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Abstract

Lactation requires a series of adaptations in maternal calcium and bone metabolism to ensure a 

steady supply of calcium to the lactating mammary gland. The alterations in systemic metabolism 

are accompanied by alterations in the expression of calcium receptors, channels, binding proteins, 

pumps and transporters in mammary epithelial cells to increase the uptake of calcium from the 

extracellular fluid and to transport it into milk. Intracellular calcium regulates signaling pathways 

that mediate changes in cell proliferation, differentiation and death and many of the molecules 

involved in supporting and coordinating calcium secretion into milk are re-expressed and 

redeployed to support malignant behavior in breast cancer cells. In this article, we review 

adaptations of systemic calcium homeostasis during lactation, as well as the mechanisms of milk 

calcium transport. We then discuss how reactivation of these pathways contributes to the 

pathophysiology of breast cancer.
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INTRODUCTION

The breast makes milk to support reproduction. Breast tissue and maternal metabolism 

undergo profound and cyclical alterations to allow for the production and secretion of milk 

over multiple reproductive cycles (1). Breast cancer is one of the most common 

malignancies and causes of cancer-related mortality in women worldwide (2). It is not 

surprising that the biology of breast cancer is intimately related to the alterations in breast 

tissue and maternal metabolism that are driven by changes in reproductive hormones. This 

short review focuses specifically on alterations in maternal metabolism that supply calcium 

for milk production and how reactivation of these pathways contributes to the 

pathophysiology of breast cancer.
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CALCIUM AND BONE METABOLISM DURING LACTATION

Calcium Delivery to the Lactating Mammary Gland

Milk provides all the calcium required to support rapid bone growth in neonates (1). Nursing 

mothers transfer approximately 200 mg calcium to their infants on a daily basis (3,4). 

Meeting the demand for milk calcium requires adaptations in maternal calcium and bone 

metabolism, including increased dietary calcium intake, increased gut calcium absorption, 

renal calcium conservation and the liberation of skeletal calcium reserves (3,5).

The diet is an important source of calcium for milk production in rodents and humans (5–7). 

Intestinal calcium absorption is increased during pregnancy and continues to be so 

throughout lactation in rodents (3,5–9). In humans, fractional calcium absorption in the 

intestine falls back to nonpregnant values in lactating women (3,7,10), but increased food 

intake offsets this change and raises the total amount of calcium absorbed from dietary 

sources (11,12). Renal calcium reabsorption increases in both lactating humans and rodents 

and, as a consequence, urine calcium concentrations fall to low levels (8,10). The increase in 

calcium intake coupled with the decrease in urinary calcium excretion accounts for a 

significant portion of milk calcium.

Another maternal adaptation is increased bone resorption. Woman lose between 5% to 10% 

of their bone mass over 6 months of breastfeeding, while rodents lose 25–35% over 3 weeks 

of lactation (3,12). Bone resorption occurs primarily within the trabecular and endocortical 

compartments and studies in rodents have documented a RANKL-dependent increase in 

marrow osteoclast progenitors and active osteoclasts on the bone surface (Fig. 1A) (6,13). In 

addition to increased surface bone turnover, lactation is also associated with an increase in 

osteocyte lacunar-canalicular remodeling, whereby osteocytes assume osteoclast-like 

chracteristics, allowing them to remove their perilacunar matrix and release free calcium into 

the circulation (Fig. 1A) (14,15). It is still not known whether this process of “osteocytic 

osteolysis” represents a quantitatively important contribution to milk calcium or whether it is 

simply part of a coordinated response regulating surface bone resorption (14). In rodents, 

bone resorption “backs up” the supply of dietary calcium, allowing for ongoing milk 

production in the face of limiting dietary calcium supplies. Inhibiting bone resorption does 

not change milk calcium content or milk production as long as dietary calcium is plentiful 

(6). However, inhibition of bone resorption in the face of dietary calcium restriction, causes 

severe hypocalcemia and death in lactating dams (6). Nonetheless, increasing dietary 

calcium does not prevent bone loss in either lactating rodents or humans (3,16,17). These 

data suggest that dietary intake and bone loss provide parallel sources of calcium to ensure 

that mammals have steady supply of calcium for milk production in the face of intermittent 

calcium availability in the environment.

Hormonal Regulation of Calcium and Bone Metabolism during Lactation

Adaptations in calcium and bone metabolism are regulated and coordinated by changes in 

systemic hormones and cytokines during lactation. Intestinal calcium absorption is 

stimulated during pregnancy by increased levels of 1,25 (OH)2-vitamin D, or calcitriol, the 

active metabolite of Vitamin D, which is produced by both the placenta and kidneys (9,18). 
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Calcitriol acts on enterocytes to upregulate the expression of proteins involved in both 

transcellular and paracellular calcium transport (19). Although calcitriol levels remain 

elevated in lactating rodents, in breastfeeding women, they decline to nonpregnant values 

shortly after parturition (3,9,20). Prolactin also increases calcium absorption during 

lactation, both by upregulating CYP27B1 gene (1 alpha-hydroxylase) expression and 

calcitriol production in the kidney, and by directly acting on enterocytes to increase the 

expression of calcium transport proteins (21,22).

Several systemic changes contribute to increased bone resorption during lactation. First, 

suckling suppresses pulsatile GnRH release from the hypothalamus, causing 

hypogonadotropic hypogonadism and reducing circulating estrogens, a well-known trigger 

for increased bone resorption (23–25). In addition, parathyroid hormone-related protein 

(PTHrP) production is upregulated by mammary epithelial cells (MECs) during lactation 

and is secreted into the systemic circulation. PTHrP synergizes with estrogen deficiency to 

stimulate bone resorption and to increase osteocytic perilacunar canalicular remodeling (Fig. 

1A) (15,25,26). PTHrP also stimulates renal tubular calcium reabsorption to lower urinary 

calcium excretion (26). Increased levels of prolactin, FGF21 and serotonin may also 

contribute to bone loss during lactation (3)although the effects of prolactin and serotonin 

could be largely mediated by PTHrP. Lactation-associated bone loss is modulated by the 

calcium-sensing receptor (CaSR), which is expressed on MECs (27,28).

Increased delivery of calcium to MECs activates the CaSR, causing a decrease in PTHrP 

production, an increase in milk calcium transport (see below) and a reduction in bone 

resorption (Fig. 1A). By contrast, inadequate delivery of calcium lowers CaSR activity, 

causing an increase in PTHrP production and an increase in bone resorption to liberate 

skeletal calcium for milk production. This classical endocrine feedback loop between breast 

and bone cells helps match calcium delivery to demand. Finally, calcitonin has been shown 

to protect against excessive bone resorption during lactation in mice by limiting bone 

resorption (29). Although it is not clear whether calcitonin deficiency increases bone loss in 

lactating women, calcitonin levels are elevated in nursing woman and calcitonin is secreted 

into human milk (3).

Calcium Transport Into Milk

All milk is rich in calcium although concentrations vary between species (30). Given the 

many signaling functions of ionized calcium in the cytosol, the lactating mammary gland 

must orchestrate a large throughput of calcium secretion into milk while maintaining free 

cytosolic calcium in the submicromolar range (31). Since there is little paracellular transport 

in the lactating mammary gland, calcium must pass from the extracellular fluid through the 

epithelial cell to enter milk (30,31). A working model of calcium transfer into milk 

involving four specific steps has been dubbed “Calcium movement by the calcium 

transporter (CALTRANS)” (Fig. 2) (31). It involves: 1) influx of calcium from the 

extracellular fluid/blood across the basolateral membrane of mammary epithelial cells, 2) 

intracellular sequestration of calcium in the endoplasmic reticulum (ER) to maintain low 

cytosolic free calcium, 3) transfer of calcium into the Golgi and secretory compartments 
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where micelle formation and secretion occur, and/or 4) transfer of calcium from ER for 

direct transport across the apical membrane.

Calcium entry at the basolateral membrane occurs through the store-operated calcium influx 

protein, Orai1. Loss of Orai1 in vivo reduces milk calcium by 50%, demonstrating its 

importance, but suggesting other calcium channels may also function in this process (32,33). 

Orai1 is well described to mediate store-operated calcium entry (SOCE) in response to 

calcium depletion of the endoplasmic reticulum (ER). SOCE involves interactions between 

the ER protein, STIM1, and Orai1 at specialized locations where the ER and plasma 

membranes become closely opposed (34). However, during lactation, calcium influx through 

Orai1 occurs in a constitutive fashion by a process of store-independent calcium entry 

(SICE) mediated by the secretory pathway Ca2+-ATPase 2 (SPCA2) (31,35). Both Orai1 and 

SPCA2 are upregulated during lactation (35,36) and the C-terminus of SPCA2 opens Orai1 

channels at the plasma membrane, independent of ER calcium stores or STIM sensors 

(31,35).

Once calcium enters MECs, it is thought to be sequestered into the Golgi by SPCA1 and/or 

SPCA2 (37), both of which are upregulated during lactation (33). In addition, calcium may 

be pumped into the ER/secretory pathway by the sarcoendoplasmic reticulum Ca2+-ATPase 

2 (SERCA2), whose expression is also increased during lactation (38). Within the Golgi/

secretory vesicles, calcium becomes bound to casein, phosphate and citrate to form protein 

and mineral micelles within vesicles which are transported to the apical membrane and 

secreted into milk (30,31,33). Thus, a significant amount of calcium enters milk via the 

exocytosis of casein micelles.

Calcium also enters milk by direct transport through the plasma membrane calcium/ATPase 

2 (PMCA2) pump (39,40). The splice variant, PMCA2bw, is upregulated 200-fold at the 

peak of lactation and contains a 45 amino acid insert that directs it to the apical membrane. 

Milk from PMCA2-null mice contains 60–70% less calcium than controls, suggesting that 

PMCA2 is responsible for transporting a significant amount of milk calcium (39,40). 

Furthermore, loss of PMCA2 in MECs results in a sustained increase in intracellular calcium 

despite continued casein secretion (41). Exactly how calcium is delivered to PMCA2 

remains unclear. Calcium binding proteins such as calbindin, calmodulin and annexins may 

be involved as calcium transport by PMCA2 is greatly stimulated by calcium/calmodulin 

(33). Alternatively, it is possible that calcium may be released from the ER via the IP3 or 

ryanodine receptors in the vicinity of PMCA2, which might explain how activation of the 

CaSR (a G-protein coupled receptor) activates PMCA2 calcium transport (33,40).

CALCIUM HANDLING IN BREAST CANCER

Molecules involved in supporting and coordinating calcium secretion into milk are often re-

expressed and redeployed to support malignant behavior in breast cancer cells. We will 

review some of the better documented examples below although the reader is referred to 

comprehensive reviews for further information (31,42,43).
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CaSR-PTHrP Axis and Bone Metastases

Normal MECs stimulate bone resorption to supply calcium for milk production, while breast 

cancer cells stimulate bone resorption to promote the growth of bone metastases and/or to 

cause systemic hypercalcemia (44). In both instances, PTHrP contributes to the increased 

osteoclast numbers/activity and, in both instances, PTHrP secretion is modulated by the 

CaSR. In the normal gland, activation of the CaSR inhibits MEC growth and decreases 

PTHrP production (27,28,45). In contrast, in breast cancer cells, activation of the CaSR 

stimulates MEC growth and increases PTHrP production (Fig. 1B) (45). This is due to a 

switch in G-protein activation by the CaSR: from Gai in normal breast cells to Gαs in breast 

cancer cells (44). As a result of this “rewiring” of the CaSR in breast cancer cells, the 

normal negative feedback loop between calcium and PTHrP is converted into a feedforward 

loop in which more PTHrP production induces increased calcium levels, either locally or 

systemically, which, in turn, stimulates even more PTHrP production. In turn, PTHrP 

increases cell proliferation and survival, increases peri-tumor bone destruction, and 

stimulates progressive growth of osteolytic bone metastases (45,46). Clinical series have 

supported the association between PTHrP production by tumors and increased incidence of 

bone metastases, although this association has not been uniformly observed (47–49).

Calcium Entry and Breast Cancers

In normal breast cells, intracellular free calcium concentrations are regulated by the 

integrated actions of a variety of different calcium channels, pumps, and exchangers, 

sometimes referred to collectively as the cellular “calcium toolkit” (31,33,42,43). The 

baseline calcium level is maintained around 100nM whereas extracellular calcium is more 

than 1mM. Transient increases in cytosolic calcium are an important aspect of many 

signaling events but persistent elevations in calcium trigger cell death (50). Many studies 

have identified adaptations in the “calcium toolkit” that contribute to the ability of cancer 

cells to maintain low cytosolic calcium in the face of chronic activation of oncogenic 

signaling pathways (31,42,43). However, details vary among different cancer types, which 

express different combinations of calcium channels and pumps (42). In breast cancers, entry 

of calcium across the plasma membrane occurs through members of the transient receptor 

potential (TRP) family and ORAI1&3. The resulting increased cytosolic calcium activates 

cell proliferation, invasion, and migration (31,42,43). There are over 20 different transient 

receptor potential (TRP) ion channels and different cell lines have been shown to 

overexpress different combinations (51). For example, MCF7 cells, an estrogen receptor-

positive (ER+) luminal cell line, over-express TRPC1, TRPC6, TRPM8, and TRPV6, 

whereas T47D cells, also an ER+ luminal breast cancer line, overexpress TRPV4 and 

TRPV6. Silencing of different TRP genes in breast cancer cells has been shown to inhibit 

MAP kinase (ERK1/2) activity and to decrease cell proliferation and migration (31,42,51). 

Furthermore, the expression of TRPC1, TRPM7, TRPM8, and TRPV6 have been shown to 

correlate with the histological aggressiveness of breast cancers and TRPM7 predicts poor 

outcome in patients (31,42,51).

As noted in the previous section, ORAI1 is involved in both SOCE in all cells as well as 

SICE, in MECs. It appears that both the classical SOCE and lactation-associated SICE 

pathways of calcium entry are active in breast cancer cells (31,42,43). SOCE mediated by 
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ORAI1/STIM1 interactions has been shown to be important for proliferation, cell migration 

and metastasis in basal-type breast cancer cells and patients whose breast cancers 

demonstrate elevated expression of both ORAI1 and STIM1 have a poor prognosis (42,52). 

SICE and SPCA2/ORAI1 interactions are elevated in luminal-type breast cancers, including 

HER2-positive cancers (42,53). Disruption of this pathway inhibits proliferation and tumor 

growth in immunocompromised mice, in part, by inhibiting Ras/ERK/MAPK signaling (53). 

Therefore, while calcium entry appear to stimulate malignant behaviors, the details and 

molecules involved differ by molecular sub-type of breast cancer.

PMCA2 and Breast Cancer

PMCAs constitute an important pathway for calcium efflux from cells and typically reduce 

cytosolic calcium levels back to baseline after calcium transients (54). There are four PMCA 

genes, each of which gives rise to multiple different isoforms. As reviewed above, 

PMCA2wb is highly expressed in mammary epithelial cells during lactation and is important 

for milk calcium transport. PMCA2 expression is rapidly downregulated upon weaning, but 

it become re-expressed in many breast cancers, where it is associated with HER2 expression, 

more aggressive tumor characteristics and increased mortality, especially in younger women 

(41,55). Our laboratory has demonstrated that PMCA2 becomes an integral part of a multi-

protein signaling complex that includes HER2, EGFR or HER3, NHERF1, Ezrin and 

HSP90, and that is located in specific lipid-raft- and actin-rich plasma membrane domains 

(Fig. 3) (55,56). Both the scaffolding and ATPase activity of PMCA2 are important to this 

complex and loss of PMCA2 or its activity results in a calcium and PKC-alpha dependent 

internalization, ubiquitinylation and degradation of HER2 (55,56). Disrupting PMCA2 

expression decreases tumor cell proliferation, increases tumor cell apoptosis and profoundly 

inhibits tumor formation and growth in MMTV-Neu mice, a transgenic model of HER2-

positive cancer (55). Interestingly HER2-positive tumors upregulate both SPCA2 and SICE 

as well as PMCA2 and calcium extrusion, both key aspects of calcium handling during 

lactation (42,53,55,56). Whether the activities of SPCA2 and PMCA2 are coordinated in 

HER2-positive cancer cells is not known but is an interesting question for further research.

CONCLUSIONS

The ability of normal breast cells to regulate systemic and cellular calcium homeostasis 

during lactation is remarkable. Various proteins in the calcium signaling “tool kit” are 

upregulated during lactation and tightly regulate intracellular calcium levels to allow for a 

large transcellular flux of calcium into milk while maintaining cytoplasmic calcium 

signaling and MEC survival. The fact that many of the same molecules are dysregulated and 

contribute to the malignant phenotype in breast cancer cells, highlights the importance of 

gaining a more detailed understanding of the changes in calcium regulation in both normal 

MECs and breast cancer cells. A more comprehensive understanding of calcium homeostasis 

during lactation should help to highlight new therapeutic opportunities for the treatment of 

breast cancers.
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Figure 1. CaSR and PTHrP feedback loop in lactation and in breast cancer.
(A) Circulating PTHrP acts on the kidney and on the bone to stimulate calcium reabsorption 

and bone resorption, respectively. In the bone, PTHrP acts on osteoblasts (Ob) to produce 

RANKL that induces pre-osteoclast (preOcl) differentiation to osteoclast (Ocl) and Ocl bone 

resorption on one hand and osteocyte (Oc) osteolysis on the other. This, liberates skeletal 

calcium stores which are transported via the bloodstream to the lactating mammary gland, 

where calcium activates the CaSR on the basolateral surface to promote calcium entry into 

the cells, stimulate PMCA2 mediated calcium transport into milk and to inhibit PTHrP 
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expression, therefore establishing a negative feedback loop. (B) In breast cancer cells, high 

local calcium concentrations activate the CaSR leading to increased PTHrP production. 

PTHrP secretion induces RANKL secretion by Ob, thereby driving more osteolysis and 

releasing calcium from the bone matrix that, in turn, stimulates the CaSR. Activation of the 

CaSR promotes breast cancer cell proliferation and enhances cell survival by stimulating 

intracrine and paracrine actions of PTHrP. The CaSR may also increase PMCA2 calcium 

pump activity to protect the breast cancer cells from calcium-mediated apoptosis. As a 

result, activation of the CaSR in breast cancer cells facilitates a feed-forward, vicious cycle 

of bone resorption, tumor growth and osteolysis.
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Figure 2. CALTRANS model of calcium transport across mammary epithelial cells into milk.
The 4 steps of the model 1) Calcium Entry, 2) Calcium Sequestration from cytosol, 3) 

Calcium packaging into casein micelles and 4) Caclium transport across the apical 

membrane are detailed in the text. Adapted from Cross et. Al, ref. 31.
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Figure 3. HER2 signaling complex in breast cancer cells.
ATP2b2 (PMCA2) gene expression is reactivated in HER2-positive breast cancer cells and 

PMCA2 becomes an integral part of a multiprotein and lipid signaling complex that is 

required for the membrane retention of actively signaling HER2. Adapted from Jeong et. al., 

ref 56.
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