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Introduction
Breast cancer is the second leading cause of  death among women in the US, accounting for approximately 
30% of  new cancer diagnoses and 15% of  cancer-related deaths (1). While early diagnosis and improved 
therapies have reduced the mortality rates associated with this disease, 20% develop distant metastases, 
which portend incurable disease (2). Bone is one of  the most favored sites for breast cancer metastases, 
and serious skeletal-related events, including pathological fractures, spinal compression, and bone pain, 
are major causes of  morbidity (3). The development of  skeletal metastases depends on the interactions 
between the tumor cells and the bone microenvironment and involves many of  the same pathways used 
to support normal hematopoietic stem cells (HSCs) (4–11). Among the best characterized are CXCL12/
CXCR4, Jag1/Notch, integrins, and TGF-β (12–15). Thus, manipulation of  the niche to make it less favor-
able to cancer cell homing is an important approach towards reducing breast cancer metastases.

Bone remodeling involves focal resorption by osteoclasts and new bone formation by osteoblasts. In 
women with breast cancer, systemic effects of  the tumor, estrogen deprivation secondary to chemotherapy 
or aromatase inhibition, and glucocorticoid treatment all promote rapid bone loss (16–18). The current 
standard therapies for breast cancer–related bone metastases are antiresorptive medications, including bis-
phosphonates and denosumab, a monoclonal antibody targeted against the osteoclast differentiation factor 
RANKL (19, 20). Although these medications are effective in controlling adverse skeletal events, at high 
doses they are associated with increased risk of  osteonecrosis of  the jaw (21–23).

An alternative to antiresorptives is anabolic therapy targeted to promote bone formation. Studies have 
suggested a direct role for osteoblasts in the bone-tumor vicious cycle. Data from coculture experiments 
with multiple myeloma cells indicate that osteoblasts inhibit the growth of  myeloma cells in bone (24). The 
addition of  osteoblasts to cocultures of  breast cancer cells and bone substrates decreased bone resorption 

Advanced breast cancer is frequently associated with skeletal metastases and accelerated bone 
loss. Recombinant parathyroid hormone [teriparatide, PTH(1-34)] is the first anabolic agent 
approved in the US for treatment of osteoporosis. While signaling through the PTH receptor 
in the osteoblast lineage regulates bone marrow hematopoietic niches, the effects of anabolic 
PTH on the skeletal metastatic niche are unknown. Here, we demonstrate, using orthotopic and 
intratibial models of 4T1 murine and MDA-MB-231 human breast cancer tumors, that anabolic PTH 
decreases both tumor engraftment and the incidence of spontaneous skeletal metastasis in mice. 
Microcomputed tomography and histomorphometric analyses revealed that PTH increases bone 
volume and reduces tumor engraftment and volume. Transwell migration assays with murine and 
human breast cancer cells revealed that PTH alters the gene expression profile of the metastatic 
niche, in particular VCAM-1, to inhibit recruitment of cancer cells. While PTH did not affect 
growth or migration of the primary tumor, it elicited several changes in the tumor gene expression 
profile resulting in a less metastatic phenotype. In conclusion, PTH treatment in mice alters the 
bone microenvironment, resulting in decreased cancer cell engraftment, reduced incidence of 
metastases, preservation of bone microarchitecture and prolonged survival.
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by osteoclasts (25). Similarly, extensive bone loss due to breast cancer metastasis has been associated with 
the absence of  osteoblasts (26). Hence, stimulation of  osteoblast activity and new bone formation is an 
appealing therapeutic option for breast cancer patients.

Parathyroid hormone (PTH) and PTH-related peptide (PTHrP), both acting through the PTH receptor 
(PTH1R), play significant roles in bone remodeling and maintenance of  calcium homeostasis (27). While 
the two ligands show very similar response profiles in activating various signaling pathways, the net effects 
of  PTH or PTHrP on bone are dependent on the duration and exposure. For example, while intermit-
tent administration of  PTH or a PTHrP analog results in bone formation (28, 29), continual infusion of  
PTH or PTHrP results in increased resorption (30). Activation of  the PTH1R receptor leads to regulation 
of  multiple signaling pathways, including the PKA and PKC pathways. Recombinant PTH [teriparatide, 
PTH(1-34)] administered intermittently (once daily) is the first anabolic treatment available for osteoporo-
sis in the US (29, 31). Importantly, activation of  PTH1R in osteoblasts in mice increases the numbers and 
engraftment of  HSCs (32, 33). In postmenopausal women with osteoporosis, daily teriparatide treatment 
also increases circulating HSCs (34). Therefore, intermittent PTH is a useful therapeutic option to alter the 
bone microenvironment. In a murine model of  multiple myeloma, PTH increased the expression of  several 
osteoblastic markers, such as collagens and osteocalcin in bone (35). In mouse models of  leukemia, activa-
tion of  PTH1R in osteoblasts attenuated engraftment of  chronic myelogenous leukemia while promoting 
that of  acute myeloid leukemia (36), suggesting that the consequences of  PTH signaling may differ by 
disease. However, the safety and efficacy of  PTH in breast cancer is unknown.

In this study, we examined the effects of  PTH administration on breast cancer skeletal metastases in 
mice. We hypothesize that intermittent PTH administration alters the bone microenvironment, rendering 
it less favorable for breast cancer cell colonization. We demonstrate for the first time to our knowledge that 
intermittent PTH reduces the incidence of  breast cancer bone metastases in mice.

Results
Intermittent PTH decreases skeletal metastases and improves survival in metastatic breast cancer. To determine the 
effects of  intermittent PTH on 4T1 mouse mammary tumor growth and metastasis, 6-week-old female BAL-
B/c mice were pretreated with intermittent PTH(1-34)or vehicle (PBS) for 4 weeks (Figure 1A, pretreatment 
model). Microcomputed tomography (μCT) analysis confirmed an increase in trabecular bone volume (Sup-
plemental Figure 1, A–F; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.90874DS1) with PTH treatment. Orthotopic tumors were established by injection of  4T1-/LuBiG 
(4T1) cells into the mammary fat pad after 4 weeks, and PTH administration was continued for another 4 
weeks. The mice were approximately 10 weeks of  age at the time of  tumor implantation. PTH is an important 
regulator of  mineral metabolism. However, no changes were seen in serum calcium or 1,25 (OH)2D levels 
with the dose of  PTH used (Figure 1, B and C). No differences in the tumor volumes were detected between 
PTH pretreatment and PBS, with tumor volumes reaching approximately 1,500 mm3 at the end of  4 weeks 
(Figure 1D). Bioluminescence imaging (BLI) also revealed comparable tumor volumes in the two groups of  
mice (Figure 1E). Four weeks after tumor implantation, mice were euthanized and individual organs were 
imaged by BLI (Figure 2A). Metastases to lungs, liver, and spleen were similar in numbers and BLI intensity 
between the two groups (Figure 2). However, skeletal metastases to hind limbs were significantly decreased (7 
of  20 mice) with PTH pretreatment as compared with 16 of  20 mice in the control group (Table 1). This was 
accompanied by a significant (P < 0.01) decrease in BLI signal intensity (Figure 2B), confirming a decrease in 
both incidence and intensity in skeletal metastasis with PTH pretreatment. Metastases to the hind limbs were 
also confirmed by histology, as seen in Supplemental Figure 1, G–J. Numbers of  metastatic nodules did not 
differ in lungs, liver, or spleen with PTH pretreatment (Supplemental Figure 2, A–C). Likewise, no differences 
were seen by histological analyses (Supplemental Figure 2D).

We next delayed PTH until 24 hours after tumor implantation, with similar results (Figure 3A, treat-
ment model). Mice were approximately 10 weeks of  age at the time of  tumor implantation. Four weeks 
after tumor implantation, the incidence and BLI intensity of  skeletal metastases were significantly reduced 
with PTH treatment, with no differences in metastases to lungs, liver, or spleen (Figure 3, B and C, and 
Table 2). Double labeling by calcein injections revealed the presence of  tumor cells in areas of  active bone 
formation in both groups (Figure 3D). In a separate experiment, early invasion of  cancer cells to bone 
was examined by flow cytometry for GFP+ 4T1 cells in collagenase-digested bones and bone marrow of  
tumor-bearing mice administered PTH or PBS. No BLI signal was observed in hind limbs of  either PTH- 
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or PBS-treated mice 3 weeks after tumor implantation (Figure 3E). However, flow cytometry revealed the 
presence of  GFP+ 4T1 cells in the PBS-treated control bones as early as week 1 (Supplemental Figure 3), 
while GFP+ 4T1 cells were not detected in bones of  the PTH-treated group until week 3 (Supplemental 
Figure 3 and Figure 3F). At week 3, 5 of  5 PBS-treated control bones showed varying percentages of  GFP+ 
4T1 cells in contrast to only 2 of  5 bones in PTH-treated mice, confirming delayed engraftment of  the can-
cer cells with PTH treatment (Figure 3F). Interestingly, under the conditions tested in this experiment, no 
GFP+ cells could be detected in the bone marrow at week 3 (Figure 3G) in either group.

To mimic the clinical setting where treatment would be initiated after diagnosis and debulking of  pri-
mary tumors, orthotopic 4T1 tumors were allowed to grow for approximately 3 weeks before removal of  
the primary tumor (Figure 4A, survival model 1). Similar to the pretreatment and treatment models, mice 
were 10 weeks old at the time of  tumor implantation. Tumor volumes were equivalent in both groups at 
the time of  debulking (Supplemental Figure 4A). PTH/PBS treatment was started postoperatively and 
continued using survival as the end point. PTH increased median survival by 31% (25 days vs. 19 days in 

Figure 1. Pretreatment with intermittent PTH does not affect primary tumor 
growth in an orthotopic 4T1 murine breast cancer model. (A) Prevention model 
experimental design. Mice were 6 weeks of age at the start of the experiment 
and 10 weeks at the time of 4T1 cell injection. (B) Serum calcium and (C) serum 
1,25 (OH)2D levels from PBS- and PTH-treated mice. (D) End point tumor 
volumes. (E) Representative bioluminescence images (BLI) of mice bearing 4T1 
tumors pretreated with intermittent PTH. All values represent mean ± SD of n = 
20 for each group.
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PBS-treated mice) (Figure 4B). In a second experiment, the primary tumors were removed approximately 
2 weeks after 4T1 cell injection (Figure 4C, survival model 2). Tumor volumes were smaller than those in 
survival model 1, but they were similar in both groups at the time of  debulking and they were histologically 
similar, as confirmed by H&E staining (Supplemental Figure 4, B and C). Wound healing was similar in 
both groups 1 week after surgery, and no evidence of  primary tumor was detected by BLI (Supplemental 
Figure 4D). Kaplan-Meier survival curves revealed improved survival in both groups with earlier debulking 
(Figure 4, B and D), and, even with earlier tumor removal, PTH increased median survival by 20% (36 days 
vs. 30 days in PBS-treated mice) (Figure 4D). 40% of  PTH-treated mice survived beyond the follow-up 
period of  6 weeks after surgery compared with 20% of  PBS-treated control mice (Figure 4D). The primary 
cause of  death in both groups was due to reappearance of  primary tumors, followed by lung metastasis 
(Figure 4, E–G), with skeletal metastasis seen only in 1 mouse in the PBS-treated control group.

Overall, these results demonstrate that, in a model of  spontaneous metastasis using 4T1 prima-
ry tumors, intermittent PTH substantially reduces skeletal metastases, without affecting primary tumor 
growth or metastases to other internal organs. Furthermore, even when delayed until after debulking of  the 
primary tumor, PTH treatment yielded a small but significant increase in survival.

PTH reduces breast cancer cell engraftment in bone. PTH treatment may reduce breast cancer skeletal metas-
tases through direct effects on the skeletal microenvironment and/or on the primary tumor as well as 
indirect effects on systemic mineral metabolism. To study the interactions between breast cancer cells and 
the bone microenvironment, 4T1 cells were directly injected into the intratibial bone marrow cavity of  
female mice pretreated with PTH/PBS for 4 weeks (Figure 5A). Baseline imaging and flow cytometry 
performed 6 hours after 4T1 injections showed no differences in the number of  GFP+ 4T1 cells in the two 
groups of  mice, confirming that seeding density was similar in both groups (Supplemental Figure 5). After 
4 weeks, tumors were identified by BLI imaging in only 7 of  15 PTH-treated mice compared with 14 of  
15 PBS-treated mice (Figure 5B). Additionally, the intensity of  the BLI signal was also decreased signifi-

Figure 2. Pretreatment with intermittent PTH reduces skeletal metastases in an orthotopic 4T1 murine breast cancer model. (A) Rep-
resentative BLI images of metastases to lungs, liver, spleen, and hind limbs in the pretreatment model. (B) Quantitation of BLI in lungs, 
liver, spleen, and hind limbs with metastases. All values represent mean ± SD of n = 10 for each group. **P < 0.01 when compared with 
PBS group, by 1-way ANOVA with Bonferroni’s test as post-hoc analysis.
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cantly with PTH treatment (Figure 5C), sug-
gesting that both engraftment and growth are 
reduced with PTH treatment.

Next, tibiae of  mice pretreated with PTH 
or PBS were sham injected or injected with 
4T1 cells and evaluated by μCT and histol-
ogy. As anticipated, PTH treatment signifi-
cantly increased bone volume, as measured 
by μCT in the sham PTH tibiae when com-
pared with the control (sham PBS) mice (Fig-
ure 5, D–F). 4T1 cells are known for their 
osteolytic activity. While PTH treatment pre-

served bone volume and trabecular thickness, even in the 4T1-injected tibiae, we observed a trend towards 
decreased trabecular bone volume in the 4T1-injected controls (4T1-PBS) (Figure 5D). End point evalua-
tion of  the tibiae, however, revealed marked osteolysis of  bone microarchitecture in all 4T1-PBS mice (Fig-
ure 5G) and a significant reduction in tumor burden in 4T1-PTH mice (Figure 5, G and H). The nonsignif-
icant decrease in bone volume in the 4T1-PBS mice could be due an insufficient number of  samples with 
sufficient trabecular bone available for μCT analysis due to tumor erosion. These results are in agreement 
with the BLI observations in which most of  the control mice (Figure 5B) showed presence of  tumor cells. 
Additionally, a greater number of  tartrate-resistant acid phosphatase–positive (TRAP-positive) osteoclasts 
was found on the surfaces of  both trabecular and cortical bone in the control mice when compared with 
PTH-treated mice (Figure 5, I and J).

To examine whether PTH has similar effects on human breast cancer cells, MDA-MB-231-fLuc (MDA) 
cells were injected into the tibiae of  athymic nude mice pretreated with either PTH or PBS (Figure 6A). 
The results were similar to those observed with 4T1 cells. PTH reduced tumor engraftment in the tibiae 
(Figure 6B). Likewise, there was a significant decrease in BLI intensity in tumors from the PTH-treated 
mice (Figure 6C), suggesting that PTH affects both the engraftment and growth of  human breast cancer 
cells in the bone microenvironment.

These observations suggest that, in the intratibial model, which bypasses the initial stages in primary 
tumor metastasis, PTH administration retained its beneficial effect on tumor metastasis by increasing bone 
volume, decreasing TRAP-positive osteoclasts, and significantly reducing tumor engraftment and tumor 
burden of  both murine and human breast cancer cells.

Intermittent PTH treatment attenuates the migratory potential of  breast cancer cells by altering the metastatic gene 
expression profile in MC3T3-E1 cells. To investigate the chemoattractant effects of  MC3T3-E1 preosteoblastic 
cells on breast cancer cell migration, MC3T3-E1 cells were treated with intermittent PTH (6 of  24 hours) 
or continuous PTH and cocultured with 4T1 or MDA breast cancer cells in a Transwell migration assay 
system. As shown in Figure 7, A–C, and Supplemental Figure 6, A and B, the presence of  MC3T3-E1 
cells in the Transwell chamber dramatically increased the migratory potential of  the breast cancer cells as 
compared with wells lacking MC3T3-E1 cells. The migratory potential of  both 4T1 and MDA cells did 
not change with continuous PTH treatment (Figure 7A). However, treatment with intermittent PTH sig-
nificantly decreased the migratory potential of  both 4T1 and MDA cells compared with PBS-treated con-
trols (Figure 7B). Conditioned media from MC3T3-E1 cells treated with intermittent PTH also decreased 
the migratory potential of  both the cell lines (Figure 7C), suggesting that inhibition of  breast cancer cell 
migration is mediated at least in part by secreted factors. Rankl, Vcam-1, Vegfr1, Il7, and Opg are target genes 
known to play a critical role in the vicious cycle that drives the growth of  breast cancer cells in the bone 
(37). In MC3T3-E1 cells treated with intermittent PTH, mRNA levels of  these genes were significantly 
decreased (Figure 7D). Interestingly, although Opg expression did not change with PTH treatment, the 
Rankl/Opg ratio decreased significantly. These changes suggest an important role for intermittent PTH in 
altering the bone microenvironment.

To identify additional genes potentially regulated by PTH in osteoblasts, MC3T3-E1 cells treated with inter-
mittent PTH were profiled using the RT2 Profiler Tumor Metastasis PCR Array from Qiagen. Of a total of  
88 genes on the array, 26 genes were significantly downregulated and 5 genes were upregulated by PTH treat-
ment (Figure 7E, Table 3, and Supplemental Table 1). Functional clustering revealed significant decreases in the 
expression of several matrix metallopeptidases (Mmp-10, Mmp-11, and Mmp-13), regulators of the bone-tumor 

Table 1. Numbers of metastases in lungs, liver, spleen, and hind limbs in the 
pretreatment model

Model Pretreatment
Group PBS PTH P value
Lungs 19/20 18/20 NS
Liver 8/20 6/20 NS
Spleen 4/20 5/20 NS
Hind limbs 16/20 7/20A <0.001
AP < 0.001 when compared with the PBS group, by Z proportion scores.



6insight.jci.org      https://doi.org/10.1172/jci.insight.90874

R E S E A R C H  A R T I C L E



7insight.jci.org      https://doi.org/10.1172/jci.insight.90874

R E S E A R C H  A R T I C L E

vicious cycle. Likewise significant decreases were seen in the expression of Tgfβ and Cxcl-12, which are involved 
in the growth and migration of tumor cells to the bone. Interestingly, a significant decrease was noticed in the 
expression of cathepsin K, a gene predominantly associated with osteoclasts. Expression of the genes that were 
significantly altered by intermittent PTH was further validated using real-time PCR. With the exception of Cxcr4 
and cathepsin K, all other genes showed a similar pattern of changes (Figure 7F). Since the Cxcr4/Cxcl-12 axis has 
been shown to play an important role in the homing of cancer cells to the bone, we confirmed by ELISA the 
changes in CXCL-12 expression. PTH decreased CXCL-12 levels in both the absence and presence of 4T1 cells 
(Figure 7G). Together, these experiments indicate that treatment of osteoblasts with intermittent PTH, which 
reduces migration of both human and murine breast cancer cells (Figure 7B), significantly alters the expression 
of several genes implicated in metastases, rendering the niche less favorable for the homing of cancer cells.

PTH decreases expression of  VCAM-1 to inhibit migration of  4T1 cells. VCAM-1 belongs to the Ig superfam-
ily and is known to mediate leukocyte-endothelial cell adhesion and signal transduction (38); increased 
expression of  VCAM-1 has been linked to the progression of  several cancers (38–40). Previous studies 
from our laboratory have demonstrated that removal of  the PTH1R in osteoprogenitor cells is associat-
ed with increased expression of  VCAM-1, suggesting that PTH may negatively regulate VCAM-1 (41). 
Here, we demonstrate that the expression of  VCAM-1 was significantly reduced with intermittent PTH 
treatment (Figure 7D and Figure 8A). Immunohistochemical analyses revealed reduced expression of  
VCAM-1 with PTH pretreatment in mice with intratibial 4T1 injection as compared with sham-injected 
mice or PBS-treated control mice (Figure 8A). While overexpression of  Vcam1 in MC3T3-E1 cells led to 
increased 4T1 migration (Figure 8B and Supplemental Figure 6C), PTH treatment inhibited the constitu-
tive expression of  Vcam1 mRNA (Figure 8C) and attenuated the increased migration of  4T1 cells towards 
VCAM-1–overexpressing MC3T3-E1 cells (Figure 8B and Supplemental Figure 6C). Conversely, blocking 
endogenous VCAM-1 expression with a neutralizing antibody (41) reduced migration of  4T1 cells towards 
MC3T3-E1 cells, and PTH treatment had no additive effects (Figure 8D and Supplemental Figure 6D).

To further characterize the role of  VCAM-1, mice were treated with VCAM-1–neutralizing antibody, 
IgG control, or PTH, as shown in Figure 8E. 4T1 cells were injected into the mammary fat pads of  mice, 
and treatments were started 24 hours after the injection. After 4 weeks of  treatment, the mice were eutha-
nized for end point imaging by BLI (Figure 8F). Like the PTH-treated mice, anti-VCAM-1 treatment did 
not decrease metastases to lungs, liver, or spleen (Table 4). However, both PTH and anti-VCAM-1 treat-
ment decreased metastases to the hind limbs (Table 4). These results suggest that VCAM-1 is an important 
mediator of  4T1 migration to the bone and that PTH regulates the expression levels of  VCAM-1.

PTH administration does not affect 4T1 cell growth in vitro or tumor progression in BALB/c mice. To assess the 
direct effects of  PTH administration on breast cancer cells and primary tumors, 4T1 cells were treated with 
graded concentrations of  intermittent PTH. There were no differences in proliferation between the vehicle 
and PTH-treated cells, as measured by DNA content (Figure 9A), and intermittent PTH treatment did not 
change the migratory potential on 4T1 cells in a Transwell assay (Figure 9B). Similarly no differences were 
seen in tumor volumes between the PBS-treated control mice and PTH-treated mice, either with PTH treat-
ment (Figure 9, C and D) or pretreatment (Figure 1, D and E). However, analysis of  select genes involved in 
tumor growth and metastasis revealed that intermittent PTH pretreatment attenuated the expression of  sev-
eral key genes (Pthrp, Cxcr4, Cxcr7, Tnfα, and Il6) in 4T1 primary tumors (Figure 9E). While expression of  
Cxcr7 mRNA was decreased with PTH treatment, no differences could be seen at the protein level (Figure 
9F). Of  note, mRNA levels of  p21, a classic marker for cell cycle arrest, were unaffected by PTH treatment, 
suggesting that the effects of  PTH are not mediated through growth arrest.

Figure 3. Intermittent PTH reduces skeletal metastases in a treatment model of 4T1 murine breast cancer. (A) Treatment model experimental design. 
Mice were 10 weeks old at the time of 4T1 cell injection (B) Representative BLI images of metastases to the hind limbs in the treatment model. (C) Quan-
titation of BLI in lungs, liver, spleen, and hind limbs with metastases in the treatment model. (D) Representative sections of double calcein labeling in 
hind limbs with metastases from mice treated with PBS/PTH. Sections are stained with xylene orange to visualize calcein labeling (indicated with white 
arrowheads) or H&E to visualize corresponding histology (areas of tumor are indicated with dotted lines). Scale bar: 200 μm. (E) BLI at week 3 following 
PBS and PTH treatment in tumor-bearing mice (n = 5) in mice prior to flow cytometry. (F) Flow cytometry for detection of GFP+ 4T1 cells in bones of PBS- 
and PTH-treated mice (n = 5). In mice treated with PBS, GFP+ 4T1 cells were detected in the hind limb bones of 1 of 5 animals at weeks 1 and 2 and in 5 of 
5 mice at week 3. In PTH-treated mice, GFP+ 4T1 cells were detected in 0 of 5 mice at weeks 1 and 2 and in 2 of 5 mice at week 3. Hind limbs injected intrati-
bially with 4T1 cells were used as positive (+) controls. (G) Flow cytometry for detection of GFP+ 4T1 cells in bone marrow (n = 5). No GFP+ 4T1 cells were 
detected by flow cytometry in bone marrow from any of the 5 PBS- or PTH-treated mice at weeks 1, 2, or 3. All values represent mean ± SD. *P < 0.05 when 
compared with PBS-treated group, by 1-way ANOVA with Bonferroni’s test as post-hoc analysis.
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Discussion
Bone is a favored site for breast cancer metastasis, and the development of  skeletal metastases depends on 
the interactions between the tumor cells and the bone metastatic niche. Antiresorptive therapies, including 
bisphosphonates and denosumab, are effective in reducing adverse skeletal events associated with breast 
cancer (42, 43). Breast cancer patients are also at risk for osteoporosis and fragility fractures. Teriparatide 
[recombinant PTH(1-34)] is the first FDA-approved anabolic drug available to treat osteoporosis in the US. 
Caution has been associated with the use of  this drug due to the development of  rodent osteosarcoma in 
preclinical testing (44–46). However, in over 10 years (approved in November 2002) on the market, there 
have been only three cases of  osteosarcoma in humans treated with teriparatide, suggesting that the inci-
dence of  osteosarcoma in patients taking teriparatide is not higher than that observed in the general popu-
lation (47, 48). The safety and efficacy of  anabolic therapies in breast cancer is unknown.

It is well established that PTH stimulates both bone formation and resorption, and the dynamic balance 
is dependent on the dose and kinetics of  the PTH signal. While continuous PTH exposure results in active 
bone resorption, intermittent PTH exposure favors bone formation (49, 50). At intermittent doses, PTH binds 
to the PTH1R and transiently regulates mRNAs encoding for transcription factors, cytokines, and growth 
factors via the cAMP/PKA signaling pathways, leading to an overall anabolic effect (49, 51). In contrast, the 
OPG/RANKL/RANK pathway appears to be the prime mediator for the actions of  continuous PTH (50, 
52). A DNA microarray study (53) of  gene expression changes in rats treated with continuous or intermittent 
PTH for 7 days observed that both treatments resulted in gene expression patterns that matched the anticipat-
ed histomorphometric changes. Continuous PTH treatment upregulated 173 unique genes, many of  which 
were associated with increased osteoclast number and bone resorption (e.g., MMPs and cathepsin K), as 
opposed to intermittent PTH treatment, in which only 19 genes were uniquely regulated, many of  which were 
associated with bone formation. A more comprehensive study conducted by Li et al. (54) also showed similar 
findings, that intermittent PTH was anabolic and continuous PTH was catabolic in its effects on rat bones. 
In humans, the catabolic effects of  PTH are best represented by hyperparathyroidism (HPT), a classic disor-
der that is associated with excess circulating PTH, hypercalcemia, increased circulating 1,25 (OH)2D levels 
(55), and a net catabolic effect resulting in bone loss. Several existing studies suggest a potential association 
between HPT and breast cancer. Among women who underwent surgery for primary parathyroid adenoma 
in Sweden, the number of  incident breast cancer cases was slightly greater than expected (56, 57). Conversely, 
the prevalence of  HPT among women with breast cancer may also be increased (57–59). However, the safety 
of  teriparatide in breast cancer and skeletal metastases has not been examined.

In our study, we used the anabolic or intermittent dose of  PTH to study the effects on the bone micro-
environment in mice bearing primary breast tumors. Previous studies with anabolic PTH reported that 
PTH increased the expression of  several osteoblastic markers, such as collagens and osteocalcin in bone, in 
a murine model of  multiple myeloma (35). In mouse models of  leukemia, however, activation of  PTH1R 
in osteoblasts attenuated engraftment of  chronic myelogenous leukemia while promoting that of  acute 
myeloid leukemia (36). In another study (60), it was shown that increasing the number of  osteoblastic lin-
eage cells with anabolic PTH prior to inoculation of  prostate cancer increased the number of  cancer cells 
in bone marrow, suggesting that prostate tumor growth in bone was dependent on the osteoblastic niches. 
Similarly, Schneider et al. (61) have shown that intermittent PTH treatment was associated with increased 
bone turnover and marrow cell proliferation, leading to increased prostate cancer tumor engraftment in 
the skeleton. Although these experimental designs differed slightly from the model used in our study, they 
support the hypothesis that the effects of  PTH on metastatic niches may depend in part on the primary 

Table 2. Numbers of metastases in lungs, liver, spleen, and hind limbs in the treatment model

Model Treatment
Group PBS PTH P value
Lungs 16/20 15/20 NS
Liver 1/20 0/20 NS
Spleen 1/20 0/20 NS
Hind limbs 10/20 5/20A <0.05
AP < 0.05 when compared with the PBS-treated group, by Z proportion scores.



9insight.jci.org      https://doi.org/10.1172/jci.insight.90874

R E S E A R C H  A R T I C L E



1 0insight.jci.org      https://doi.org/10.1172/jci.insight.90874

R E S E A R C H  A R T I C L E

tumor type. In our study, we demonstrate presence of  tumor cells in areas of  active bone formation in both 
PBS-treated controls as well as PTH-treated mice. This is not surprising, since these areas are likely to be 
rich in growth factors, cytokines, and other factors that contribute to the tumor microenvironment. We 
show, for the first time to our knowledge, that administration of  PTH reduces spontaneous breast cancer 
skeletal metastases and prolongs survival in mice.

Metastasis is a multistep sequential process involving proliferation and dissemination of  the cancer 
cells from the primary tumor, intravasation and migration into circulation, extravasation into the bone, and 
finally colonization in specific niches (37). It is well established that the bone marrow has specific micro-
environments that are conducive for disseminating cancer cells to engraft. The cancer cells compete for the 
same endosteal niche, which is rich in osteoblasts that are essential for normal hematopoiesis in adult bone. 
Since PTH acts on PTH1R on osteoblasts, PTH is likely to have a direct role on the bone marrow micro-
environment, in which cells of  the bone marrow and other stromal cells are involved in the creation of  a 
premetastatic niche. Indeed our results demonstrate that PTH reduced tumor burden and colonization of  
bone by breast cancer cells directly injected into the intratibial bone marrow cavity, thus bypassing the ini-
tial steps in metastasis. PTH decreased breast cancer metastases to bone at least in part by altering VCAM-
1 expression. We have previously demonstrated increased expression of  VCAM-1 with PTH1R ablation 
in osteoprogenitor cells (41), suggesting that PTH may be a negative regulator of  VCAM-1 expression. 
Here, we report that PTH treatment reduced VCAM-1 expression and attenuated the ability of  VCAM-1 to 
enhance breast cancer cell migration in vitro and in vivo.

PTH also significantly reduced the expression of  other premetastatic niche–promoting factors, includ-
ing MMPs (Mmp10, Mmp11, and Mmp13), Tgfβ, Rankl, and Vegfr1 (62–64). That Rankl is suppressed by PTH 
is somewhat surprising, given reports that PTH increases Rankl expression in stromal cells and osteoblasts 
(65, 66). These effects were, however, attributed to treatments with continuous PTH and not intermittent 
PTH. In this study, we report that intermittent PTH treatment decreases Rankl expression in cocultures of  
osteoblasts with breast cancer cells, leading to a significant decrease in the RANKL/OPG ratio. This is an 
important finding, and it may reflect the altered microenvironment in the setting of  bone metastases. These 
global gene changes with PTH likely result in a microenvironment that is less favorable to the homing of  
cancer cells. Furthermore, we have found that intermittent PTH decreased Cxcl12 gene expression and pro-
tein in MC3T3-E1 osteoblasts, with reciprocal decreases in Cxcr4 and Cxcr7 mRNA seen in the 4T1 primary 
tumors. In the normal bone marrow microenvironment, CXCL12 plays a significant role in the homing of  
circulating HSCs to the bone marrow niche, and cancer cells are known to hijack the CXCR4/CXCL12 
axis to colonize the bone, thus competing with HSCs for the same niche (60). Decreasing the expression of  
both the ligand (Cxcl12) and the receptor (Cxcr4 and Cxcr7) may be one of  the key mechanisms for reduced 
engraftment of  cancer cells to the bone with PTH treatment.

As for potential direct effects of  PTH on the primary tumor, using both in vitro and in vivo models, we 
showed that PTH administration did not affect the proliferation of  the 4T1 breast cancer cells. These obser-
vations are consistent with our findings that only metastases to bone and not to other organs are reduced. 
However, PTH significantly decreased the expression of  several genes in 4T1 primary tumors, including Il6 
and Tnfα, important players in the bone-tumor vicious cycle that are implicated in the recruitment of  leuko-
cytes and endothelial cells into the tumor microenvironment to initiate matrix remodeling, an essential step 
for the dissociation of  tumor cells from their primary tumor.

An interesting observation in this study was the decreased expression of Pthrp in the primary tumors with 
PTH treatment. PTHrP expression is commonly found in many types of cancers, including the breast, and it 
can promote tumor growth and metastasis (67, 68). While PTH and PTHrP have similar binding affinities to the 
G protein–coupled PTH1R, PTH binds with greater stability than the PTHrP, facilitating prolonged signaling 
even after internalization of the ligand-receptor complex, resulting in different downstream effects (69). Acting 

Figure 4. Treatment with intermittent PTH prolongs survival in mice undergoing tumor debulking surgery. (A) Survival model 1 experimental design (n 
= 10). Mice were 10 weeks old at the time of tumor cell injections (B) Kaplan-Meier plots to assess survival after debulking of primary tumors in model 1. 
Median survival of PBS-treated mice was 19 days and that of PTH-treated mice was 25 days (P = 0.0183, log-rank [Mantel-Cox] test). (C) Survival model 
2 experimental design (n = 10). (D) Kaplan-Meier plots to assess survival after debulking of primary tumors in model 2. Median survival of PBS-treated 
mice was 30 days and that of PTH-treated mice was 36 days (P = 0.029, log-rank [Mantel-Cox] test). (E) Representative BLI imaging of skeletal and other 
distal organs at end point. (F) H&E staining (areas of tumor are indicated with arrows) and (G) macroscopic examination of lungs at end point from mice in 
survival model 2 at end point. Scale bar: 200 μm. All values represent mean ± SD for each group.
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in a paracrine manner in the bone microenvironment, PTHrP activates osteoblasts and, in turn, osteoclasts to 
drive bone resorption. As a consequence, many other mitogenic factors are released from the bone matrix that 
further fuel the vicious cycle of tumor growth and bone resorption. Early investigations by Guise et al. revealed 
that tumor-produced PTHrP promotes breast cancer metastasis to the bone and neutralizing antibodies against 
PTHrP may reduce the development of osteolytic lesions as well as retard tumor growth in the bone (70). In 
our studies, we report reduced expression of Pthrp in the 4T1 tumors with intermittent PTH treatment. We also 
report decreased expression of Tgfβ in the bone microenvironment. It has been shown that the TGF-β released 

Figure 5. Intermittent PTH decreases 4T1 mouse breast cancer cell engraftment to the bone, leading to better preservation of bone architecture. 
(A) Intratibial injection experimental design. Mice were 6 weeks of age at the start of the experiment and 10 weeks at the time of 4T1 cell injection. (B) 
Representative end point BLI images of hind limbs injected with 4T1 murine breast cancer cells. After 4 weeks, tumors were identified by BLI imaging 
in 7 of 15 PTH-treated mice compared with 14 of 15 in the PBS-treated mice (P = 0.005). (C) Quantitation of BLI 4 weeks after intratibial injections 
of 4T1 cells. Architectural analyses of proximal tibia (D) bone volume/total volume (BV/TV) and (E) trabecular thickness (Tb.Th) by μCT (n = 10). (F) 
Representative reconstructed 3D μCT images of tibiae with corresponding BLI images at end point in PBS- and PTH-treated mice following intratibial 
injections of 4T1 cells. (G) Representative H&E-stained images of tibia from PBS- and PTH-treated mice with intratibial injections of 4T1 cells (original 
magnification, ×4). (H) Quantitation of tumor burden. Representative TRAP staining of (I) trabecular region (original magnification, ×20) and (J) corti-
cal region (original magnification, ×10) from tibiae of mice treated with PBS/PTH with intratibial injections of 4T1 cells. TRAP-positive osteoclasts are 
indicated by arrows. All values represent mean ± SD of n = 10 for each group. *P < 0.05, **P < 0.01 when compared with PBS group, by 1-way ANOVA 
with Bonferroni’s test as post-hoc analysis.
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due to tumor-stimulated bone resorption may drive the growth of breast cancer cells in the bone and that tumor 
PTHrP may be the effector for the actions of TGF-β in the bone (71). Therefore, it is possible that decreased 
expression of Pthrp and Tgfβ inhibits the vicious cycle and contributes to a less attractive microenvironment for 
tumor cell growth and proliferation. Decreasing the expression of these key genes may contribute to the reduced 
migratory potential of the cancer cells, as observed in our Transwell migration assays with both 4T1 and MDA 
cells. Parallel to this, in an in vivo setting, we demonstrated that PTH administration and pretreatment not only 
changed the gene expression profile in the primary tumor microenvironment, but significantly reduced sponta-
neous metastases in orthotopic models of 4T1 primary tumors to the bone.

In conclusion, our studies demonstrate that anabolic PTH decreased both the tumor engraftment rate 
and the incidence of  spontaneous breast cancer metastases in orthotopic models of  4T1 murine breast can-
cer tumors and prolonged survival in mice. In vitro experiments with human and murine breast cancer cells 
suggest that the molecular mechanisms involve alterations of  the gene expression profile of  the metastatic 
niche to render it less favorable to breast cancer cells. Although PTH had no effect on the growth of  the pri-
mary tumor, the gene expression profile reflected a less metastatic phenotype. Our observations support the 
hypothesis that the effects of  PTH on the bone microenvironment negatively affect breast cancer metastases 
to the bone. Anabolic PTH is an FDA-approved drug and a useful therapeutic option that clearly warrants 
further evaluation in preventing breast cancer metastasis.

Methods

Breast cancer cells
Murine 4T1 and human MDA-MB-231 breast cancer cells obtained originally from ATCC were genetically 
engineered to stably express firefly luciferase and enhanced green fluorescence protein using the Sleeping 
beauty transposon plasmid pKT2/LuBiG (72, 73). These cells are referred to as MDA (a gift from Bon-
nie King, Stanford University) and 4T1 (a gift from Michael Bachmann, Stanford University). The MDA 

Figure 6. Pretreatment with intermittent PTH reduces 
MDA-MB-231 human breast cancer cell engraftment 
in bone. (A) Intratibial injection experimental design. 
Mice were 6 weeks of age at the start of the experi-
ment and 10 weeks at the time of 4T1 cell injection. 
(B) Representative end point BLI images of hind 
limbs injected with MDA-MB-231 human breast cancer 
cells. After 4 weeks, tumors were identified in 5 of 15 
PTH-treated mice compared with 11 of 15 PBS-treated 
mice (P = 0.027, by 1-way ANOVA with Bonferroni’s test 
as post-hoc analysis). (C) Quantitation of BLI 4 weeks 
after intratibial injections of MDA cells. All values rep-
resent mean ± SD of n = 15 for each group. *P < 0.05, 
when compared with PBS group, by 1-way ANOVA with 
Bonferroni’s test as post-hoc analysis.
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cells were authenticated by Genetica DNA Laboratories. In the absence of  a universally accepted standard 
method for authentication of  mouse cell lines, the 4T1 cells were also submitted to Genetica and were 
validated to be free of  any cross contamination from human DNA. Cells were cultured in DMEM media 
supplemented with 10% FBS, 100 IU/ml penicillin, and 100 μg/ml streptomycin and maintained at 37°C 
with 5% CO2 in a humidified incubator.

Figure 7. In vitro treatment with intermittent PTH attenuates the migratory potential of breast cancer cells by altering the gene expression profile in 
preosteoblastic MC3T3-E1 cells. Numbers of breast cancer cells (4T1 and MDA) that migrated towards MC3T3-E1 preosteoblastic cells treated with (A) 
continuous PTH, (B) intermittent PTH, or (C) conditioned media from cells treated with intermittent PTH in a Transwell migration system. (D) Target gene 
expression in MC3T3-E1 cells using gene-specific primers. (E) RT2 Profiler Tumor PCR Metastasis PCR Array analysis of MC3T3-E1 gene expression. (F) 
Genes with >2 fold changes from Table 3 were further validated with real-time quantitative PCR. (G) CXCL12 protein levels in MC3T3-E1 cells treated with 
control or PTH in the absence or presence of 4T1 cells. All values represent mean ± SEM of at least 3 individual experiments conducted in triplicate. *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 when compared with control (con) group. +++P < 0.001 when compared with control (+4T1), by 1-way ANOVA 
with Bonferroni’s test as post-hoc analysis.
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Animal studies
Mice. 10-week-old female BALB/c mice and athymic nude mice 
purchased from The Jackson Laboratory were housed in a desig-
nated pathogen-free area facility and fed irradiated mouse chow 
and autoclaved water. For the pretreatment model, pretreatment 
was started at 6 weeks of  age and continued for 4 weeks. All mod-
els receive tumor cell injections at approximately 10 weeks of  age.

Mammary fat pad injections. Orthotopic xenografts were estab-
lished in approximately 10-week-old mice by injecting 4T1 cells 
(~150,000 cells), suspended in 50 μl culture medium/Matrigel 
mixture, directly into the fourth mammary fat pad on the left side. 
Body weights and tumor volumes were measured weekly, and 
tumor volumes were calculated from two tumor diameter mea-
surements using the following formula: tumor volume = (length 
× width2)/2 (74).

Experimental design. Three different experimental approaches were used to assess the effects of  anabolic 
PTH on primary tumor metastasis to distal organs.

In the pretreatment model (Figure 1A), 6-week-old mice were pretreated for 4 weeks with either intermit-
tent PTH [PTH(1-34); 80 μg/kg/d, Bachem] or PBS. 4T1 cells were injected into the mammary fat pad to 
establish tumors, and then PTH (or PBS) was continued for another 4 weeks before terminal euthanasia. Indi-
vidual organs collected and processed for BLI were fixed in 10% formalin and stored at 4°C until further use.

In the treatment model (Figure 3A), mice received mammary fat pad injections of  4T1 cells, were ran-
domized the following day (24 hours after tumor injection) to receive PTH or PBS, and were followed for 4 
weeks. In a separate experiment, mice were treated with either anti-mouse VCAM-1–neutralizing antibody 
(clone 429, MVCAM.A, Biolegend) or the matching isotype control IgG (Biolegend). Briefly, mice received 
mammary fat pad injections of  4T1 cells and were randomized 24 hours later to receive PBS/IgG (control 
group), PTH (80 μg/kg/mouse Monday–Friday), or anti-VCAM-1 antibody (200 μg twice a week followed 
by 80 μg/mouse Monday–Friday for 3 weeks), as described in Figure 8E. After 4 weeks, animals were euth-
anized and individual organs were dissected and fixed in 10% formalin and stored at 4°C until further use.

In the survival model, mice received mammary fat pad injections of  4T1 cells. All macroscopically 
visible primary tumors were surgically removed approximately 3 weeks (Figure 4A) or 2 weeks (Figure 4C) 
after 4T1 injections, and the wounds were closed using nylon sutures. The mice received 5 mg/kg carprofen 
for analgesia. 24 hours after surgery mice were randomized to receive PTH or PBS and were monitored 
daily for survival. Following the Administrative Panels on Laboratory Animal Care guidelines for end 
point euthanasia, survival was defined using certain specific criteria: reappearance of  primary tumor with 
any degree of  ulceration, tumor size sufficient to interfere with normal activity or equal to 10% of  preinoc-
ulation body weight, and/or moribund status. Mice were also monitored closely for clinical signs, including 
(but not limited to) rapid weight loss, abnormal respiratory rate/pattern, piloerection (ruffled coat), and 
listlessness. Treatment with PTH was continued until death or euthanasia due metastatic disease. Tumor 
and lungs were collected when possible for histological evaluation.

Intratibial injections. The pretreatment model approach was used for the intratibial injections, as shown 
in Figure 5A. 4T1 murine breast cancer cells were injected into syngeneic BALB/c mice and MDA human 
breast cancer cells were injected into athymic nude mice. Six-week-old mice were pretreated with either PTH 
[PTH(1-34); 80 μg/kg/d] or PBS for 4 weeks prior to intratibial injection. 4T1 or MDA breast cancer cells 
grown to 70% confluence were harvested during the log phase of  growth, and 1 × 103 cells were resuspended 
in 20 μl of  sterile PBS. The tumor cell suspensions were then injected into the right tibiae of  the mice using a 
27-gauge needle under isoflurane anesthesia. A slow drilling motion was used to advance the needle to avoid 
fractures. The left tibia was injected with the same volume of  PBS (sham injected) to control for tumor cell 
injections. Treatments were continued for the next 4 weeks or until a 10% difference in measurement between 
the two hind limbs was observed. Hind limb thickness was measured weekly using digital calipers. Hind limbs 
were fixed in 10% formalin and processed for μCT analyses and immunohistochemistry.

Calcein labeling. Double labeling of  bones was performed with intraperitoneal injections of  calcein (20 
mg/kg) 10 and 3 days before euthanasia. The hind limbs were fixed, dehydrated, and methylmethacrylate 
resin embedded, and the calcein label was detected using florescence microscopy (75).

Table 3. Significant fold change in genes with PTH treatment

Genes Fold change
Upregulated

Brms1 (breast cancer metastasis suppressor 1) 3.2A

Downregulated
MMP10 (matrix metallopeptidase 10) –21.39A

CXCL12 (chemokine [C-X-C motif] ligand 12) –20.08A

TGFβ1 (transforming growth factor β 1) –17.44A

Ctsk (cathepsin K) –17.14A

MMP11 (matrix metallopeptidase 11) –8.6A

MMP12 (matrix metallopeptidase 12) –7.71A

AP < 0.05, by 1-way ANOVA with Bonferroni’s test as post-hoc analysis.
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BLI. BLI was performed weekly on live animals under isoflurane anesthesia using an IVIS 200 Imag-
ing platform (Caliper Life Sciences Inc.) following injection of  luciferin substrate (3.33 mg/mouse). 
Luciferin substrate was injected into the mice 10 minutes prior to euthanasia. Average radiance was mea-
sured and quantified for all organs using Living Image Software version 4.3.1. After BLI imaging, tumors 
were snap frozen and stored at –80°C for RNA isolation. For the intratibial studies, BLI imaging was 
measured weekly using the AMI-X Imaging system (Spectral Instruments Imaging), which has X-ray as 
well as BLI measuring capabilities, and average radiance was quantitated using the AMIView software.

μCT analyses. Tibiae dissected from mice bearing the 4T1 intratibial tumors were scanned with 
a high-resolution microtomographic system (Scanco VicaCT 40, Scanco Medical AG). Tibiae were 
aligned perpendicular to the scanning axis, and the entire tibia was scanned. Scanning was conducted 
using the following settings: 55 kVp and 145 μA intensity, 200 ms integration time, and 1,000 pro-
jections, with a 0.5-mm AI filter at a resolution of  10 μm/voxel. Each region of  interest consisted of  

Figure 8. Decrease in VCAM-1 expression reduces the migratory potential of 4T1 breast cancer cells both in vitro and in vivo. (A) Representative 
VCAM-1 staining in sham-, PBS-, and PTH-treated tibiae with 4T1 cells (original magnification, ×40) (n = 6). (B) Numbers of 4T1 cells that migrat-
ed towards MC3T3-E1 cells overexpressing VCAM-1 treated with intermittent PTH or PBS in Transwell assays (n = 8). (C) Vcam1 mRNA levels in 
MC3T3-E1 cells overexpressing VCAM-1 and treated with intermittent PTH or PBS. (D) Numbers of 4T1 cells that migrated towards MC3T3-E1 cells 
treated with VCAM-1–neutralizing antibody (20 μg/ml) and intermittent PTH in Transwell assays (n = 5). (E) In vivo treatment with anti-VCAM-1 
antibody experimental design (n = 10). (F) Representative BLI images of metastases to lungs and hind limbs. All values represent mean ± SD of at 
least 3 individual experiments conducted in triplicate. **P < 0.01, ***P < 0.001 when compared with PBS group. +++P < 0.001 when compared with 
VCAM-PBS group, by 1-way ANOVA with Bonferroni’s test as post-hoc analysis.
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approximately 100 μCT sections, beginning 5% distal to the tibial growth plate and including the tibial 
metaphysis. 3D structural analyses were completed using the accompanying software.

Immunohistochemistry. Primary tumors, lungs, livers, spleens, and tibiae (cleaned from muscle and con-
nective tissue) were harvested from treated and control mice and fixed in 10% neutral buffered formalin 
for 24–48 hours at 4°C, transferred to 70% ethanol, and stored until further use. The organs were macro-
scopically examined before fixation for presence of  metastatic foci. The fixed tibiae were decalcified in 20% 
EDTA and processed along with the other organs for paraffin embedding. 5-μM sections of  the paraffin-em-
bedded tissue were then processed for H&E staining to visualize pathology. Tumor burden in bone sections 
was defined by regions of  interest, beginning 200 μm distal to the tibial growth plate and extending 900 
μm below and contained within the cortices. This was considered the total area. Tumor burden was traced 
within this same region of  interest, and the final measurements were presented as percentage tumor burden 
of  the total area using the ImageJ, version 1.48 (NIH). Immunostaining for expression of  VCAM-1 (rabbit 
anti-VCAM-1 antibody EPR5047, Abcam) and CXCR7 (anti-human/mouse CXCR7 331111, Biolegend) 
was carried after overnight incubation with the primary antibody. The MACH 4 Universal HRP-Polymer 
Detection System (BRI4012, Biocare Medical) was used to detect peroxidase staining according to the 
manufacturer’s instructions. Sections were also processed for TRAP staining using the leukocyte acid phos-
phatase kit (387A-1KT, Sigma-Aldrich) according to the manufacturer’s protocol.

Flow cytometry. To determine the percentage of  GFP+ 4T1 cells in bone and bone marrow of  tumor-bear-
ing mice treated with PTH or PBS, femurs and tibiae were flushed of  bone marrow and digested with 2.5% 
collagenase I and II (1:3 ratio). Bone marrow cells were simultaneously digested with 0.1% Collagenase 
IV (Gibco) and 0.2% Dispase (Sigma-Aldrich) at 37°C for 30 minutes. Single-cell suspensions were stained 
with anti-CD45-Biotin, anti-Ter119-Biotin, and anti-CD31-Biotin (Biolegend) to exclude hematopoietic 
cells and then stained with streptavidin-APC/Cy7 (Biolegend). Cells were resuspended in staining medium 
containing propidium iodide and analyzed on LSR II flow cytometer (BD Biosciences).

Measurement of serum calcium and 1,25 (OH)2 vitamin D
Serum calcium levels were measured using the QuantiChrom calcium assay kit (BioAssay Systems) follow-
ing the manufacturer’s protocol. Serum 1,25 (OH)D vitamin D levels were measured at Heartland Assays. 
The assay did not distinguish between vitamin D2 or D3 metabolites.

Migration assays
2 × 104 MC3T3-E1 mouse preosteoblastic cells (ATCC) were cultured in αMEM media supplemented 
with 10% FBS, 100 IU/ml penicillin, 100 μg/ml streptomycin, and then seeded in the lower chamber 
of  a 8-μm pore polycarbonate Transwell Permeable Support (Costar) system and allowed to attach 
overnight. Cells were then treated with either PBS (control) or PTH (50 ng/ml) and incubated for 6 
hours. At the end of  6 hours, PTH-treated cells were divided into two groups. One group received fresh 
medium and PTH (continuous), while the other group received fresh medium without PTH (intermit-
tent). The control group received fresh medium and PBS. Simultaneously, 5 × 104 breast cancer cells 
(4T1 or MDA) were seeded in the upper inset of  the Transwell setup in serum-free medium. Cells in 
both chambers were incubated separately overnight at 37°C with 5% CO2 in a humidified incubator. 
After overnight incubation the upper chamber was transferred to the Transwell setup and cells were 
allowed to migrate for 4 hours. At the end of  4 hours, cells in the upper chamber were wiped off. Cells 
that migrated to the under side of  the membrane were fixed and stained with DAPI. Five random fields 

Table 4. Numbers of metastases to lungs, liver, spleen, and hind limbs in mice treated with PBS, PTH, or 
anti-VCAM-1 antibody

Model Treatment
Group  PBS PTH αVCAM-1
Lungs 7/10 6/10 7/10
Liver 1/10 0/10 1/10
Spleen 0/10 0/10 1/10
Hind limbs 7/10 4/10 4/10
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per membrane were photographed using a fluorescence microscope and total numbers of  cells were 
counted using the ImageJ, version 1.48 (NIH). In a separate experiment, condition media was collect-
ed after intermittent PTH treatment and used to assess migration potential of  4T1 cells in the absence 
of  MC3T3-E1 cells. To test the direct effects of  PTH on breast cancer cells, 4T1 cells were treated with 
either PBS or PTH (50 ng/ml) for 6 hours as described above. After overnight incubation 1 × 105 cells 
were seeded in the upper inset of  the Transwell chamber, allowed to migrate against a serum gradient 
for 6 hours, and processed as described above.

Figure 9. PTH administration does not affect 4T1 cell growth in vitro or tumor progression in BALB/c mice. (A) DNA content in 4T1 cells treated with 
increasing concentrations of intermittent PTH for 6 days. (B) 4T1 cells were treated with intermittent PTH (6 of 24 hours) and allowed to migrate against 
a serum gradient in a Transwell assay. All values represent mean ± SD of at least 3 individual experiments conducted in triplicate. Scale bar: 200 μm. (C) 
Representative BLI at end point and (D) weekly tumor volume in mice injected with 4T1 cells and treated with PTH (treatment model) for 4 weeks. (E) 
Expression of select target genes in primary tumors dissected from mice pretreated with PTH, as described in Figure 1A. (F) Representative CXCR7 staining 
in primary tumors treated with PTH, as described in Figure 1A (original magnification, ×40). All values represent mean ± SD (n = 10) for each group. **P < 
0.01, ***P < 0.001 when compared with PBS group, by 1-way ANOVA with Bonferroni’s test as post-hoc analysis.
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Overexpression of VCAM-1
Mouse CD106/VCAM-1 natural ORF mammalian expression plasmid in a pCMV3 vector was obtained 
from Sino Biological Inc. MC3T3-E1 cells were seeded in the lower chamber of  the Transwell migration setup 
as described above. Transient transfections were then performed to overexpress VCAM-1 using Lipofectamine 
(Invitrogen) for 24 hours according to the manufacturer’s instructions. RNA was isolated and expression of  
Vcam1 was confirmed using gene-specific primers provided by the manufacturer (Sino Biological Inc.). Empty 
vectors were used as negative controls for the expression of  VCAM-1. MC3T3-E1 cells transiently transfected 
with VCAM-1 were treated with either PBS or PTH, and migrations of  4T1 cells were assessed as described in 
the previous section. Overexpression of  VCAM-1 in the transfected cells was assessed by real-time PCR using 
gene-specific primers provided by the manufacturer. In a separate experiment, MC3T3-E1 cells were treated 
with VCAM-1–neutralizing antibody (20 μg/ml) (LEAF-purified anti-mouse CD106 antibody, Biolegend) 
in the presence or absence of  intermittent PTH treatment, and migrations were assessed as described earlier.

RNA isolation and real-time PCR
Total RNA was isolated from MC3T3-E1 cells and primary tumors following homogenization using the 
Trizol reagent (Invitrogen) according to the manufacturer’s instructions. 5 μg RNA was subjected to reverse 
transcription using the SuperScript III first strand synthesis kit (Invitrogen), and gene expression was deter-
mined by real-time PCR using the CFX96 real-time PCR detection system (Bio-Rad), with gene-specific 
primers (Supplemental Table 2) and SYBR green qPCR kit (Bio-Rad). Target gene expressions were nor-
malized to β-actin, and the relative changes in mRNA levels were assessed by the comparative CT method 
(76). To determine the effects of  intermittent PTH on the genes involved in tumor metastasis, RNA was 
isolated from MC3T3-E1 cells treated with intermittent PTH and cocultured with 4T1 cells, and expression 
levels of  88 tumor metastasis genes were determined using the RT2 Profiler Tumor Metastasis PCR Array 
(Qiagen) according to the manufacturer’s instructions. Gene-specific primers were used to validate expres-
sion of  genes that were significantly changed.

CXCL-12 ELISA
MC3T3-E1 cells plated in Transwell migration chambers were treated with PBS/PTH as described 
above and incubated in the presence or absence of  4T1 cells for 4 hours. The cells and media were 
collected for the analysis of  CXCL-12/SDF-1 using a quantikine ELISA kit (R&D Systems) according 
to the manufacturer’s instructions.

Cell proliferation assay
4T1 cells were seeded (100,000 cells/well) in 6-well culture plates in DMEM/F12 medium containing 
10% FBS and treated with graded concentrations of  PTH as described earlier (77). Cell proliferation was 
assessed at the end of  6 days by measuring total DNA content, as described earlier (78).

Statistics
Statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software). Z proportion 
scores were calculated where applicable, and data were evaluated using ANOVA with multiple compar-
isons or 1-way ANOVA with Bonferroni’s test as the post-hoc analysis. P values of  less than 0.05 were 
considered significant.
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sity Administrative Panels on Laboratory Animal Care.
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