXCR4levels (Figure 11). When tumor cells migrate 
to distal sites, adhesion to local ligands is facilitated by PTHrP's 
maintenance of CXCR4levels, and its positive action on tumor 
proliferation allows consequent metastatic expansion ofPTHrP/ 
CXCR4 double-positive cells. 

Discussion 
To investigate the involvement ofPTHrP in breast canceriniciation, 
progression, and metastasis, we constructed an ME-specific Pthrp

knockour animal in the PyMT-MMTV transgenic mouse model of 
breast tumorigenesis, using mice homozygous for a floxed Pthrp 
allele (2loxP sites flanking exon 4, which encodes most of the PTHrP 
protein) (38). The PyMT mouse is a model with con~plete penetrance: 
and approximates the 4 identifiable stages of tumor progression 
observed in human breast rumors (hyperplasia, adenoma, early 
carcinoma, and late carcinoma). These stages are followed in PyMT 
animals by a high frequency of distal metastasis, and the morpho
logical characteristics and expression ofbiomarkers parallel those in 
the human cancer process (39). We obtained mice pre5encing vari
OU5 degrees of ablation of the Pthrp gene, demonstrating that reduc
tion ofPTHrP expression in ME brings substantial delays in breast 
cancer initiation without affecting mammary developmenr. In 
Pthrp-ablated animals, primary tumor hyperplasia wa.s considerably 
delayed, and palpable tumors appeared much later and were smaller 
and fewer than in control mice. Our observations are in agreement 
with several clinical studies in which patients with tumors produc-
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A more complete ablation of pthrp by ere-carrying adenovirus further delays breast cancer initiation and progression. (A) Adenovirus-transfected 
tumor cells selected by flow cytometry: left, cell fluorescence for GFP; right, confocal images of IF staining for DAPI (blue) and PTHrP {green) in 
mammary tumors derived from injected adenovirus-transfected tumor cells illustrating near-complete disappearance of PTHrP expression in homo~ 
zygous tumors. Scale bars: 200 f.lm. {B) Western blot quantifying PTHrP expression in Pthrpnoxltloxtumor cells transfected with adenoGFP. Lane 1, 
control, Pthrpfl(})(/f/ox adenoGFP; lanes 2 and 3, hetero~ and homozygous, Pthrpfloxt+ or Pthrpfloxltlax adenoCreGFP, respectively. (C) Tumor volume 
per animal for tumors derived from adenovirus-transfected tumor cells injected into the MFPs of syngeneic mice. Values represent mean± SO, 
n = 12 mice for each group. ***P < 0.001. (D) Tumor load in whole animals 8 weeks after adenovirus-transfected cell injection. (E) Average weight 
of breast tumor load per mouse at sacrifice. Values represent mean± SO, n = 12 mice per group. **P < 0.01. 

ing high PTHrP levels presented higher rates of metastasis and 
increased or earlier morrality (40-43). A recent report reached oppo
site conclusions, but relied on animal models with a very late-onset 
oncogenic system (neu based), which is more relevant to tumors aris-

ing in older animals (44), and used mice with a heterogeneous genet· 
ic background. The age at which oncogenic induction occurs and 
the hosr's genetic background are 2 factors that significantly affect 
the biological behavior of tumors (45, 46) and likely account for the 
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Pthrp ablation modifies cell-cycle, apoptosis, and angiogenesis events. (A) IHC staining of tumor tissues at 13 weeks showing a decrease in dif
ferentiation factor Ki67 (top), angiogenesis factor VIII (middle), and cyclin 01 (bottom) with degree of Pthrp ablation. (B) Western blot illustrating 
no change in PTH/PTHrP receptor 1 expression, but decreases in factor VIII, cyclin 01, and Bcl-2 with degree at Pthrp ablation. (C) Confocal 
images of IF staining in cultured cells isolated from tumors showing colocalization of PTHrP and cyclin 01 expression. The residual cells that 
escaped ablation and are still capable of expressing PTHrP are the only ones expressing cyclin 0"1 (homozygous, bottom rOw, arrowheads). 
Shown are DAPI (blue), PTHrP (red), and cyc!in 01 (green). (D) TUNEL staining of breast tumor tissue (top) or in cells isolated from tumors 
and cultured (bottom), showing more abundant apoptotic events in homozygous tumors. Bottom panel: histogram showing average number of 
apoptotic cells per field in isolated tumor cells. Scale bars: 50 ~m. Values represent mean± SO. **P < 0.0"1. 

discrepancy observed with our results. Clinical studies reponing a 
good prognostic value for PTHrP in breast cancer have concencrated 
on cohorts in which nee-adjuvant cases were eliminated, therefore 
focusing on the less aggressive cases (47). In contrast, our animal 
model is more relevant to early-onset, pregnan.cy-independenr, high-

ly aggressive breast tumorigenesis, corresponding to a category of 
patients likely to require nee-adjuvant treatment. 

In our mouse model, Pthrp ablation was accompanied by a near
complete disappearance of the CXCR4 receptor, a member of the 
chemokine superfamily that regulates cell migration and target-
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Figure 6 
PTHrP is involved in CXCR4 and AKT expression contra!. (A) Westem 
blot showing decreased CXCR4 expression in homozygous tumors. (B) 
Confocal images at IF. Top: primary breast tumors (control13 weeks, 
homozygous mice 18 weeks). Bottom; cells isolated from these tumors 
and cultured. CXCR4 expression is significantly reduced with Pthrp 
ablation. Residual cells that escaped Pthrp ablation and are still 
expressing PTHrP are the only ones expressing CXCR4 (arrowheads). 
(C) IHC (!eft) and IF (right) images for AKT1 and AKT2 in tumors from 
control and ablated mice. Shown are DAPI (blue), AKT1 (top, red), and 
AKT2 (bottom, red). (D) Western blot showing decrease in AKT1 and 
increase in AKT2 concurrent with Pthrp ablation. (E) Confocal imag
es of IF staining of cultured cells from control (top) and homozygous 
(bottom) tumors. The residual cells that escaped ablation and are still 
expressing PTHrP also express AKT1, although a small level of AKT1 
is detectable in PTHrP-negative cells. Shown are DAPI (blue), PTHrP 
(green), and AKT1 (red). (F) Western blot at tumor extracts for AKT1 
Ser473 phosphorylation. Scale bars: 50 pm. 

ing organisms (48, 49). Tumor cells, including those from breast 
cancer, produce chemokine receptors that promote adhesion to 
specific cells presenting the appropriate surface ligand (the known 
ligand for CXCR4 is CXCL12). Organs with the highest expres
sion of CXCL12 correlate with ilie most common breast cancer 
metastasis sites (50). The consequence is not only adhesion of the 
tumor cell to the ligand-expressing site, but acrin polymerization 
and pseudopodia formation, resulting in enhanced invasiveness 
(48, 49). The CXCR4/CXCL12 combination is the most important 
chemokine mechanism regulating meta.'itatic potential to the bone 
marrow, lungs, liver, and brain ( 49, 50). CXCR4 has been identified 
as a signature gene in primary breast cancers expressing the lung 
and the bone metastasis signature {51, 52); its expression in breast 
tumors increases with cancer progression (53) and correlates with 
poor survival rates (54). A study of breast cancer patients who 
developed skeletal metastases confirmed a generalized elevated 
expression for both PTHrP and CXCR4 (55). 

In breast and prostate cancer cells, the CXCR4 receptor/CXCL12 
ligand interaction results in activation of the PBK/ AKT pathway, 
which drives cell growth and survival (56) and is a key signaling 
route for CXCR4 (50, 57). The PI3K/AKT pathway is also essen
tial to the transmission of oncogenic signaling from the middle T 
oncoprotein and [0 developmem of mammary adenocarcinomas 
in the PyMT system (39, 58). Here, Pthrp ablation and consequent 
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CXCR4 depletion were accompanied by a significant decrease in 
total levels of the prosurvival AKTl isoform and by an increase in 
the AKT2 isoform. AKT2 ablation accelerates rumor induction, 
and the 2 AKT isoforms possess opposite oncogenic effects (59). 
In striking similarity wirh our observations, a knockout of Aktl 
interferes with mammary tumor initiation and growth in PyMT
MMTV mice, without hindrance to mammary development (59), 
but ic is difficult to speculate whether PTHrP aces through acute 
or adaprive effect on AKT and CXCR4 signaling. Pthrp ablation ha..-; 
repercussions on the cell cycle (G0/G1 to S transition, cyclin Dl, 
and Ki67) and enhances apoprotic events. Similarly, in the PyMT
Ak.tl knockout mice, the delay in tumorigenesis is related to inhi
bition of cell proliferation, to a decrease in Ki67 and cyclin Dl, and 
to promotion of apoptosis (59). Interestingly, co targeting Pthrp 
and Aktl by gene ablation and siRNA techniques provides a stron
ger inhibition of proliferation over either blockade alone (Figure 7, 
A-B), suggesting rhe existence ofPTHrP-independent signaling 
through AKT. This is supported by the presence of residual AKTl 
in Pthrp-ablated cells (Figure 6E) and suggests that a combined 
therapeutic approach could provide enhanced efficacy. 

The CXCR4/CXCL12 interaction drives metastatic progression 
by activation of angiogenesis, chemotaxis, adhesion, and invasion 
processes (50), and neutralization of CXCR4/CXCL12 action in 
vivo by antibodies (48), inhibitory peptide (60), or siRNA (61) 
attenuates metastases in mouse models. Here, Pthrp-targeted abla
tion also reduces the number of tumor cells in peripheral blood 
and bone marrow and delays metastasis in lungs, the preferred 
metastatic sire in the PyMT-MMTV mouse. Importantly, the 
metastatic tumors that eventually develop in homozygous ani
mals present a pattern of positive expression for both PTHrP and 
CXCR4, indicacing that it is mainly the rumor cells that escaped 
Pthrp ablation that are selected to create the invasive population 
that develops into metastases. Since almost all residual expression 
ofPTHrP and CXCR4 in homozygous primary tumors colocalizes 
to the same cells, PTHrP appears to be an important control for 
CXCR4 expression, with consequences to survival and metastasis. 
An involvement ofPTH in CXCL12 production byosteoblasts (62) 
reinforces the concept that as a member of the PTH family, PTHrP 
plays a role in CXCR4/CXCL12 signaling. 

Previous work with anri-PTHrP antibodies revealed inhibition 
of bone turnover and osteolytic metastases (63, 64). Here, treat
ment of nude mice bearing PTHrP-positive human breast cancer 
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AKT1 inhibition by siANA enhances Pthrp ablation effect on tumor cell growth inhibition. (A) Western blots for AKT1 expression in control (top) 
and homozygous cells (bottom) transfected with AKT1 siRNA or mock sequence (48 or 72 hours). (B) Proliferation of isolated Pthrptlor!flo>l tumor 
cells from control (Cre-) or homozygous (Cre+) mice after AKTI siRNA or mock transfection (72 hours). Representative experiment out of 3 
replicates. **P < 0.05 for all except Cre- mock versus Cre .. siRNA: P < 0.0001. Error bars represent SO. 
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Figure 8 
PTHrP drives metastatic spread. (A) Matrigel growth of tumor cells from Pthrplloxllfox;Cre- or Pthrpfloxlflox;Cre+ tumors and histogram showing 
reduced invasive capacity for ablated cells (22 hours). **P <. 0.01. (B) Cell motility test after wounding (48 hours); Pthrp-ablated cells show slower 
motility than control cells. (C) Epimet stain of cytospins for detection of circulating tumor cells (arrowheads show pan-cytokeratin-positive cells, 
18 weeks). No tumor cells are detectable in blood of homozygous mice. (D) Tumor cells flushed from bone marrow (IF stain: cytokeratin 8/PyMT 
double positives) in control animals only. (E) Lung metastases are slower to appear in heterozygous mice. (F and G) Lung metastases appear in 
homozygous mice even later (between 13 and 18 weeks). (H and I) Lung metastases after MFP injection of adenovirus-transfected tumor cells. 
Lung metastases appear earlier in control mice than in the spontaneous tumor model (E and G), but are not detectable in homozygous ablated 
mice (adenovirus transfected) at 16 weeks. (AU groups forE to I, n = 9). Scale bars: 100 f-1-m (A-C); 50 11m {D); 200 [-lm (E, F, and H). Error bars 
represent SD. Large single and double asterisks refer to corresponding stages in Figure 9. 

xenografts with ami-PTHrP mAbs reduced both primary growth 
and lung metastatic tumor development, which suggests a PTHrP 
role distinct from bone turnover control and calcium homeosta
sis. Overall, our data demonstrate that in a model of early-onset, 
pregnancy-independent, highly aggressive breast tumorigenesis, 
PTHrP plays a tumor-promoting role in initiation, progression, 
and metastasis, in part through upregulation of the CXCR4 and 
AKT pathways (Figure 11). Amacrine, intracrine, and paracrine 
effects have been reponed for PTHrP (8, 27, 65) and are likely 
involved in its pleiotropic cancer-promoting activities, since the 
PTHl receptor is present throughout the tumor tissue and is unaf
fected by Pthrp ablation. In carcinomas, there is frequent altera
tion in the expression of many growth factors involved as ama
crine and paracrine mediators of stromal-epithelial interactions 
(66). Our results support the idea that some PTHrP-media(ed 
effects obse1ved in vivo cannot be observed in vitro, which points 

H&E 

Figure 9 
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** DAPI 

to important tumor/stromal interanions tbat must be considered 
when examining PTHrP functions during breast cancer progresM 
sian. Finally, the effective inhibition ofPTHrP action in human 
cancer xenografts by our neutralizing antibodies constitutes a 
proof of principle for therapeutic consideration. 

Methods 
Conditirm.dl abL:ttion of the Pthrp gene in mouse ME. CS?BL/6 Pthrp floxed mice 

(PthrJfltWflox) (38) were backcrossed 9 generations to FVB animals. Marker anal

ysis Q ackson Laborawry) confinned a more than 99% FVB/NJ background. 

Crossing these mice with PyMT-MMTV :main PyMT 634 (34) or MMTV-Cre 

(35) mice (FVB background, Cre7 cype) produced Py11T-MMTV;Pthr_p1~Wf1"x 

and PyMT-MMTV;Pthrp11o.r1~ and MMTV-Cre;Pthrplloxlfl"-" and MMTV-C-re; 

Pthrpfin:<!+ mice. Crossing these animals produced PyMT-MMTV;Pthrp'la.r/flw:; 

Cre+ (homozygous), PyMT-MMTV;Pthryll"-'"~•;cre• (heterozygous), PyMT

MMTV; a.nd~flox;Crc· or PyMT-MMTV;Pthrpfloxi+;Cn:· (controls) mice. 

PTHrP CXCR4 Merge 

Spontaneous lung metastases are PTHrP and CXCR4 positive. H&E stain (left) and IF confocal (right) of spontaneous lung metastases (no 
adenovirus) at same-size tumor (control13 weeks, homozygous i 8 weeks); lung metastases in homozygous mice are PTHrP and CXCR4 posi
tive. Shown are DAPI (blue), CXCR4 (green), and PTHrP (red). Large single and double asterisks indicate corresponding stages illustrated in 

Figure BE. Scale bars: 50 11m. 
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Figure 10 
Anti·PTHrP neutralizing mAbs inhibit breast cancer progression in vitro 
and in vivo. {A) Proliferation in Matrigel (24 hours) of human MDA·MB· 
435 breast cancer cells showing growth-inhibition effect of neutralizing 
antibodies 158 and M45 in vitro.*P < 0.05. {B) Tumor volume over time 
after injection of MDA-MB-435 cells into the MFPs of BALB/c nu/nu 
mice and treatment with anti-PTHrP mAbs, showing the tumor-reducing 
effect in vivo. Data are expressed as means of 8 mice in each group. 
*P < 0.05; **P < 0.01. (C) IF confocal images of mammary tumors 
6 weeks after injection of MDA-MB-435 cells in MFPs of nude mice 
showing decrease of CXCA4 (top panels) and AKT1 (bottom panels) 
in treated animals. Shown are DAPI (blue), CXCA4 {green);and AKT1 
(red). (D) H&E staining of lung metastases 6 weeks after injection of 
MDA-MB-435 in MFPs. Treatment with anti-PTHrP mAbs reduces the 
size and numbers of lung metastases. (E-G) Fewer mice present lung 
metastases after treatment with either mAb, and the metastases are 
smaller and fewer in numbers in treated animals. Mean± SEM. *P < 0.05 
(E); "P:::: 0.013 (F); *P = 0.045 (G). (H) IF confocal images of lung metas
tases in nude mice injected with MDA-MB-435 cells treated (6 weeks) 
or not with anti-PTHrP mAbs. Lung metastases are CXCA4 positive 
irrespective of treatment. Shown are DAPJ (blue) and CXCR4 (green). 
Scale bars: 100 ~m (A); 50 ~m (C and H); 200 ~m (D). 

Immunohistochr:mistry and IF. Antibodies used were as follows: mouse 

monoclonal N-terminal anti-PTHrP antibody (1-34, AE-0502, IDS), 

mouse monoclonal PTHlR antibody {Upstate), mouse monoclonal 

anti·Cre recombinase and anti-phospho-Aktl (Ser473) {Abeam), goat 

anti-total Aktl, Akr2, and Ki67, mouse cyclin 01, Bd-2, actin, and rab

bit polydonal antibodies for the PTHRl receptor, PTHrP.u-n~ C·ter

lllinal end, tubulin, anti-rabbit and anti-mouse peroxidase conjugates 

(Santa Cruz Biotechnology Inc.), Alexa Fluor 555-conjugated goat 

anti-rabbit IgG and Alexa Fluor 488-conjugared goat anti-mouse IgG 

(Invitrogen), guinea pig anti-mouse cytokeratin 8, donkey anti-guinea 

pig lgG CY3-labeled, and rabbit anti-mouse cyrokeratin 5 (PROGEN 

Biotechnik GmbH). 

Tumors and other tissues were fixed, embedded, sliced, and stained with 

H&E according to standard protocols. The SK-4100 kit (Victor) was used 

for immunohistochemistry (IHC), and slides were reacted for diamino

benzidine and analyzed with a Leica DMR microscope and BIOQUANT 

Nova Prime software (Bioquant). IF staining was conducted on deparaf

finized tissue sections or cells fixed on slides. Results were 

analyzed with an LSM 510 Meta confocal microscope (Carl 

Zeiss Micro imaging). 

"Whole-mount staining. MFPs were removed, spread on a glass 

slide, air dried, fixed, delipidated, and stained with 0.5% Neu

tral Red (Sigma-Aldrich). 

Western blotting. Proteins were extracted from tissues, 

and samples (30-50 ).Lg) were fractionated by SDS-PAGE 

electrophoresis, transferred to PVDF membranes, reacted 

with primary and secondary antibodies, and developed by 

enhanced chemiluminescence according to standard me.rh-
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Forty-eight hours later, cells were selected on a BD FACSAria II cell 

sorter. GFP-posirive cells (1 x 106 cells) were injected into the fourth 

MFP of anesthetized 5-wcek-old syngeneic FVB mic~.: (Charles River). 

Cell-cycle analysis~ PTHrP, and calcium assays. Cultured cells were stained 

with propidium iodide and analyzed for cell cycle by flow cytometry 

(FACSCalibur). Levels ofPTHrP in culture medium or serum wen~ mea

sured by 2-site immunoradiometric assay (Beckman-Coulter). Semm cal

cium was determined with a Synchron 67 Auto analyzer (Beckman). 

siRNA transfection for Aktl knockdown. Cells isolated from mammary 

tumors were transfected with siRNA Aktl targeting sequences (s62216) 

as follows: sense: CUCAAGUACUCAUUCCAGAtt, antisense: UCUG

GAAUGAGUACUUGAGgg (bases in lower case are overhangs nor corre

sponding to the original target sequence), and negative control (Ambion). 

Cell proliferation was assayed by hemocytometer counting. 

Tumor cell detection in peripheral blood and in bone maTTow. Blood was col

lected from sacrificed animals hy cardiac puncture. Cytospin-concentrated 

samples were stained with the Epimet Epithelial Cell Kit (Micromet). Bone 

marrow flushed with PBS from tibias a11d femurs cut at the knee joim 

was trit.rated through a 25-ga.uge needle. Samples (2 tibias and 2 femurs/ 

animal) were counted with a hemocytometer and spread onto Cytospin 

Immunoselect Adhesion Slides (Squarix). Tumo-r cells were detected with 

pan-cytokeratin mAb A45-B/B3 or cultured in DMEM with 10% FBS. 

Matrigelinvasionand wound-healing assays. MDA-MB-435 cells were tested for 

invasion in Matrigel for 20-24 hours with or withoutmAbs or IgG (10 Jlg/ml) 

according ro standard methods. Invading cells were counted afrer 

paraformaldehyde flxacion and hematoxylin staining. For motility assays, 

cells were grown on poly~o-lysine-coated plates (Millipore). The cell carpet 

was scraped and the growth of cells into rhe. scraped area monitored. 

Lungmetastase~· measure:ments. Photomicrographs ofH&E-stained slides 

oflung metastases were analyzed with Image] software (http://rsbweb.nih. 

gov/ij/index.html) to assay metastatic surface/lung (n = 9 mice). 

Anti-PTHrP(J-33)mAbs. We generated 2 PTHrP-specific mAbs against 

hPTHrPt-33 peptide; hybridomas 158 and M45 produced mAbs (sub

classes IgG3 for mAb 158 andlgMK for mAb M45) with strong binding 

to hPTHrPt-33· The mAbs were highly specific (no reaction wich PTH), 

and no cross-reactivity between antibodies and other fragments of 

PTHrP was observed. The 158 and M45 hybridomas have been deposited 

at the International Depositary Authority of Canada. (accession num

bers 060808-02 and 060808-01). 
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Culture of mouse breast tumor cells from primary tumors. Tumors 

were harvested, minced, and incubated in 2.4 mglml collage

nase Band dispase II (Roche) in DMEM (no FBS) at 37QC 

for 2 hours. Floating cells were washed, pelleted, resuspended, 

and propagated in complete DMEM. 

Adenovirus vector. Tumor cells in culture were infected with 

a recombinant adenovirus vector (lQH viral parcicles/ml) 

containing a GFP~Cre rransgene for the Cre recombinase. 

Figure 11 
PTHrP influences several key steps in breast cancer. Interactions are described 
here for PTHrP in tumor cell proliferation; through its effects on cell proliferation 
factor Ki67, celkycle progression regulator cyclin D1, and the G0/G 1 to S transi
tion, PTHrP is involved in very early steps of oncogenesis. PTHrP influences breast 
tumor cell survival, apoptosis, and angiogenesis through control ot levels of expres
sion for crucial signaling molecules such as AKT1/AKT2, Bcl-2, and factor VIII. Of 
great interest is the observation that PTHrP is involved in the control of CXCA4 
expression and consequently also plays a role in metastatic spread. 

Th~Journal ofClinicallnv~stigation http://"-•ww.jci.org Volume 121 Nllmber 12 December 201 t 4667 



research article 

Treatmr:nt of nude mice with anti-PTHrP mAbs. 1 x 106 human cancer cells 

{MDA-MB-435) were injected inro the fourth MFP of 4- to 5-week-old 

BALB/C nu/nu females (Charles River). Starting the next day, anrihodies 

were injected subcutaneously (200 ~g) every 48 hours for 6 weeks. Mouse 

IgG3 isotype control was from R&D Systems. Primary tumor growth rates 

were determined by plotting the means of2 orthogonal diameters of the 

rumor measured at 5-day intervals. Tumor volume was measured once 

weekly. Animals were sacrificed 6 weeks after mmor implantation. 

(GraphPad Sofcware), andP-< 0.05 was considered statistically significant. 

Specific tests are mentioned in the text. 

Study approual. These animal studies were approved by the McGill Univer~ 

sity Animal Compliance Office. 

Acknowledgments 

PyMT-MMTV animal handling. Tumor-bearing animals were examined by 
palpation twice a week until they were 13 weeks of age. Mice with exces

sive tumor burden() 1.5 em) were euthanized. For Kaplan~Meier, animals 

were sacrificed when total tumor load exceeded 20% of animal weight. All 

experiments were carried out in compliance with regulations of the McGill 

University Inscirurional Animal Care Committee. All animal surgeries were 

conducted in accordance with principles and procedures dict:ated by the 

highest standards ofhumane animal care. 

This work was supported by Canadian Institutes for Health Research 
(CIHR) grants MOP 10839 (toR. Kremer) and MOP 102555 (to 
R Kremer and A. Karaplis); by Susan G. Komen Foundation grant 
KG 100766 (coR Kremer and A Karaplis); and by US Depanmenc 
of Defense BCRP Concept Award BC023897 (to A. Karaplis). We 
rhankJing Lian and Bill Papavasiliou for cedmical help. 

Received for publication December 17, 2010, and accepted in 
revised form September 21,2011. 

Statistical analyili of tumor progression and tumor growth. Numerical data 

are presented as rhe mean ± SD. The data were analyzed by AN OVA fol~ 

lowed by a Bonferroni's post-test to determine the statistical significance 

of differences. All statistical analyses were performed using Ins tat Soft."W'are 

Address correspondence w: Richard Kremer, Departmenr of 
Medicine, McGill University Health Centre, 687 Pine Ave. West, 
Momreal, Quebec, Canada, H3A lAL Phone: 514.843.1632; Fax: 
514.843.1712; E-mail: richard.kremer@mcgill.ca. 

Mundy GR Meta.o;tasis:Meta.stasis to bone: causes, 
consequences aod therapeutic opportunities. N~ 
Rev Cancer. 2002;2(8):584--593. 

2. Rood mao GD. Mechanisrns of bone metastasis 
N Eng}] Med. 2004;350(16):1655-1664_ 

3. Di Cosima S. Controversies in brea.sr cancer: rhe 
mammalian target of rapamycin a.> a target for 
breast cancer therapy. Breast Cancer Res. 2009; 
1l(suppl3):S25. 

4. Tabemero J, eta!. Dose- and schedule-dependent 
inhibicion of the mammalian target of rapamycin 
pathway with eYeroiimus; a phase I tumor pharma
codynamic study in patients with advanced solid 
tnmors.] Clin Oncol. 2008;26(10):1603-1610. 

5. GcnSL!fe RC, Gardella TJ, Juppner H. Parathy
roid hormone and parathyroid hormone-related 
pep6dc, and their receptors. Biochern Biophys Res 
Commun_ 2005;328(3):666-678. 

6. Maio!i E, Fortino V. The complexity of parathyroid 
hormone-related protein signalling. Cell Mol life Sci. 
2004;61 (3):257-262. 

7. Miao D, ct al. Severe growth retardation and early 
lethality in mice lacking the nuclear localization 
sequence and C-termimts ofPTH-rel:u:ed protein. 
ProcNatl ActU! Sci US A 2008;105(51):20309-20314. 

8. Philbrick WM, Dreyer BE, Nakchbandi IA, Kara
plis AC. Parathyroid hormone-related protein is 
required for woth eruption. ProcNatl AcadSci US A. 
1998;95(20):11846-11851. 

9. Karaplis AC, era!. Lethal skeletal dyspla.o;ia from 
targeted disruption of the parathyroid hormone
related pep6de gene. Genes Dev. 1994;8(3):277-289. 

10. Wysolmerskijj, Philbrick WM, Dunbar ME, La.nske 
B, Kronwberg H, Broadus AE. Rescue of the para
thyroid hormone-related protein knockout mouse 
demonstrates that parathyroid hormone-related pro
tein is essenri;~l for mammary gland development. 
Development. 1998; 125(7): 1285-1294. 

11. Bucht E, et al. Pararhyrold hormone-related pro
tein in patients with primary brea.sr cancer and 
eucalcemia. Cancer Res. 1998;58(18):4113-4116. 

12. Kohno N, et al. The expression of parathyroid hor
mone-related protein in human breast cancer with 
skeletal metastases. Surx Today. 1994;24(3):21 5-220. 

13. Brandt OW, Burton DW, Ga::>:dar A.F, Oie HE, Deftos 
LJ. All1najor lung cancer cell rypes produce parathy
roid hormone-like protein: heterogeneiry assessed 
by high performance liquid chromatography. 
Endocrinology. 1991;129(5):2466-2470. 

14. Kitazawa S, et a!. Immunohistologic evalua
tion of parathyroid hormone-related protein in 

human lung cancer and normal tissue with newly 
developed monoclon;~l antibody. Cancer. 1991; 
67(4):984-989. 

15. Nishig:lki Y, Ohsaki Y, Toyoshima E, Kikuchi K. 
Increased serum and urinary levels of a parathy
roid hormone-related protein COOH terminus in 
non-small cell lung cancer patients. Cfin Cancer Res. 
1999;5(6): 1473-148 J. 

16. Dougherty K.\1, e< al. Parailiyroid hormone-related 
protein as a growth regubror of prosmte carcino
ma. Cancer Res. 1999;59(23):6015-6022. 

17. Iwamura M, et al. lmmunohistochemicallocal
izarion of parathyroid hormone-related pro
tein in human prostate cancer. Cancer Res_ 1993; 
53(8):1724-1726. 

18. Kremer R, Goltzman D,Amizuka N, Webber MM, 
J/S/ R. r:lS Activation of human prostate epithe
lial cells induces overexpression of parathyroid 
hormone-related peptide. C!in Cancer Res. 1997; 
3(6):855-859. 

19. AgouniA, et al. Parailiymid hormone-related protein 
induces cell survival in human renal cell GlrCinom:l 
through the Pl3K Ah pathway: evidence for a crici
cal role for inregrin-linked kioase and nuclear f.u::tor 
kappa B. Carcinogenesis. 2007;28{9):1893-190 t. 

20.Nishihara M, Ito M, Tomioka T, Ohtsuru A, 
Taguchi T, Kanematsu T. Clinicopathological 
implications of parathyroid hormooe-rdaced pro
tein in human colorectal tnmours.] l'atbol. 1999; 
187(2):217-222. 

21. Nishih.ara M, Kanematsu T. Taguchi T, R=zague 
MS. PTHrP and tumorigenesis: is there a role in 
prognosis? Ann NY Acad Sci. 2007;1117:385-392. 

22.Dihlmann S, KloorM, Fallschr C, von Knebel DoL'"
beritz M. Regulation of AKTJ expression by beta
catcninjTcf/Lef signaling in colorectal cancer cells. 
Carcinogenesis. 2005;26(9):1503-1512. 

23. El Abdaimi K, Papava.siliou V, Goltzman D, Kre
mer R. Expression and regulation of parathyroid 
hormone-related peptide in normal and malig
nant melanocytes. Am J Pbyst"ol Cell Pbysiol. 2000; 
279(4):Cl230-C1238. 

24. Henderson), Sebag M, Rh1mj, Goltzman D, Kre
mer R Dysregubtion of par;~rhyroid hormone-like 
peptide expression and secretion in a keratinocyre 
mod~! of mmor progression. Cancer Res. 1991; 
51(24):6521-6528. 

25. Alipov GK, et <J.l. Expression of parathyroid hm ... 
mane-related peptide (PTHrP) in gastric tumours. 
] Pathol. 1997;182(2):174-179. 

26. Han Z, et al. Akt1/protein kinase B alpha is involved 

in gastric cancer progression and cell proliferation. 
Dig Dis Sci. 2008;53(7): 1801-1:810. 

27. Deftos LJ, Barken I, Burton: OW, Hoffman RM, 
Geller]. Direct evideoce that PTHrP expression 
promotes prostate cancer progression in bone. Bio
chem Biopbys Res Commun_ 2005;327(2):468-472. 

28. Firkin F, SeymourJF, Wat:son AM, Grill V, Marrin 
TJ. Parathyroid hormone-rela~:ed protein in hyper
calcaemia associated with haematological rnalig
nancy.Br] Haematol. 1996;94(3):486-492. 

29. Kissin MW, Henderson MA, Danks )A, Haym:Jn 
]A, Bennett RC, Marrin TJ. Parathyroid hormone 
related protein in breast cancers of widely varying 
progoosis. Eur] Stwg On col. 1993;1 9(2):134- t42. 

30. Kremer R, Shustik C, Tabak T, Papavasiliou V, 
Goltzman D. P<J.rathyroid-hormonl'-rclated peptide 
in hematologic malignancies. Am} Med. 1996; 
100(4):406--411. 

31.Rankin W, Grill V, Marrin TJ. Parathyroid hor
mone-related protein and hypercalcemia. Cancf!r. 
1997;80{8 suppl): 1564-1571. 

32. Truong NU, deB Edwardes MD, Papavasiliou V, 
Golrzm:m D, Kremer R Parathyroid hormone-relat
ed pep ride and survival of patients with cancer and 
hyperc...--llcemia. Am]Med. 2003;115(2):115-121. 

33. Dittmer A, et al. Parathyroid hormone-related pro
tein regulates tumor-rd~anr genes in breast cancer 
cells.] Biol Cbcm. 2006;281(21):14563-14572. 

34. Guy Cf, CardiffRD, MullerW).lnduccion of mam
mary rumors by expression of polyomavirus middle 
T oncogene: .a transg~nic mouse model fol" meta
static disease. Mol Cell Bioi. 19.92;12(3):954-961. 

35.Andrechek ER, Hardy WR, Siegel PM, Rudnicki 
Mi\, CardiffRD, Muller WJ- Amplification of the 
ne.u/erbB-2 oncogene in a mouse model of mam
mary tumorigenesis. Proc Natl A cad Sd US A. 2000; 
97(7):3444-3449. 

36. Wysolmerski ]], McCaughern~C;~rucci JF, Daifotis 
AG, Broadus AE, Philbrick WM_ Overcxprcssion of 
parathyroid hormone-related protein or parathy
roid hormone in transgenic mice impairs branch
ing morphogenesis during mammary gland devcl· 
opment. Dtvcloprnent. 1995;121 (11):3539-3547. 

37. Wagner KU, McAllister K, Ward T, Davis B, Wise
man R, Hennighausen L. Spatial and cempord 
expression of the Cre gene uoder the control of the 
MMTV-LTR in differ~nt lines of transgenic mice. 
Transgenic Res. 2001 ;1 0(6):545-553. 

38. He B, er al. Tissue-specific targeting of the pthrp 
gene: the generation of mice with floxed alldes. 
Endocrinology. 200 1;142(5):2070-2077. 

4668 Th" Journal ofClin;cal lnvescig-acion hnp:/fwww.jci.org Volume 121 Number 12 Dnember 2011 



.'19. Lin EY, ct aL Progression to malignancy in rhe poly
oma middle T oncoprorein mouse breast cancer 
model provides a reliable model fur human diseases. 
Am]Pathol. 2003;163(5):2113-2126. 

40. Hiraki A, er al. Parathyroid hormone-related pro
tein mea.')ured at rhe time of first visit is an indica
tor of bone mua~GJ.ses and survival in lung carci
noma pa~;ients with hypercalcemia. Cancer. 2002; 
95(8):1706-1713. 

41 Liao J, et aL Tumor expressed PTJ-Jrl) facilit;:~.rcs 

prostate cancer-induced osteoblastic lesions. Int J 
Cancer. 2008;123( 1 0):2267-2278. 

42. Lin forth R, et aL Coexpression of parathyroid 
hormone related protein and irs reccpror in early 
breast cancer predicts poor patient survival. Clin 
Canca Res. 2002;8(10):3172-3177. 

43. Pechersrorfer M, et aL Parathyroid hormone
related protein and life expenancy in hypercalce
mic cancer pariem:s.J Clin Endocrinol Metab. 1994; 
78(5): 1268-1270 

44. fleming Nl, er al. Pa.rarhywid hormone related 
protein protects against mammary tumor emer
gence and is associated with monocyte infiltra
tion in ducral carcinoma in situ. Cancer k. 2009; 
69(18):747.3-7479. 

45. Hager JH, Hodgson JG, Fridlyand J, Hariono S, 
Gray JW, Hanahan D. Oncogene expression and 
generic background influence tbe frequency of 
DNA copy number abnormalities in mouse pan· 
creatic islet cell carcinomas. Cancer Res. 2004; 
64(7):2406-2410. 

46. Lifsred T, et a!. Identification of inbred mouse 
~trains harboring genetic modif1ers of mammary 
rumor age of onserand meta:static pt·ogression. Int 
J Cancer. 1998;77(4):640-644. 

47. Jlendcrson MA, et al. Par:~_thyroid hormone·relared 
protein production by breast cancers, improved 
survival, and reduced bone mctast<"tses.] Natl Caru;er 
!rJSl. 2001 ;93(3):234-237. 

48. Muller A, et al. Involvemem of chemokine recep
tors in breast c~ncer metastasis. Narure. 2001; 
41 0(6824):50-56. 

49. Zlocnik A. New insights on the role ofCXCR4 iu 
cancer metastasis.] Pathol. 2008;215(3):211-213. 

SO. Luker KE, Luker GO. Funnions of CXCL12 
and CXCR4 in breast canc~r. Cancer Lett. 2006; 
238(1):30-41. 

51. Kang Y, et al. A multigenic program mediating 
breast cancer metastasis to bone. Cancer Cell. 2003; 
3(6):537-549. 

52. Minn AJ, et al. Genes that mediate breast cancer 
me=>tasis w lung. Nature. 2005;436(7050):518-524. 

53.Al!inen M, et al. Molecular charanerizarion of the 
wmor microenvironmem in breasr cancer. C-1-ncer 
Cell. 2004;6(1):17-32. 

54. Li YM, et a.l. Upregulation of CXCR4 is essential 
for HER2-mediated tu1nor metastasis. Cancer Cell. 
2004;6(5):459-469. 

55. Bohn OL, eta!. Biomarker profile in breast carcino
mas preseming w1th bone metastasis. Int} Clin Exp 
Pathol. 20 10;3{2): 139-146. 

56. Hennessy BT, Smith DL, ~m PT, Lu Y, Mills GB. 
Exploiting the PI3K/AKT pathway for cancer drug 
discovery. Nat Rev D-rugDiscov. 2005;4(12):988-1004. 

57. Chinni SR, et al. CXCL12/CXCR4 signaling acti
vates Aki:- I and MMP-9 expression in prostate 
cancer cells: The role of bone microenvironment
associated CXCL12. Prostare. 2006;66(1):32-48. 

58. Fluck MM, Schaffhausen BS. Lessons in signaling 
and tumorigenesis from polyomavirus middle T 

research article 

anrigen. Mzcrobiol Mol Bioi Rev. 2009;73(3):542-563. 
59. Maroulakou IG, Ocmlcr W, Naber SP, Tsichlis 

PN. Aktl ablation inhibits. whereas Akt2 abla
tion accelnates, the development of mammary 
adenocarciuomas in mouse mammarytumorvirus 
(MMTV)-ErbB2/neu ;J.!ld MMTV-polyoma middle 
T transgenic mice. Cam·er Res. 2007;67( 1 }: 167-177. 

60. Haese S, Princen K, Bridger G, De Clercg £, 
Schols D. Chemokine receptor iuhibnion by 
AMD3100 is strictly confined to CXCR4. FEES 
Lett. 2002;52 7(1-3):255-262. 

61. Liang Z, Yoon Y, Votaw J, Goodman MM, Williams 
L, Shim H. Silencing ofCXCR4 blocks breast can
cer metastasis. Cancer Res. 2005;6S(3):967-97l. 

62.Jung Y, et al. Regulation ofSDF-1 (CXCL12) pro· 
ducrion by osreoblasts; ;:~.possible mechanism for 
stem cell homing. Bone.l006;38(4):497-508. 

63. Guise TA, et al. Evidence for a causal role of para
thyroid hormone-related protein in the pathogen
esis of human breast cancer-medi:lted osteolysis. 
] Clin Invest, 1996;98(7):1544-1 5 49. 

64. Sairo 1--1, Tsunenari T, Onum:~. E, Sato K, Ogaca E, 
Yamada-Okabe H. Humanized monoclonal anti
body against parathyroid how-lOne-related protein 
suppresses osreoly6c bone metastasis of human 
breast cancer cells derived fi:om MDA-MB-231. 
Anticanar Res. 2005;25(68):3817-3823. 

65. KaraplisAC. PTHrP: notiel roles in skeletal biology. 
Curr Ph arm Der. 2001;7(8):655-670. 

66. Bhowmick NA, Mose~ HL. Tumor-.'>troma interac
tions. C:ttrOpin GenetDev. 2005;15(1):97-101. 

67.Ackler S, Ahmad S, Tobias C, Johnson MD, 
Glazer RI. Delayed mammary gland involution 
in MMTV-AKTl transgenic mice. Oncogene. 2002; 
21 (2): 198-206. 

The)ourna1 of Clinical Invc~u:igarion http://'-'-"-''W.jei_org Volume 121 Number 12 December 2011 4669 



,; 
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Apstr~ct 

Parathyroid hormone-related protein (PTHrP) is widely expressed in fetal 
and adult tissues and is a key regulator for cellular calcium transport and 
smooth muscle cell contractility, as well as a crucial control factor in cell 
proliferation, development and differentiation, PTHrP stimulates or inhib
its apoptosis in an autocrine/paracrine and intracrine fashion, and is par
ticularly important for hair follicle and bone development, mammary 
epithelial development and tooth eruption, PTHrP's dysregulated expres
sion has traditionally been associated with oncogenic pathologies as the 
major causative agent of malignancy-associated hypercalcemia, but recent 
evidence revealed a driving role in skeletal metastasis progression. Here, 
we demonstrate that PTHrP is also closely involved in breast cancer initia
tion, growth and metastasis through mechanisms separate from its bone 
turnover action, and we suggest that PTHrP as a facilitator of oncogenes 
would be a novel target for therapeutic purposes, 

12.1 PTHrP Background, 
Discovery, Gene Sequence 
and Protein Structure 

12.1.1 Background 
'This sLudy was .supported by grants from the Susan 
G. Komen Foundation (KG 1 00766) and the Canadian 
Instimtes for Health Research (CIHR MOP 1 02555) to 
R. Kremer and AC Karaplis and the US Department of 
Defense Breast Cancer Research Program (BC023897) to 
AC Karaplis. 

Malignancy-associated hypercalcemia (MAH) is 
a well-recognized syndrome that occurs in 
patients suffering from certain malignant cancers. 
The classic signs and symptoms of hypercalce
mia are confusion, polydipsia, polyuria, consti
pation, nausea, vomiting and eventually coma. 
Hypercalcemia associated with malignancy of 
nonparathyroid tissues frequently occurs during 
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bone invasion by tumor cells, where bone resorp
tion is the direct result of osteoclast action. 
Osteoclastic bone-degrading activity is stimu
lated by several cytokines including MIP-1 a, 
TNF-0, IL-10, IL-3 and IL-6, which are produced 
locally by the tumor cells [1-4]. MAR is com-

R. Kremer et al. 

AMP excretion levels, high serum calcium, low 
serum phosphorous, marked reduction in 1,25-
dihydroxyvitamin D and low or suppressed 
reactivity with PTH antisera. 

monly associated with malignant tumors of the 12.1.2 Discovery 
breast, lung, head and neck, esophagus, cervix, 
skin or kidney [5]. 

In 1936, Gutman conducted the first large 
group study of MAR; these patients suffered 
from myeloma and breast cancer, and most of 
them presented bone metastases [6]. Fuller 
Albright in 1941 was the first to propose that a 
PTH-like humoral factor was responsible for the 
hypercalcemia in patients with renal carcinoma 
which resolved after irradiation of bone metas
tasis. In the following years, the concept was 
accepted and the tenn "ectopic PTR syndrome" 
became widely used to describe patients with 
high circulating plasma calcium concentrations, 
low phosphorus, and few or no bone metastases 
[7-9]. In 1969, a thorough review was made of 
cases where patients suffered symptoms of hyper
parathyroidism yet exhibited malignant tumors 
of non parathyroid origin. The conclusions drawn 
from this work were that some nonparathyroid 
tumor cells could initiate transcription and trans
lation of the PTH gene and secrete PTH [1 0]. 
Such cases of "ectopic PTH syndrome" [11] 
included kidney adenocarcinoma [12] and a 
malignant hepatoblastoma [I 3]. 

Rare cases were found where nonparathyroid 
tumors secreted PTH, and many studies demon
strated that the immunological properties of cir
culating of PTH-like material in hypercalcemic 
patients with nonparathyroid cancer or primary 
hyperparathyroidism were distinct from those of 
the immunoreactive PTH found in the serum of 
patients with primary hyperparathyroidism [14, 
15]. In 1980, Stewart and associates established 
the first full biochemical characterization for 50 
consecutive patients with cancer-associated 
hypercalcemia, with or without bone metastases. 
This study delineated characteristic laboratory 
findings that now define the PTH-Iike syndrome, 
and coined the term humoral hypercalcemia of 
malignancy (HHM): elevated nephrogenous cyclic 

Based on the biochemical characterization of 
humoral hypercalcemia of malignancy, much 
effort was devoted to the problem of identifying 
and isolating the tumor-secreted nnknown fac
tor that was responsible for this syndrome. In 
1987, three independent groups simultaneously 
achieved: (1) purification of an active component 
with a molecular weight of 18 kDa from a human 
lung cancer cell line (BEN) [16], (2) purification 
of a 6-kDa active component from cultured 
human renal carcinoma cells [17], and (3) purifi
cation of a 17-kDa active component from a 
human breast tumor biopsy [ 18]. Most interest
ing was the fact that the N-terminal amino acid 
sequence of these adenylate cyclase-stimulating 
proteins revealed outstanding homology to PTH, 
identifying the existence of a PTH-like factor in 
those cancer cells. 

Using the partial amino acid sequence infor
mation from these discoveries, oligonucleotide 
probes were synthesized and used to identify 
complementary DNAs (cDNAs) encoding BEN 
cell mRNA [19], mRNA from a human renal car
cinoma [20] and mRNA from a renal carcinoma 
cell line [21]. Characterization of those clones 
revealed a gene and peptide sequence similar to 
that of human PTH. Eight of the initial 13 resi
dues of the mature protein and the final2 residues 
in the signal peptide were identical to those of 
human PTH. The term parathyroid hormone
related protein (PTHrP) derives from this high 
homology to theN-terminal sequence of PTH. 

The elucidation of the PTHrP sequence 
allowed investigators to synthesize fragments of 
the peptide and to study their effects in different 
experimental conditions. Kemp ct al. demon
strated that the N-terminal fragment of PTHrP 
(1-34) exhibited PTH-like activity in rat and 
chicken kidney and produced effects commonly 
seen in HHM such as increased excretion of 
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Fig. 12.1 Structure of human parathyroid hormone-related protein (PTHrP) gene (adapted from Philbrick et aL [35]) 

cAMP and phosphorus, and reduced urinary 
calcium excretion [22]. Using radioligand bind
ing techniques, Nickols et al. were able to show 
that amino-terminal fragments ofPTH andPTHrP 
interacted with identical receptors present on rab
bit kidney microvessels and tubules [23]. 
Immunoassays were developed and indicated that 
PTHrP was circulating at high levels in patients 
with HHM [24, 25]. These findings provided 
strong evidence that circulating PTHrP produced 
by various cancers was the causal agent respon
sible for hypercalcemia. 

12.1.3 Gene Sequence 
and Protein Structure 

The Pthrp gene is localized to the short arm of 
chromosome 12 in humans [26] whereas the PTH 
gene is on the short arm of chromosome 11 [27]. 
The localization of PTH and Pthrp on these chro
mosomes and the similarity in sequence and orga
nization of the two genes provide indirect evidence 
for a common evolutionary origin [26, 28]. 

The human Pthrp gene (Fig. 12.1) is a com
plex transcriptional unit which spans more than 
I 5 kb of DNA, with 9 exons and at least 3 pro
moters. Alternative splicing of the premessenger 
RNAs produces three PTHrP isoforms differing 
at their carboxyl-terminal ends and containing 
139, 141 or 173 amino acids. Exon 4 encodes a 
region common to all peptides, while exons 5 and 
6 encode the unique carboxy termini of the other 
two peptides. PTH and Pthrp genes display an 
identical pattern of intron/exon organization in 
the region of exons 2 and 3 [19, 26, 28-30]. In 
contrast to the human organization, rat and mice 
Pthrp genes are relatively simple with a single 

promoter homologous to the downstream P3 
promoter of the human gene. They produce mature 
peptides of 141 and 139 amino acids, respectively 
[31, 3 2]. The Pthrp gene in the chicken yields a 
single mature peptide of 139 amino acids [33]. 

The initial translational human PTHrP prod
ucts undergo complex processing, including 
separation of the (-36 to -1) pre-pro sequence 
and endoproteolysis of the full-length (-36 to 
139), (-36 to 141) and (-36 to 173) sequence 
at multibasic sites. All sequences present an 
N-terminal signal sequence for endoplasmic 
reticulum entry and a coding 1-139 peptide 
[34, 35]. The amino acid 35-111 region is dra
matically conserved in human, rat, mouse and 
chicken sequences, with the human and rodent 
amino acid sequences differing in the 1-111 
region by only two residues. This high evolution
ary conservation suggests important physiologi
cal and biological functions. The 35-lll region 
is rich in putative proteolytic processing sites, with 
multiple dibasic amino acid groups [34, 35]. 

Region 107-111 (-Thr-Arg-Ser-Ala-Trp-) or 
TRSAW is evolutionally highly conserved, a sug
gesting that a peptide encompassing this region 
may be physiologically important [36]. 

12.2 PTHrP Physiology 

12.2.1 PTHrP Functional Domains 

Analysis of the Pthrp gene sequence reveals 
several functional domains (Fig. 12.2), including 
a signal peptide, a PTH-like N-terminal domain, 
a mid-region domain that begins at amino acid 38 
and a unique carboxy-terminal domain named 
osteostatin [36, 37]. 
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PTH1R 

Fig. 12.2 The functional domains of the human PTHrP 
protein and its interaction pnrtners. T-P denotes phospho
rylation of Thr85. SSTS stands for residues Ser119, 
Ser130, Thr132 and Ser138 and AAAA denotes 1heir 

The N-terminal domain of PTHrP (1-36) 
shares with PTH a homologous sequence that 
interacts with the PTH/PTHrP type 1 receptor 
(PTHl R), a class II G-protein coupled receptor 
(GPCR). Upon binding PTHrP, the PTHlR recep
tor can either activate the formation of cyclic 
3',5'-adenosine monophosphate (cAMP) by stim
ulating adenylate cyclase (AC) through Gas, or 
activate phospholipase CJl (PLCJl) through 
Gaq/11. cAMP then activates protein kinase A 
(PKA), whereas activated PLCJl stimulates the 
formation of diacylglycerol (DAG) and 1,4,5-
inositol triphosphate (IP3). In turn, DAG acti
vates protein kinase C (PKC) and the productioo 
of IP3 leading to an increase in the intracellular 
free Ca2

' [38, 39]. The PTHlR receptor can also 
stimulate the inflnx of extra-cellular Ca" through 
regulation or calcium channels [40], and activate 
protein kinase C through a PLC-independent 
pathway [41--43]. The PTHlR receptor classical 
transduction pathways can lead to different bio
logical effects in a cell type-specific manner. 

importin f3 

L..J 

CDKl/2 
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~arrestin 

replacements by alanines. CDKcyclin-dependent kinase, 
GPCR G-protein coupled receptor. Green bars show 
extension of the PTHrP protein in splicing variants 
-36/141 and -361173 (adapted from Dittmer [138]) 

complex that links to the microtubular trackway, 
where it is pulled by a dynien motor to a nuclear 
envelope pore and handed over to the pore chan
oel transport machinery [49-52]. Although the 
NLS exact function is still obscure, it is likely to 
be of great significance since mice missing the 
NLS and the C-terminal region of the PTHrP 
gene present decreased cellular proliferative 
capacity and increased apoptosis in multiple 
tissues, retarded growth, early senescence and 
malnutrition leading to an early death [53]. 
In addition, in vitro studies iodicate that the 
midregion sequence retains a CDK1/CDK2 phos
phorylation site at Thr [85] [54], which suggests 
that translocation of PTHrP is associated with 
activation of the cell cycle [44, 55]. 

The PTHrP C-terminal domain 107-139 was 
named osteostatin because this peptide inhibits 
rat osteoclastic bone resorption with an incredibly 
low EC

50 
value of JQ- 15 M [36, 56, 57]. 

The mid-region PTHrP comprises a bipartite 12.2.2 PTHrP Receptors 
nuclear localization sequence (NLS) consisting 
of residues 88-91 and 102-106. This NLS 
sequeoce may allow PTHrP to accumulate in the 
nucleus [44--46] and bind rRNA [47, 48]. This 
peptide likely eaters the nucleus immediately 
after NLS bioding to importin-Jll to form a 

PTHrP binds to, and activates, the G-protein 
coupled receptor (GPCR) for PTH/PTHrP 
(PTHlR) which is expressed in PTH and PTHrP 
target cells such as osteoblasts in bone and renal 
tubular cells. PTHl R io humans and rodents is 
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encoded by a multi-cxon gene with potential for 
alternate splicing and alternate promoter usage 
[58]. The PTH I R gene is located on chromosome 
3 in humans and possesses 14 exons. 

PTHlR has seven transmembrane spanning 
domains [59] and has been cloned from opossum 
kidney, rat bone, and human bone and kidney 
[60-62]. The amino terminal region of PTH 
(1-34) and PTHrP (1-34) interacts with the 
J-domain, the functional portion of the receptor 
that contains the seven transmembrane-spanning 
helices and the connecting loops [63]. 

Following receptor-agonist interaction, PTHlR 
is activated and mediates not only the endocrine 
actions of PTH, but also the autocrine/paracrine 
actions of PTHrP. 

12.2.3 Normal Physiological 
Functions of PTHrP 

PTHrP is widely expressed in fetal and adult tis
sues, including cartilage, bone, breast, skin, skel
etal heart and smooth muscle, uterus and placenta, 
as well as endocrine organs and the central ner
vous system [34, 35, 64]. PTHrP is a key regula
tor for cellular calcium transport and smooth 
muscle cell contractility, and possesses crucial 
roles in cell proliferation, development and dif
ferentiation [35]. It is important to note that the 
known biological properties of PTHrP are not 
only the results of its interaction with PTHlR and 
its subsequent signal transduction cascades, but 
also of PTHrP nuclear translocation [65, 66]. 
PTHrP is known to stimulate or inhibit apoptosis 

In addition, genetic mouse studies indicate 
PTHrP regulates hair follicle development, mam
mary epithelial development and tooth eruption 
[72-76]. 

12.2.4 PTHrP in Mammary 
Gland Development 

During postnatal breast development in normal 
mice, PTHrP appears to be expressed by both 
luminal and myoepithelial cells of the mammary 
gland [77, 78], while myoepithelial cells and 
mammary stromal cells express the PTH!PTHrP 
receptor. Both stromal and myoepithelial cells 
are important in the branching growth of the 
mammary gland during sexual maturation and 
early pregnancy, and PTHrP ligand and receptor 
are appropriately positioned to participate in this 
process [77, 79, 80]. 

Pthrp-null mice die soon after birth of severe 
musculo-skeletal defects [70], but Pthrp rescue 
in the chondrocytes of these animals leads to a 
phenotype compatible with life. This strategy 
generates a mouse PTHrP-sufficient in chondro
cytes, but PTHrP-null in all other sites including 
breast. These mice are characterized by the 
absence of normal epithelial-mesenchymal signal
ing cascade, failure to form mammary mesen
chyme and the resorption of nascent mammary 
bud [73, 76]. 

12.3 PTHrP and Cancer Biology 

in various settings in a cell- or tissue-specific 12.3.1 Breast Cancer 
manner [67-69]. These actions arc mostly per-
formed in an autocrine/paracrine and intracrine 
fashion. 

The biological actions of PTHrP are particu
larly important for bone development during 
endochondral bone formation. Targeted ablation 
of Pthrp results in homozygous+ mice dying 
shortly after birth and presenting abnormalities in 
endochondral bone development [70]. In contrast, 
heterozygous Pthrp+ animals are viable but 
demonstrate a reduction in trabecular bone vol
ume and an early osteoporotic phenotype [71]. 

Female breast cancer is a major medical prob1em 
with significant public health and societal ramifi
cations. Although breast cancer death rates have 
declined in recent years, breast cancer remains 
the most commonly diagnosed cancer and the 
second leading cause of cancer death in women 
[81]. Since normal breast growth is regulated by 
many hormones, growth factors and receptors, it 
is not surprising that malignant cells derived from 
breast tissue also express the same hormones, 
growth factors and receptors. Numerous genes 
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are controlled by complex regulatory networks 
and involved in the development and progression 
of breast cancer, and these genes are Ihe key fac
tors determining the characteristics of each tumor. 

R. Kremer et al. 

Similarly, PTHrP expression was more common 
in moderately differentiated adenocarcinomas 
(95.5%) and poorly differentiated adenocarcino
mas ( 100%) than in well-differentiated adenocar
cinomas (43%). Furthermore, PTHrP expression 
was more intense in the deeply invasive portions 

12.3.2 PTHrP and Cancer Development than in the mucosal carcinomas [97]. 

PTHrP was originally discovered in patients with 
MAH [5]; approximately 80% of hypercalcemic 
patients with solid tumors have elevated PTHrP 
plasma concentrations as a result of increased 
secretion by the tumors [82]. However, PTHrP 
expression is present in many tumor types even in 
the absence of hypercalcemia. For instance, the 
great majority of breast cancer tumor samples 
show positive staining for PTHrP, and strong 
Pthrp gene activity in breast tumors is associated 
with onset of bone metastases independent of 
hypercalcemia [83-87]. 

Normal prostatic epithelial tissues express low 
levels of PTHrP, as determined by immunohis
tochemistry and in situ hybridization. In contrast, 
overexpression of PTHrP is common in prostate 
cancer [88, 89], and many prostate cancer cell 
lines in vitro and metastatic bone lesions in vivo 
express PTHrP. PTHrP stimulates primary pros
tate tumor growth ard protects cells from apop
totic stimuli [90]. PTHrP expression was found 
in all major lung cancer cell types [91, 92] and 
was most common in squamous cell lung cancer 
[93]. While benign co!orectal adenomas and non
neoplastic adjacent mncosal epithelia show no 
detectable PTHrP expression, about 95% of 
colorectal adenocarcinomas overexpress PTHrP 
mRNA and protein, and the expression level 
is higher in poorly differentiated than in well
differentiated adenocarcinomas [94, 95]. In a 
clinical study of 76 patients with various hemato
logical malignancies, 50% of the 14 hypercalcae
rnic patients had significant elevation in plasma 
PTHrP concentrations [96]. Similar observations 
were made in stomach cancer where PTHrP is 
expressed in 77% of gastric adenocarcinomas 
without humoral hypercalcaemia. Tn contrast, 
only 5% of adenomas and none of the non
neoplastic epithelium showed PTHrP expression. 

It is well established that PTHrP is the major 
causative agent in MAH associated with a broad 
range of tumors. However, this is only one aspect 
of the multiple facets ofPTHrP in cancer biology. 
Indeed, the complex growth factor-like properties 
ofPTHrP have shed new light onto potential roles 
for this peptide in the regulation of tumor growth 
and invasion. In support of this, PTHrP expres
sion has been shown to be under the control of 
numerous growth and angiogenic factors such as 
transforming growth factor (TGF-J3,) epidermal 
growth factor (EGF), platelet-derived growth 
factor (PDGF) and vascular endothelial growth 
factor (VEGF) [98, 99]. Conversely, PTHrP stim
ulates the expression of many of these factors in 
various· cell types and behaves as an angiogenic 
factor in endothelial cells [98, 100, 101]. More 
recently, PTHrP was shown to promote cell inva
sion in vitro [102, 103]. These observations 
clearly suggest a multifunctional role for PTHrP 
in cancer biology. Its functions include (1) rcgn
lation of tumor cells growth, differentiation, and 
progression; (2) induction of progression of oste
olytic bone metastasis, (3) moderation of tumor 
cell survival factors and interference with apop
tosis signaling pathway. 

12.3.3 PTHrP in Breast Cancer 
Development 

Breast cancer is frequently accompanied by 
PTHrP-induced hypercalcemia in advanced 
stages of the disease [25], and 50--60% of pri
mary human breast cancer tumors overexpress 
PTHrP [85, 104, 105]. Several retrospective 
studies suggested that breast cancer patients with 
PTHrP-positive primary tumors were more likely 
to develop bone metastases compared to breast 
cancer patients with PTHrP-negative tumors 
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[85, 104-106]. PTHrP is expressed in 68% of 
surgically excised early breast cancers, compared 
with I 00% of bone metastases [1 07], and 50% of 
cases of early breast cancer expressed the PTHrP 
receptor in contrast to 81% of cases of bone 
metastases. PTHrP expression without concomi
tant expression of its PTHlR receptor in primary 
tumors correlated with a reduced disease-free 
survival with a mortality rate of 6%, while co
expression of both predicted the worst clinical 
outcome at 5 years with a mortality rate of 32% 
[1 07]. A similar observation was noted regarding 
the differential expression of PTHrP isoforms in 
different stages of breast cancer. The levels of the 
1-139 isoform mRNA was much higher in the 
tumors of patients who later developed metasta
ses than in those of patients who developed no 
metastases. This mRNA isoform was also more 
abundant in breast tumors from patients who 
developed bone metastases than in those of patients 
who developed metastases in soft tissues. In con
trast, the amounts of the 1-141 isoform mRNA in 
these groups of tumors were similar [87]. 

A prospective study conducted by Dr Kremer's 
team in patients with malignancy-associated 
hypercalcemia (including breast cancer patients) 
indicated that elevated circulating levels of 
PTHrP is an indicator of poor prognosis and is 
associated with reduced survival (Fig 12.3) [I 08]. 
Intriguingly, however, a retrospective clinical 
study of breast tumors collected at surgery sug
gests a better outcome and survival in patients 
whose primary tumor overexpresses PTHrP 
[109, 110]. 

To shed light on this controversy, Sato and 
co-workers treated animals presenting symp
toms similar to those of HHM patients with a 
humanized anti-PTHrP antibody. The animals 
showed significant improvement in hypercalce
mia and cachexia after antibody treatment [111]. 
Furthermore, administration of this antibody in 
nude mice injected intra-cardiac with the human 
breast cancer cell line MDA-MB-231 reduced the 
ability of these cells to form bone metastases 
[112]. Animal studies using mice transplanted 
with human tumors expressing PTHrP suggest 
that the humanized anti-PTHrP antibody could 

be an effective and beneficial agent for patients 
with HHM. In vitro, ovcrexpression of PTHrP in 
the human breast cancer cell line MCF-7 caused 
an increase in mitogenesis, whereas the inhibition 
of endogenous PTHrP production resulted in 
decreased cell proliferation [1 1 3]. Enhanced 
bone tumor growth was also observed when the 
MCF-7 cells were transfected to overexpress 
PTHrP. Taken together, these results point to the 
pro-tumorigenic effects of PTHrP [94]. 

12.3.4 Role of PTHrP in Breast 
Cancer Metastasis to Bone 

The bone matrix contains large amounts of 
growth factors such as Lype I collagen, insulin
like growth factors (IGFs), transforming growth 
factor a and i3 (TGF a and (3), fibroblast growth 
factors (FGF-1 and -2), platelet derived growth 
factors (PDGFs) and bone morphogenic proteins 
(BMPs) [114]. 

The bone remodeling cycle involves a series 
of highly regulated steps which depend on the 
interactions of two cell types, the mesenchymal 
osteoblastic lineage and the hematopoietic osteo
clastic lineage. Osteoblasts synthesize some of 
the growth factors stored in the matrix during 
bone fonnation. Most growth factors are released 
in active form into the marrow when bone is 
degraded during osteoclastic bone resorption. 
The resorption areas provide a fertile microenvi
ronment for tumor cell colonization and prolifer
ation [115, 116]. 

The inner slructure of bone consists of bone 
marrow which is multicellular and contains 
hematopoietic stem cells and stromal cells. 
Hematopoietic stem cells differentiate into any 
type of blood and immune cells including mac
rophages, lymphocytes and osteoclasis. Stromal 
cells support the differentiation of the hematopoi
etic stem cells but importantly, have the ability to 
differentiate into osteoblasts [117]. In addition, 
physical factors within the bone microenviron
ment, iucluding low oxygen levels, acidic pH and 
high extracellular calcium concentrations may 
also enhance tumor growth [118]. Furthermore, 



152 

Fig. 12.3 Serum levels a 1.00 
of PTHrP and survival 
of patients with MAH. 
(a) Survival in 76 C) 

c hypt!rcalcernic cancer 
2: 

0.75 
patients, by PTHrP status > 
and pretreatment calcium -=s 
levels. Numbers shown in "' the inset are total numbers c 0.50 

0 
of deaths/number of t:: 
patients at baseline. 0 
Numbers of patients at a. 

0 
risk were 40 at 100 days, ~ 0.25 

22 at year 1, and 3 at 
a. 

year 3. (b) Survival in 
hypercalcemic cancer 
patients by PTHrP status o.oo 
and age group. The 0 
numbers of patients at risk 
were 41 at 100 days, 
22 at year 1, and 3 at year 3. 
CA:o:::; 12=pretreatrnent b 1.00 
serum calcium levels 10.3 
to 12 mg/dl; CA > 
12= pretreatment calcium t» 
levels > 12 mg/dl; PTHrP c 0.75 
O=PTHrP not elevated; > 

> PTHrP > 0 = PTHrP ~ 

elevated. PTHrP and =s 
UJ 

calcium levels are two c 0.50 
independent prognostic .2 
factors for patient survival, t:: 

0 
and the effect of PTHrP is 0-

only significant in patients 0 
0.25 ~ 

younger than 65 a. 

0.00 
0 

when the tumor cells stimulate osteoclastic 
bone resorption, the bone microenvironment 
becomes more enriched in bone-derived growth 
factors that enhance survival of the cancer and 
disrupt normal bone remodeling, resulting in bone 
destruction. 

Metastasis is the spread and growth of tumor 
cells to distant organs, and represents the most 
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devastating attribute of cancer. The common sites 
for metastatic spread of breast cancer are bone, 
lung and liver [119]. However, certain cancers 
will form metastases in specific organs or tissues 
at higher frequencies than predicted by blood 
ft. ow patterns alone. For instance, breast, prostate, 
lung cancer and multiple myeloma frequently 
metastasize to bone. Bone metastases are often 
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Fig 12.4 Interactions driving osteolytic metastases 

Prostate Cancer Cells 

Fig 12.5 Interactions driving osteoblastic metastases 

broadly classified as osteolytic (proceeding 
through bone destruction) (Fig. 12.4) or osteo
blastic (proceeding through aberrant bone forma
tion) (Fig. I 2.5). Osteolytic bone lesions are 
typical of breast and lung carcinoma as well as 
hematological malignancies such as multiple 

myeloma. On the other hand, tumors in bone may 
stimulate new bone formation resulting in osteo
blastic bone metastasis, a situation most often 
associated with prostate cancer although also 
encountered in breast cancer. The osteolytic
osteoblastic distinction is not absolule, as many 
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patients with bone metastases have both types of 
lesions and individual metastatic lesions can 
contain both osteolytic and osteoblastic compo
nents. A dysregulation of the normal bone remod
eling process is encountered in both types of 
lesions [120]. 

According to the Stanley Paget "seed and 
soil" hypothesis, tumor cells (seed) invading bone 
provide growth factors that activate the bone 
microenvironment (soil), which in turn produces 
growth factors that feed the tumor cells, creating 
a vicious cycle of destructive mutual coopera
tion [121]. 

PTHrP has been shown to play a key role in 
the osteoclastic bone resorption resulting from 
breast cancer metastasis to bone because it acti
vates local bone turnover and consequently par
ticipates actively in the vicious cycle described 
above [117, 122, 123]. It has to be noted that 
PTHrP expression by breast cancer at metastatic 
sites differs dramatically from expression at pri
mary sites. In fact, only 50% of primary breast 
cancers express PTHrP, whereas 92% of metasta
ses of breast cancer to bone produce the peptide 
[124]. The increased local PTHrP stimulates 
RANKL expression and inhibits OPG secretion 
by osteoblasts. RANKL binds to its receptor 
RANK (expressed on osteoclasts) and enhances 
the differentiation and fusion of active osteo
clasts in the presence of the macrophage-colony
stimulating factor. Bone-derived TGF-f\, IGFs 
and FGFs released as a consequence of osteo
clastic bone resorption stimulate tumor produc
tion of PTHrP via different receptors present in 
the cancer cells (PKC, MEK, P38 MAPK and 
Akt signaling pathway) [121, 125, 126]. Tumor 
cells might contribute to the vicious cycle by 
producing growth factors and cytokines which 
in tum sustain tumor growth [127]. It is, how
ever, unclear whether the predilection of these 
cancers for spreading to bone results from the 
induction of PTHrP in the bone microenviron
ment, or whether tumors that produce PTHrP 
are more likely to metastasize to bone [J 24]. In 
contrast to its well-characterized role in bone 
metastasis development, the role of PTHrP in 
tumor progression outside the skeleton remains 
controversial. 
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12.4 Pthrp Gene Ablation 
in Mammary Epithelial Cells 
and Its Consequences 
on Tumor Initiation, 
Growth and Metastasis 

12.4.1 Rationale 

PTHrP is expressed in normal epithelial cells but 
its expression increases in breast cancer and 
becomes associated with multiple metastatic 
lesions and reduced survival. It is, however, still 
unknown whether PTHrP overexpression is 
simply a consequence of tumor progression, or 
whether it is mechanistically linked to the tumor 
progression process from initiation to metastasis. 
In order to shed light on this relationship, we 
ablated the Pthrp gene in mammary epithelial cells 
and determined the consequences of this ablation 
on tumor initiation, growth and metastasis. 

We used a model in which PTHrP is specifi
cally excised in mammary epithelial cells using 
the cre-loxPsystem. In this model, it is important 
to note that Cre is expressed shortly after birth 
(around 10 days) [128] but not during embryonic 
development [129], making the system suitable 
for the study of PTHrP roles in mammary develop
ment during puberty as we11 as in tumor initiation 
arising from the normal mammary epithelium. 

12.4.2 MMTV-PyMT Breast 
Cancer Mouse Model 

In the MMTV-PyMT transgenic mouse model 
[130], expression of the oncoprotein polyoma 
middle T antigen (PyMT) is under the control of 
the mouse mammary tumor virus long terminal 
repeat (LTR) and its expression is restricted to the 
mammary epithelium and absent from myoepi
thelial and surrounding stromal cells. 

PyMT, a membrane-attached protein, is 
encoded by the small DNA polyoma virus. PyMT 
is not normally expressed in human breast tumor 
cells, but when overcxpresscd in the mammary 
epithelium of transgenic mice, it acts as a potent 
oncogene because its product (MT oncoprotein) 
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binds various receptors and activates several 
signal transduction pathways, including those of 
the Src family kinase, ras and the PI3K pathways, 
which are frequently activated in human breast 
cancers [131]. Src phosphorylates Y315, which 
in turn directly activates the p85/p 11 O/PI3 K com
plex, which then activates PDK! and 2 and results 
in AKT phosphorylation and activation [131]. 
Previous studies have shown that PTHrP can acti
vate both ras [132] and AKT [133, 134] signaling 
pathways. 

12.4.3 Tumor Progression from 
Hyperplasia to Metastastic 
Carcinoma 

Mammary hyperplasia can be detected in this 
animal model as early as 4 weeks of age. The 
hyperplasia then progresses to adenoma in 6 
weeks, to early carcinoma in 9 weeks and to late 
carcinoma 12 weeks, with pulmonary metastasis 
present in 100% of animals. The MMTV-PyMT 
mouse model of breast cancer is characterized by 
a high incidence of lung metastasis with highly 
reproducible progression kinetics. Increased met
astatic potential has been shown to depend on the 
presence of macrophages in primary tumors and 
on the establishment of a chemoattractant para
crine loop of colony-stimulating factor-! (CSF-1) 
and EGF ligands between macrophages and 
tumor cells [135]. Although PyMT transgenic 
mice do not develop bone metastasis per se, 
metastatic cells are found in the bone marrow 
relatively early and continue to grow in later 
stages without evidence of bone metastasis [136] 

12.4.4 Conditional Knockout of Pthrp 
in Mammalian Epithelial Cells 
of the MMTV-PyVMT 
Transgenic Mouse Model 

Disruption of the Pthrp gene in the mammary 
epithelium of the PyVMT transgenic mouse 
model produces mice that are homozygous 
(PyVMT-Pthrp/1'Vfi'x) or heterozygous (PyVMT
Pthrp'"'1+) for the ftoxed Pthrp allele. Both groups 

of animals possess two active Pthrp alleles, 
whether flanked by flax sequences or not. These 
mice were crossed with a separate strain express
ing Cre recombinase under the control of the 
MMTV promoter that targets Cre expression to the 
mammary epithelium. Excision of flax-bordered 
essential Pthrp sequences renders the gene non
functional. The resulting homozygous mice 
(PyVMT-Pthrp/'"·vfl<>x; Cre+) therefore express no 
PTHrP in the mammary epithelium, while the 
heterozygous mice (PyVMTPthrp/'"1+;Cre+) pres
ent lowered levels of PTHrP expression because 
they retain one active Pthrp allele. 

A significant consequence of reduction or 
elimination of PTHrP expression in the mam
mary epithelium of the offspring is a marked 
delay in tumor onset. 100% of control animals 
(normal PTHrP levels) present tumors by day 55, 
while heterozygous (PTHrP haploinsufficiency) 
and homozygous animals (absent PTHrP) reach 
this percentage by days 77 and 85, respectively. 

Metastatic spread to lungs was similarly 
reduced independent of tumor size, illustrating 
the crucial importance of ablating PTHrP signal
ing to prevent breast cancer progression and 
metastasis [ 13 7]. 

Other Cre/lox studies indicate ablation of 
ftoxed sequences in only 90% of the cells, leav
ing 10% of the cells to potentially express the 
knock-out protein. In order to overcome the prob
lem of residual PTHrP expression, we isolated 
cells from Py VMT Pthrp/1"'11'x; Cre· tumors, trans
fected them with an adenoCre-GFP (or control 
adeno-GFP) construct, subcultured the cells and 
purified them by flow cytometry to obtain pure 
populations of Cre+ (or control Cre·) cells with 
complete or no Pthrp ablation. When these cells 
were transplanted into the mammary fat pad of 
healthy syngeneic mice, tumor onset was signifi
cantly delayed post-tumor implantation in adeno
Cre animals compared to adeno-GFP controls 
[137]. Tumor growth was also significantly 
delayed in the adenoCre mice. Metastatic tumor 
cells were detectable in the bone marrow or ade
noCre animals during killing, confirming that this 
model can be used to examine natural progres
sion of breast cancer from the primary site to the 
skeleton. The ablation of Pthrp was also observed 
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to inhibit GO/G 1 to S transition in tumor cells, to 
enhance tumor cell apoptosis (increased TUNEL 
staining and decreased Bcl-2 expression) and to 
decrease Aktl and increase Akt2 expression 
[137]. From these observations, we concluded 
that PTHrP is critical for the initiation of mam
mary tumorigenesis in vivo, and that ablation of 
PTHrP expression in mammary epithelial tumor 
cells inhibits tumor growth and metastasis by 
several mechanisms. 

12.5 Summary and Conclusion 

PTHrP has been associated with cancer as the 
causative agent for malignancy-associated hyper
calcemia, and with progression of metastases in 
the skeletal environment. We show that PTHrP is 
involved in breast cancer initiation, growth and 
metastasis, and we suggest that PTHrP plays a 
role in a number of critical checkpoints for 
Py VMT, which points to a novel role as a facili
tator of oncogenes and emphasizes the impor
tance of attempting its targeting for therapeutic 
purposes. 
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