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Abstract

The essential nutrient phosphorus must be taken up by the mammalian embryo during gestation. 

The mechanism(s) and key proteins responsible for maternal to fetal phosphate transport have not 

been identified. Established parameters for placental phosphate transport match those of the type 

III phosphate transporters, Slc20a1 and Slc20a2. Both members are expressed in human placenta, 

and their altered expression is linked to preeclampsia. In this study, we tested the hypothesis that 

Slc20a2 is required for placental function. Indeed, complete deficiency of Slc20a2 in either the 

maternal or embryonic placental compartment results in fetal growth restriction. We found that 

Slc20a2 null mice can reproduce, but are subviable; ~50% are lost prior to weaning age. We also 

observed that 23% of Slc20a2 deficient females develop pregnancy complications at full term, 

with tremors and placental abnormalities including abnormal vascular structure, increased 

basement membrane deposition, abundant calcification, and accumulation of novel CD13 and 

lamininα1 positive cells. Together these data support that Slc20a2 deficiency impacts both 

maternal and neonatal health, and Slc20a2 is required for normal placental function. In humans, 

decreased levels of placental Slc20a1 and Slc20a2 have been correlated with early onset 

preeclampsia, a disorder that can manifest from placental dysfunction. In addition, preterm 

placental calcification has been associated with poor pregnancy outcomes. We surveyed placental 

calcification in human preeclamptic placenta samples, and detected basement membrane-

associated placental calcification as well as a comparable lamininα1 positive cell type, indicating 

that similar mechanisms may underlie both human and mouse placental calcification.
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1. Introduction

All living organisms require phosphorus. It is a key component of cell membranes and DNA, 

and plays important roles in energetics and protein signaling. Phosphorus is found 

circulating through blood vessels and traveling between extracellular and intracellular 

environments in the form of phosphoric acid, H2PO4
−. The majority of phosphorus is found 

in bone in the form of hydroxyapatite crystals, Ca10(PO4)6(OH)2.

Intracellular concentrations of phosphorus greatly exceed extracellular concentrations 

observed in serum, and phosphorus must move against a concentration gradient to produce 

high intracellular concentrations [1]. Transmembrane transporters move phosphorus across 

the cell membrane in the form of phosphoric acid. In medical literature, the term phosphate 

(technically referring to PO4
−3) is often used when referring to either elemental phosphorus 

or phosphoric acid. Thus, proteins that transport phosphoric acid are referred to as phosphate 

transporters, including the type III sodium-dependent phosphate transporters Slc20a1/PiT-1 

and Slc20a2/PiT-2.

Phosphorus is consumed through diet in adults and is transferred from the mother to the 

fetus during pregnancy. The human fetus contains ~16–30 g of phosphorus at birth, with the 

majority obtained at the time of bone growth during late gestation [2,3]. Despite the rapid 

cell division, extensive protein signaling, bone development, and other phosphate-dependent 

processes that occur during this time in development, maternal to fetal phosphate transport 

mechanisms remain unknown. Several characteristics have been established, however. Fetal 

serum has been shown to have a higher concentration of phosphate than maternal serum; 

because transport flux is against a concentration gradient, transfer is believed to be active 

[4,5]. In addition, placental phosphate transport is regulated by parathyroid hormone, pH, 

and sodium availability, characteristics that match those of Slc20a1 and Slc20a2 [6–8].

The majority of maternal to fetal nutrient transfer occurs across the placenta. Recent studies 

support that Slc20a1 and Slc20a2 are poised to control placental phosphate transport. Both 

Slc20a1 and Slc20a2 are expressed in human placentas, and their altered expression is 

associated with placental dysfunction and preeclampsia [9,10]. Slc20a1 global KO mice are 

early embryonic lethal, precluding analysis of Slc20a1 roles in the late term placenta [11–

13]. In this study, we sought to test the hypothesis that Slc20a2 plays an important role in 

placental function.

2. Materials and methods

2.1. Specimens

2.1.1. Mouse specimens—All mouse work was performed with IACUC approval 

(protocol #2224-08) from the University of Washington, Seattle. C57BL/6NTac-

Slc20a2<tm1a(EUCOMM)Wtsi>/Ieg (Slc20a2+/−) mice were purchased from the European 

Mouse Mutant Archive (EMMA). Wildtype (Slc20a2+/+) C57Bl/6 mice were purchased 

from Jackson labs (Sacramento, CA) and from Taconic labs (Hudson, NY). At least 3 

animals/genotype were analyzed for each experiment; specific animal numbers are noted 

throughout.
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2.1.2. Human specimens—Placentas were collected with IRB approval from the 

University of Washington, Seattle; all subjects provided written informed consent for 

placental collection. Preeclampsia was defined by standard clinical criteria [14]. Gestational 

ages were between 33 and 40 weeks, specifically: 33 weeks 2 days, 35 weeks and 0 days, 

and 39 weeks 1 day.

2.2. Western blotting

Kidney and placental lysates were collected and treated with a protease inhibitor cocktail 

(Roche). Lysates were denatured at 90 °C in Laemli Buffer containing β-Mercaptoethanol, 

and run in a 10% SDS Page gel. 40 μg of protein was loaded per well. Proteins were then 

transferred to a PVDF membrane, and blots were blocked with 5% milk. Slc20a2 antibody 

(provided by Dr. Moshe Levi, UC) was used at a concentration of 3.2 μg/mL and the primary 

antibody was detected with Peroxidase-conjugated AffiniPure Goat Anti-Rabbit IgG (H+L) 

(Jackson ImmunoResearch, 111-035-144) at 3 μg/mL. Western Lighting Plus ECL 

(PerkinElmer), was used to detect HRP signal. In order to determine loading control values, 

the western blot was stripped with Restore Plus Western Blot Stripping Buffer (Thermo 

Scientific PI-46430) and reprobed with β-actin (Abcam ab8227). Densitometry was 

performed with ImageJ.

2.3. RNA extraction, cDNA synthesis, and qPCR

Placenta tissue RNA was extracted using the RNeasy Mini Kit according to the 

manufacturer’s directions (Qiagen, 74106). cDNA was made with 1000ug of total RNA per 

sample using the Omniscript Reverse Transcriptase kit (Qiagen, 205113). TaqMan probes 

conjugated with a fluorochrome reporter (FAM) tag at the 5′-end and an MGB quencher at 

the 3′-end were used to assess expression levels. Amplification and detection were carried 

out in 96-well optical plates on an ABI Prism 7000 Sequence Detection System (Applied 

Biosystems), with TaqMan Universal PCR 2X master mix (Life Technologies, 4305719) in a 

final volume of 20 μL per reaction. Each reaction was carried out at 50 °C for 2 min, 95 °C 

for 10 min, followed by 40 cycles of 95 °C for 15 s, and 60 °C for 1 min. Results were 

analyzed with the manufacturer’s software, SDS 1.1 (Applied Biosystems). Gene mRNA 

expression was normalized to the housekeeping gene 18S (Life Technologies, Cat. No. 

4308329) using the quantitative method (2−ΔΔC
T, where ΔΔCT = [CT

gene − CT
18S]treated − 

[CT
gene − CT

18S]control). The following Life Technologies Taqman Assays were used: 

Slc20a2 (Mm00660204_mH), IL-6 (Mm00446190_m1), Il-10 (Mm00439614_m1), Arg1 

(Mm00475988_m1), TNF (Mm00443258_m1).

2.4. Histology

2.4.1. Fixation, embedding and sectioning—Samples were dissected and fixed in 4% 

paraformaldehyde (PFA)/PBS overnight at 4 °C. After whole mount images were taken, the 

tissue was dehydrated in 100% EtOH, treated with Xylenes and embedded in paraffin wax at 

60 °C. Sections were cut at 7 μm on a Leica RM2135 microtome, dried, and baked at 60 °C 

for 1 h prior to further processing.

2.4.2. Immunostaining—Immunofluorescence was performed as previously published 

[15], but treated with a serum block as opposed to a milk block. Heat mediated antigen 
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retrieval was performed with 0.01 M Tris Base pH10.0. The following antibodies and 

antibody concentrations were used:

Slc20a2 (gift of Dr. M. Levi, University of Colorado, 8 μg/mL)

Slc20a2 (Santa Cruz, sc-377326, 10 μg/mL)

Cytokeratin 7 (Abcam, ab181598, 10 μg/mL)

Tpbpα (Abcam, ab104401, 10 μg/mL)

SM22α (Abcam, ab10135, 20 μg/mL)

CD13 (R&D Systems, AF2335, 5 μg/mL)

Lamα1 (Sigma–Aldrich, L9393, 5 μg/mL)

Ki67 (Abcam, ab66155, 5 μg/mL)

OPN (R&D Systems, AF808, 2 μg/mL)

vWF (Dako, A0082, 15.5 μg/mL)

CD86 (eBioscience, 14-0861, 5 μg/mL)

Secondary antibodies included: DyLight 488-Conjugated AffiniPure Donkey Anti-Goat IgG 

(Jackson ImmunoResearch, 705-485-147, 7.5 μg/mL), DyLight 549-Conjugated AffiniPure 

Donkey Anti-Rabbit IgG (Jackson ImmunoResearch, 711-505-152, 7.5 μg/mL), Peroxidase-

conjugated AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch, 

111-035-144, 3 μg/mL), Alexa Fluor 488-Conjugated AffiniPure Donkey Anti-Rabbit IgG 

(Jackson ImmunoResearch, 711-545-152, 15 μg/mL), Alexa Fluor 488-conjugated 

AffiniPure Donkey Anti-Mouse (Jackson ImmunoResearch, 715-545-151, 7.5 μg/mL), 

DyLight 549-conjugated AffiniPure Donkey Anti-Rabbit IgG (H+L) (Jackson 

ImmunoResearch, 711-505-152, 7.5 μg/mL).

2.4.3. Alizarin red—Alizarin Red was performed as in Speer et al. (2009) with the 

exception of a 1 h 15 min Alizarin Red treatment time [1].

2.4.4. PAS—Periodic Acid Schiff (PAS) staining was performed with Periodic Acid 

(Sigma, P7875, 5 min), Schiff’s Reagent (Sigma, 3952016, 20 min) and Harris Hematoxylin 

counterstain (Sigma, HHS32, 1 min).

2.4.5. Hematoxylin and eosin—Hematoxylin and Eosin staining was performed as 

previously published [16]. Specific stains used included Harris Hematoxylin (Sigma 

HHS32) and Eosin Y (Sigma E4382).

2.5. Imaging

Digital images of fixed whole embryos were captured on a Nikon SMZ-1500 

stereomicroscope equipped with a Nikon D5100 DSLR camera. Digital images of sectioned 

embryos were taken with a Nikon Eclipse E800 inverted fluorescence microscope and an RS 

Photometrics Coolsnap color digital camera with Metamorph Version 6.3r7 or Nikon 

Elements and converted with Irfanview Version 4.2.3, except for the images in Figs. 2 and 3.
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2.6. Quantification of placental features

2.6.1. Placental width—PAS stained sections were used to determine placental width of 

Slc20a2+/+ and Slc20a2+/− placentas using Image-J Version 1.46r (http://imagej.nih.gov/ij). 

The student’s t-test was used to test the null hypothesis that there were no differences 

between genotypes.

2.6.2. Placental calcification—Alizarin Red stained sections were used to determine the 

degree of calcification in Slc20a2+/+and Slc20a2+/− placentas. Placentas were scored 

blindly by a lab member who had no previous experience with the specimens. Placentas 

were scored visually by the portion of tissue covered with Alizarin Red positive staining as 

follows: 0 = ~0%, 1 = ~1–20%, 2 = ~21–40%, 3 = ~41–60%, 4 = ~61–90%, 5 = ~91–100%. 

The student’s t-test was used to test the null hypothesis that there were no differences 

between genotypes.

3. Results

3.1. Slc20a2 displays distinct localization patterns in the placenta

Slc20a2 expression at E9.5, E12.5, and E15.5 was assessed by western blotting with 

placenta lysates normalized to β-actin (Fig. 1A and B) and by qPCR with placenta mRNA 

normalized to 18S (Fig. 1C). Slc20a2 mRNA markedly increased during gestation. A 

significant difference in Slc20a2 mRNA level was detectable in heterozygous mice at E12.5 

and E15.5; E15.5 Slc20a2−/− placentas were used as a negative control (Fig. 1C).

Slc20a2 protein localization in mouse placenta sections was determined by 

immunofluorescence. We tested co-localization of Slc20a2 and the trophoblast markers 

cytokeratin 7 (CK7) or trophoblast specific protein alpha (Tpbpα) at E9.5, E10.5 and E15.5. 

At E9.5, trophoblast cells in the placenta proper did not express Slc20a2 (Fig. 2A and E and 

data not shown). At E10.5, Slc20a2 only co-localized with CK7 positive cells that were in 

close proximity to the chorioallantoic plate that contained large nuclei (Fig. 2B and F). 

Slc20a2 displayed a striking intracellular localization pattern in these cells that was detected 

with two different anti-Slc20a2 antibodies and indicative of vesicular organelles 

(Supplemental Fig. 1). Slc20a2 expression was maintained in CK7 positive cells near the 

chorioallantoic plate at E15.5 (Fig. 2C and G). Slc20a2 did not co-localize with the 

spongiotrophoblast marker Tpbpα at E9.5, E10.5 or E15.5 (Fig. 2D and H and data not 

shown). Slc20a2 positive that were negative for CK7 and Tpbpα were distributed throughout 

the placental labyrinth, the site of exchange between the fetal and maternal blood supply 

[17].

Supplementary Fig. 1 related to this article can be found, in the online version, at doi:

10.1016/j.repbio.2015.12.004.

In order to determine whether Slc20a2 is expressed in vascular cells in the E15.5 decidua, 

we stained consecutive sections with Slc20a2 and several markers as follows: von 

Willebrand factor (vWF) was used to identify endothelial cells, smooth muscle 22 alpha 

(SM22α) was used to identify smooth muscle cells, and aminopeptidase N (CD13) was used 

to identify pericytes. We found that Slc20a2 did not localize to endothelial cells or smooth 
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muscle cells in the E15.5 decidua (Fig. 3A–D). Slc20a2 did localize to pericytes on the 

vessel periphery (Fig. 3E and F). The Slc20a2 staining pattern in the labyrinth was further 

confirmed to be in pericytes with alpha smooth muscle actin co-localization and anatomical 

localization (data not shown).

3.2. Slc20a2 deficient mice are subviable

In order to test the hypothesis that Slc20a2 is required for normal placental function, we 

obtained Slc20a2 KO-first mice containing one KO-first allele from the European Mouse 

Mutant Archive (EMMA). Heterozygous and homozygous KO intercrosses revealed 

preweaning subviability (Tables 1 and 2). In addition, Slc20a2 deficient females were found 

to be poor breeders. First-time Slc20a2+/−mothers yielded no neonates that survived to 

weaning age, where as control first-time Slc20a2+/+ mothers bred successfully. First-time 

Slc20a2+/− mothers in a trio-breeding situation with minimal cage disturbances generated 

pups, but 31% never yielded pups (N = 13 female breeders).

In order to assess preweaning viability, we examined the frequency and number of 

Slc20a2+/+, +/− and −/− mice generated by heterozygous intercrosses. A heterozygous 

intercross should generate 25%+/+, 50%+/− and 25%−/− animals. A total of 42+/+ mice 

were weaned from 17 heterozygous intercrosses. Using this value, we would expect to 

generate 84+/− mice and 42−/− mice, and to observe an average litter size of 9.3. However, 

we observed only 5.9 mice on average per litter at weaning. Genotyping determined that 

only 55 Slc20a2+/− mice and 16 Slc20a2−/− mice were present at weaning, indicating a 

28% loss of Slc20a2+/− mice and a 57% loss of Slc20a2−/− mice prior to weaning (Table 1, 

N = 17 litters). Similarly, small litters were generated from homozygous null intercrosses; on 

average 5.5 mice were present at weaning, indicating a 55% loss of Slc20a2−/− mice prior to 

weaning (Table 2, N = 6 litters). We then assessed whether complete Slc20a2 deficiency 

manifests in fetal growth restriction by measuring embryonic weights at E17.5. Slc20a2+/− 

placentas with heterozygous embryonic and maternal placental compartments were used as 

controls and compared to embryos and placentas that completely lacked Slc20a2 in either 

the embryonic or maternal placental compartments. Reabsorbing embryos were observed 

and were excluded from the analysis. We found that loss of Slc20a2 from either the 

embryonic (p-value = 0.0004) or maternal (p-value = 0.003) compartment leads to a 

significant decrease in embryonic weight at E17.5; n = 4–5; N = 14 (Fig. 4A). In contrast, 

complete loss of Slc20a2 from either the embryonic (p-value = 0.2) or maternal (p-value = 

0.09) placental compartment does not change placental weight significantly at E17.5; n = 4–

5; N = 13 (Fig. 4B). The embryo/placenta ratio is unchanged with embryonic loss of Slc20a2 

(p-value = 0.29). However, complete loss from the maternal compartment leads to a 

significant increase in the embryo/placenta ratio at E17.5 (p-value = 0.02); n = 4–5; N = 13 

(Fig. 4C).

Finally, we found that 23% of pregnant Slc20a2+/− females displayed full term pregnancy-

associated morbidity (N = 13). Preliminary results revealed high albumin:creatinine ratio in 

morbid Slc20a2 deficient females (ACR) (WT = 3.7 ACR and Het = 10.7 ACR). Serum 

phosphorus was also increased (WT = 10.4 mg/dL; Het = 13.2 mg/dL). However, serum 

calcium was within the normal range (WT = 10 mg/dL; Het = 8.8 mg/dL). We suspected that 
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the declining maternal health may be due to placental dysfunction and performed 

histological analysis of placental tissue.

3.3. Slc20a2 deficiency can result in increased placental calcification

Placentas from affected Slc20a2+/− females appeared thin and abnormal in color at the time 

of dissection. E18.5 Embryos from a Slc20a2+/− intercross were genotyped to determine 

placentas with Slc20a2+/+, +/− or −/− fetal compartments. Sites of discoloration were 

observed in all placentas from +/− females, and those with a −/− embryonic placental 

compartment were observed to have abnormal vasculature (representative examples in Fig. 

5A–D). Placental height was reduced compared to placentas from Slc20a2+/+ controls, 

irrespective of embryonic genotype (n = 3 per genotype) (Fig. 5E).

Disrupted phosphorus handling has been associated with vascular calcification in several 

diseases and disease models. For example, humans and mice with mutations in Slc20a2 or 

XPR1 develop Idiopathic Basal Ganglia Calcification, a disease characterized by 

calcification of cerebral blood vessels [18,19]. Thus, Slc20a2 has been hypothesized to play 

an anti-calcific role in the vasculature. The placenta is a highly specialized and regenerative 

component of the circulatory system that contains an abundance of specialized vascular 

structures across which exchange between maternal and fetal circulation occurs [17]. We 

hypothesized that reduced transport across the placenta in Slc20a2 deficient mice leads to a 

phosphate build-up in the placenta, and calcification of placental vasculature. We determined 

whether Slc20a2+/− placentas in the labyrinth (Fig. 5F), the decidua (Fig. 5G–I and D), and 

the chorioallantoic plate (shown in Fig. 7). >Staining of consecutive sections with Alizarin 

Red, H&E, or Periodic Acid Schiff’s (PAS) was used to assess the overall structure of the 

placenta and decidua. Placental structure was striking; the decidua was compact, vessels 

were missing and abnormal in structure, and the junctional layer was not identifiable (Fig. 

6). Vessels in the decidua were further examined with vWF and laminin antibodies that 

identified increased laminin deposition or retention in the vessels walls, but no difference in 

vWF on the vessel intima (Supplemental Fig. 2).

Supplementary Fig. 2 related to this article can be found, in the online version, at doi:

10.1016/j.repbio.2015.12.004.

3.4. Placental calcification is adjacent to sites of increased basement membrane 
deposition

We then tested whether placentas from Slc20a2+/+ and Slc20a2+/− females develop distinct 

placental calcification patterns by staining with Alizarin Red. Calcification observed in 

Slc20a2+/+ placentas was minimal (Fig. 7A) and matched published results for wildtype 

(WT) mice [20]. In contrast, Slc20a2+/− placentas consistently displayed more calcification 

than Slc20a2+/+ controls (Fig. 7B). Placental sections were scored blindly for calcification 

level as described in Section 2.6.2, and revealed a clear increase in calcification level in the 

Slc20a2+/− placentas compared to healthy controls (Supplemental Fig. 3). PAS staining and 

H&E were used to assess the labyrinth structure of Slc20a2+/+ and Slc20a2+/− placentas. 

PAS revealed a compact decidua, as well as a basement membrane-laden labyrinth with 
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abnormal structure in Slc20a2+/− placentas (Fig. 7C–F). H&E staining further confirms 

abnormal labyrinth structure and highlights the calcified lesions (Fig. 7G–H).

Supplementary Fig. 3 related to this article can be found, in the online version, at doi:

10.1016/j.repbio.2015.12.004.

Close examination of Alizarin Red staining revealed that the mineral was commonly found 

adjacent to basement membrane. In order to determine if this is the case, consecutive 

placenta sections were stained with Alizarin Red and PAS. Indeed, Alizarin Red positive 

sites were found lining enlarged basement membranes. In rare cases, basement membrane at 

the chorioallantoic plate had ruptured and the exposed spaces contained Alizarin Red 

positive mineral (Fig. 7I–L).

3.5. Lamininα1 is associated with abnormal basement membranes and calcified tissue

Laminin chains are an essential component of basement membranes [21,22], and Lamininα1 

(Lamα1) is expressed very early in development in primitive endoderm cells that line the 

inner periphery of the blastocyst inner cell mass [23]. Lamα1 has also been shown to act as a 

scaffold for calcification in cell free systems [24,25]. We determined localization of Lamα1 

in +/+ and +/− placentas. In Slc20a2+/+ placentas, Lamα1 localized to the Reichert’s 

Membrane and thin basement membranes throughout the labyrinth (Fig. 8A). Lamα1 

displayed a similar localization pattern in Slc20a2+/− placentas; however, the Reichert’s 

Membrane of the chorioallantoic plate and the labyrinth zone had more prominent Lamα1 

staining compared to Slc20a2+/+ placentas (Fig. 8B). The Lamα1 staining pattern 

highlighted abnormal vascular structure in the labyrinth of Slc20a2+/− placentas (Fig. 8D 

and E). Examination of regions of the labyrinth that contained minimal calcification 

suggested that mineral lined the basement membranes (Fig. 8F). Similarly, basement 

membranes in the chorioallantoic plate were Lamα1 positive, thickened, and frequently 

lined by mineral (Fig. 8G–I). Lastly, we observed an abundance of small round Lamα1 

positive cells within the calcified tissue that was adjacent to chorioallantoic basement 

membranes (Figs. 8H and 9A).

3.6. Slc20a2 deficiency and placental calcification are characterized by the presence of a 
novel CD13 and Lamα1 positive cell type

A population of round cells was observed at the calcification site in Slc20a2+/− placentas, 

some of which were Lamα1 positive (Fig. 9A). In order to characterize this cell type, we 

performed immunohistochemistry of known markers. The cells that clustered at the calcified 

sites were uniformly positive for CD13, a marker of several cell types including: pericytes/

perivascular cells that support vasculature and play a role in blood brain barrier permeability 

[26], mesenchymal stem cells proposed to regulate immunomodulating peptides as well as 

vasoactive and neuropeptide hormones [27], and pro-inflammatory monocytes mediating 

adhesion and phagocytosis [28,29] (Fig. 9B). A small number of the cells were also Slc20a1 

positive (arrowhead in Fig. 9B). Morphologically similar CD13 positive cells were sparse in 

WT placenta. The small number of round CD13 positive cells localized only to the labyrinth, 

and were not detected next to the chorioallantoic basement membrane. In addition, all of the 

round CD13 positive cells detected in the WT mouse placenta uniformly co-expressed 
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Slc20a1 (arrows in Fig. 9C). We also found that these cells are Ki67 positive in WT tissue 

(arrows in Fig. 9D).

In order to determine whether the CD13 positive cells are a mature monocyte population, we 

stained for the costimulatory molecule CD86, a pan monocyte marker with highest 

expression in M1 populations [30,31]. We found that the CD13 positive cells in the labyrinth 

of both Slc20a2+/+ and Slc20a2 +/− placentas were CD86 positive, confirming the presence 

of CD13 positive monocytes in the placentas (Fig. 9E–H). However, the CD13 positive cells 

clustered at the calcified site adjacent to the chorioallantoic plate basement membrane were 

CD86 negative (data not shown), supporting that they are not M1-type macrophage/

monocyte cells. To determine whether macrophage infiltration may be increased in Slc20a2-

deficient conditions, we examined the expression level of the macrophage markers TNFα 

(M1) and Arg1 (M2) in Slc20a2+/+ and Slc20a2+/− E15.5 placenta, p = 0.015 and p = 

0.020, respectively. TNFα and Arg1 qPCR supported that there may be increased 

macrophage infiltration, but did not identify altered macrophage polarization, p = 0.827 

(Supplemental Fig. 4). In contrast, complete loss of Slc20a2 results in significantly reduced 

levels of both TNFα and Arg1 mRNA, p = 0.006 and p = 0.011, respectively (Supplemental 

Fig. 4).

Supplementary Fig. 4 related to this article can be found, in the online version, at doi:

10.1016/j.repbio.2015.12.004.

Next, we evaluated whether the CD13 positive cells at the calcified site were indeed the 

lamininα1 positive cells that we observed. Co-staining for CD13 and Lamα1 revealed two 

distinct populations at the calcified site (Fig. 9I–P). We found that the morphologically 

uniform CD13 positive population at the calcified site contained both Lamα1 positive cells 

(arrows in Fig. 9M–P) and Lamα1 negative cells (asterisk in Fig. 9I and K). In summary, the 

calcified +/− placentas contained at least three distinct CD13 positive cell populations that 

are morphologically similar but are characterized by distinct markers, including CD13 

positive/CD86 positive/Lamα1 negative cells, CD13 positive/CD86 negative/Lamα1 positive 

cells and CD13 positive/CD86 negative/Lamα1 negative cells.

3.7. Preeclamptic human placentas contain placental calcification and lamininα1 positive 
cells

Placental calcification has been associated with poor pregnancy outcomes [32–34]. In order 

to determine whether calcification was present in preeclampsia placentas, we obtained 

anterior and posterior (n = 3) human placental specimens. Indeed, both anterior (Fig. 10A 

and B) and posterior tissue (Fig. 10C and D) stained positively for calcification by Alizarin 

Red. In some cases, the calcified lesions surrounded basement membrane-containing 

nodules (asterisk in Fig. 10B), similar to sites identified in mouse tissue (asterisk in Fig. 5I). 

Examination of the more weakly calcified human chorionic villi (analogous to the mouse 

labyrinth in function) showed an association of calcification with basement membranes 

(arrows in Fig. 10D). In addition, round Lamα1 positive cells reminiscent of those identified 

in the mouse were observed at Lamα1 positive basement membranes adjacent to sites of 

calcification (Fig. 10 E–L, arrows in I–L). Low magnification views of laminin and CD13 

co-staining are available in Supplemental Fig. 5.
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Supplementary Fig. 5 related to this article can be found, in the online version, at doi:

10.1016/j.repbio.2015.12.004.

4. Discussion

We found that Slc20a2−/− neonates can be born, but are subviable. In addition, complete 

deficiency of Slc20a2 in either the maternal or embryonic placental compartments resulted 

in fetal growth restriction. Slc20a2 deficient females were poor breeders, and 23% 

developed full term morbidity associated with abnormal placental vascular morphology and 

abundant placental calcification. Together these data support that Slc20a2 is required for 

normal placental function, and that Slc20a2 deficiency impacts both maternal and neonatal 

health.

As has been shown in human, we found that Slc20a2 was poised to regulate maternal-fetal 

phosphate transport in the mouse. Slc20a2 localized to pericytes and CK7 positive giant 

cells in the mature E15.5 placenta. Loss of the primary placental phosphate transporter 

would likely result in retention of phosphate in the placenta, as well as a deficit of phosphate 

in the developing embryo. Indeed, our finding of abundant mineral deposition in the placenta 

supports that this may be the case in Slc20a2 deficient mice. Increased mineralization may 

also explain the increased embryo/placenta weight ratio we observed when Slc20a2+/− 

embryos were generated by Slc20a2−/− females. Evaluation of embryonic phosphorus and 

hydroxyapatite levels will be required to determine whether there is a functional loss of Pi 

transport and Pi-dependent processes in the embryo. Of note, a complete lack of maternal to 

fetal phosphate transport would be expected to result in fully penetrant embryonic lethality. 

It is likely that Slc20a1 and passive diffusion both partially compensated for Slc20a2 loss 

during gestation. In support of this idea, Slc20a1 loss has previously been shown to result in 

a compensatory increase in expression of Slc20a2 [35]. When compared to embryos 

supported by placentas of Slc20a2+/− maternal and fetal genotypes, complete loss of 

Slc20a2 in either the maternal or fetal placental compartments resulted in fetal growth 

restriction. This result supports that Slc20a2 is required in both the maternal and fetal 

placental compartments. Furthermore, these data suggest that placental phosphate transport 

may involve a two-step transport mechanism, for example (1) transport out of the maternal 

circulation and (2) transport into the fetal circulation, or there may be unidentified phosphate 

transport-independent roles of Slc20a2, as is the case for Slc20a1 [36].

Human placentas have been reported to develop calcification, and placental calcification has 

been associated with pregnancy complications, such as viral infection [32–34]. Despite this, 

placental calcification pathology and impact on maternal health are poorly understood. As 

the first placental calcification mouse model, the Slc20a2 deficient mouse will be a useful 

tool for developing mechanistic hypotheses and testing candidate preventative treatments. Of 

note, reduced Slc20a2 expression has been linked to cases of preeclampsia, in which 

premature delivery was required; these pregnancies demonstrated decreased placental 

Slc20a1 and Slc20a2 expression in both the fetal and maternal placental compartments, 

compared to normotensive controls from premature deliveries [10]. Furthermore, other 

phenotypes we observe in Slc20a2 deficient mice have been linked to preeclampsia and 

hypertension during pregnancy, including basement membrane thickening [37–39]. A 
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literature search also revealed several preeclampsia cases in which factors that we identify as 

pro-calcific or anti-calcific molecules were altered in pre-eclampsia versus normotensive 

cases, including endosomal alkaline phosphatase [40], osteoprotegrin [41] and calcitonin 

[42,43]. Unfortunately, placental calcification was not examined in any of these studies. 

Future work will determine whether circulating levels of calcific factors do indeed correlate 

with placental calcification, and whether placental calcification levels correlate with blood 

pressure and other end-organ manifestations of preeclampsia. Should this be the case, 

circulating calcific factors may provide novel early warning diagnostic biomarkers and lead 

to identification of novel therapeutic targets for preeclampsia.

Physically, it remains unknown how exactly Slc20a1 or Slc20a2 transport phosphate into 

cells. Endocytic processes may play a role, as global loss of Slc20a1 disrupts yolk sac 

endocytosis [8]. Slc20a2 localized to intracellular puncta is indicative of endosomes. The 

protein localization provides clues for spatial understanding of how Slc20a1 and Slc20a2 

may transport phosphate into the cell. Finally, both phosphate transporters also act as viral 

transporters, a process that can involve dynamic membrane fusion events. Probing of control 

and mutant Slc20a2 constructs by biochemical inhibition and X-ray crystallography is 

needed to elucidate the specific biophysical transport mechanism(s).

This work identified three distinct CD13 positive populations of round cells that are 

morphologically similar but characterized by specific combinations of markers, including 

CD13 positive/CD86 positive/Lamα1 negative cells, CD13 positive/CD86 negative/Lamα1 

positive cells and CD13 positive/CD86 negative/Lamα1 negative cells. The CD13 positive/

CD86 positive/Lamα1 negative cells were found in Slc20a2+/+ and +/− labyrinth tissue, and 

the CD13 positive/CD86 negative/Lamα1 positive cells, and CD13 positive/CD86 negative/

Lamα1 negative cells were found specifically at the calcification sites in Slc20a2+/− 

chorioallantoic plates. CD13 can marks pericytes, mesenchymal stem cells, and monocytes. 

The gross morphology of these cells indicates that they are not pericytes. The expression of 

CD86 confirms that the round labyrinth CD13 positive cells have an M1 identity. However, 

the lack of CD86 in the round CD13 positive cells clustered at the calcified sites indicates 

that these are not M1 cells. In conclusion, this novel population may be an undifferentiated 

myeloid cell, a mesenchymal stem cell, or an alternate cell type that is not yet known to 

express CD13, such as a migratory fetal endothelial cell or trophoblast stem cell. It remains 

to be seen whether this population plays a role in the calcification, and if so whether it is 

playing an active role in mineral deposition or responding to it.

Currently, it is unclear whether placental calcification arises directly from Slc20a2 loss, 

follows Slc20a2-deficiency mediated placental damage, or both. We observed that vascular 

morphology is altered in calcified Slc20a2 deficient placentas, and this is accompanied by 

abnormal Lamα1 deposition. In mouse models, altered expression of various laminin chains 

has been linked to developmental vascular defects [21,22,44–47], and clinical studies 

suggest a role for laminin receptors and autoantibodies in preeclampsia [48–50]. 

Determination of whether altered Lamα1 deposition precedes or follows the vascular 

phenotype in Slc20a2 placentas and quantification of both expression and secretion of 

Lamα1 in the presence and absence of Slc20a2 will elucidate this etiology. Of note, 

molecular mechanisms controlling laminin secretion are largely unknown, and may involve 
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exocytosis [51–53]. Lastly, this work supports a protective and anti-calcific role for Slc20a2 

in the placenta. The nucleation site and initial biochemical steps that promote mineralization 

in the placenta are not yet understood. Interestingly, Lamα1 can act as a scaffold for 

hydroxyapatite mineral deposition [24,25]. It is possible that Lamα1 protein on accessible 

placental basement membrane surfaces plays a central role in nucleation of placental 

calcification. In this case, protective mechanisms that increase deposition of basement 

membrane would result in a positive feedback loop of calcification and membrane 

deposition, eventually leading to the placental dysfunction, poor maternal health, and fetal 

growth restriction that we observed. Future work will investigate this model, and determine 

the relationship between placental calcification and placental dysfunction in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Slc20a2 is expressed in mouse placenta. (A) Slc20a2 protein was detected in embryonic day 

(E) 9.5, E12.5, and E15.5 placental lysates by western blotting. Mouse kidney lysate was 

used as a positive control. (B) Slc20a2 levels were normalized to β-actin to visualize relative 

Slc20a2 protein levels. (C) Slc20a2 mRNA qPCR normalized to 18S revealed an increase in 

Slc20a2 mRNA level during at E15.5. At E15.5, Slc20a2 mRNA is significantly decreased 

in Slc20a2+/− placenta (p = 0.031) and Slc20a2−/− placenta (p = 0.004) compared to 

Slc20a2+/+ placenta. NS: not significant; ap < 0.05; bp < 0.005.
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Fig. 2. 
Slc20a2 localizes to specific trophoblast cells in the mouse placenta during development. 

Wildtype embryonic day (E) 9.5, E12.5, E15.5 placental tissue was stained with anti-

Slc20a2 antibody and either cytokeratin 7 (CK7) (A–C, E–G) or trophoblast specific protein 

alpha (Tpbpα) (D, H), and counterstained with DAPI nuclear counterstain. (A–B, E–F) CK7 

and Slc20a2 co-localized in a subset of CK7 positive trophoblast cells with large nuclei near 

the chorioallantoic plate (arrows) that resided just outside of the yolk sac attachment sites 

(asterisks). E–H are higher magnification views of A–D as follows. E is an image of the 

labyrinth zone, F and G are images of the chorioallantoic plate outside of the yolk sac 

attachment sites (arrows in B, C), and H is an image of the spongiotrophoblast layer (arrow 

in D). Scale bars: A–D = 1 mm, E–H 25 μm.
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Fig. 3. 
Slc20a2 localizes to pericytes in the E15.5 mouse decidua. Wildtype E15.5 placental tissue 

was stained with anti-Slc20a2 antibody and either von Willebrand factor (vWF) (A, B), 

smooth muscle 22 alpha (SM22α) (C, D), or aminopeptidase N (CD13) (E, F) and 

counterstained with DAPI nuclear counterstain. Scale bars: A, C, E = 1 mm; B, D, F = 25 

μm.
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Fig. 4. 
Slc20a2 deficiency impacts viability. Complete loss of Slc20a2 from either the embryonic 

placental compartment (0.0004) or maternal placental compartment (p = 0.003) leads to a 

significant decrease in embryonic weight at E17.5; N = 14 with n = 4–5 per genotype (A). 

Complete loss of Slc20a2 from either the embryonic placental compartment (p = 0.2) or 

maternal placental compartment (p = 0.09) does not change placental weight significantly at 

E17.5; N = 13 with n = 4–5 per genotype (B). Complete loss of Slc20a2 from the embryonic 

compartment does not change the embryo:placenta ratio (p = 0.29), but complete loss from 

the maternal compartment leads to a significant increase in the embryo:placenta ratio at 

E17.5 (p = 0.02); n = 4–5; N = 13 (C). NS: not significant; ap < 0.1; bp < 0.05; cp < 0.005; dp 

< 0.0005.
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Fig. 5. 
Placental calcification is abundant in Slc20a2 deficient placentas. Placentas from Slc20a2+/

− females were analyzed. Brightfield whole mount images suggest abnormal vascular 

development in placentas from Slc20a2−/− embryos compared to those from Slc20a2+/− 

embryos (A–D). Placentas from Slc20a2+/− females were thinner than control placentas (p 
= 0.006) (E). Positive staining for Alizarin Red was seen in the vascularized labyrinth (F), 

and the spiral arteries of the decidua (G–I) indicating calcification in these areas. 

Consecutive sections of calcified spiral arteries revealed nodules of basement membrane-like 

material highlighted by an asterisk (H, I). Scale bars: A–D = 1 μm, F–G = 50 mm, H–I = 25 

μm. ap < 0.05.
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Fig. 6. 
Pregnant Slc20a2+/− females with declining health have abnormal decidua. Consecutive 

E17.5 wildtype and Slc20a2 +/− placenta sections were stained with Alizarin Red (A, D), 

H&E (B, E), or PAS (C, F). Scale bars: A–F = 100 μm.
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Fig. 7. 
Placental histological stains indicate a spatial relationship between placental calcification 

and basement membrane. We then tested whether placentas from Slc20a2+/+ or Slc20a2+/− 

females develop distinct placental calcification patterns by staining with Alizarin Red. 

Alizarin Red staining detected minimal calcification in Slc20a2+/+ placentas compared to 

Slc20a2 +/− placentas (A, B) and PAS stained adjacent sections revealed abundant 

deposition of basement membrane (C, D). Similarly, high magnification images of PAS and 

H&E stained labyrinth tissue revealed abnormal basement membranes in Slc20a2+/− 

placentas (E–H). Basement membranes encircling the chorioallantoic umbilical cord 

attachment were frequently lined by calcification, and in some cases, large membranes were 

split (see arrows in K, L) and the exposed spaced contained Alizarin Red positive mineral 

(see dashed line in K, L). Scale bars: A–D = 500 mm, E–L = 100 μm.
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Fig. 8. 
Abnormal vasculature associates with placental calcification in Slc20a2 deficient placentas. 

Detection of Lamα1 with DAPI nuclear counterstaining reveals abnormal vascular structure 

to the labyrinth (A, B and D, E), as well as thickening of the chorioallantoic plate (G, H). 

Alizarin Red staining of consecutive sections reveals close proximity of calcified sites to 

Lamα1 in Slc20a2+/− placentas. Scale bars: A–C = 300 μm, D–I = 50um. Asterisks: 

basement membrane. Arrows: calcified sites.
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Fig. 9. 
A novel Lamα1 and CD13 positive placental cell is present at the calcified sites. Mouse 

placental tissue from Slc20a2 +/− and Slc20a2+/+ females was stained with a variety of 

antibodies to characterize the cellular milieu at calcified sites, and to determine the cellular 

identity of candidate causative cell types. Cells expressing Lamα1 (arrow) were identified 

adjacent to the enlarged basement membranes (asterisk) in calcified lesions (A). CD13 

positive (arrows) and CD13/Slc20a1 positive cells (arrow head) were detected in the 

calcified lesions (B). Morphologically, similar cells that co-expressed CD13 and Slc20a1 

were sparse in WT placenta. Staining of consecutive sections revealed expression of ki67 

(D). Round CD13 positive cells in the labyrinth are CD86 positive (E–H). CD13 positive 

cells at the calcified site adjacent to enlarged basement membranes contain Lamα1 (arrows), 

while other CD13 positive cells do not (asterisk) (I–P). Scale bars: A–L = 20 μm. M–P: 

magnified images as indicated by dashed lines in I–L.
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Fig. 10. 
Calcified preeclampsia placentas contain a similar Lamα1 positive cell. (A–D) Alizarin Red 

staining reveals calcification in human placenta (n = 3). Some calcified sites contained 

nodules of basement membrane-like material indicated by an asterisk (B). Arrows indicate 

calcified tissue in terminal villi (D). Detection of Lamα1 and CD13 with DAPI nuclear 

counterstain identified comparable Lamα1 positive cells in human placenta (E–L). Scale 

bars: A, C = 300 μm; B, D = 100 μm; E–H = 20 μm. I–L: magnified images as indicated by 

dashed lines in E–H.
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Table 1

Animals generated by Slc20a2 heterozygous intercrosses.

Parameter Slc20a2+/+ Slc20a2+/− Slc20a2−/− Total

Expected (%) 25 50 25 100

Expected number of animals 42 84 42 168

Experimental (%) 37 49 14 100

Experimental number of animals 42 55 16 113

Lost prior to weaning (%)   0 35 62 N/A
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Table 2

Animals generated by Slc20a2 homozygous null intercrosses.

Parameter Value

Predicted average litter size (het crosses)   9.3

Experimental average litter size   5.5

Experimental number of animals 33

Lost prior to weaning (%) 55
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