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Abstract PiT2 is an inorganic phosphate (Pi) transporter

whose mutations are linked to primary familial brain

calcification (PFBC). PiT2 mainly consists of two ProDom

(PD) domains and a large intracellular loop region (loop7).

The PD domains are crucial for the Pi transport, but the role

of PiT2-loop7 remains unclear. In PFBC patients, mutations

in PiT2-loop7 are mainly nonsense or frameshift mutations

that probably cause PFBC due to C-PD1131 deletion. To

date, six missense mutations have been identified in PiT2-

loop7; however, the mechanisms by which these mutations

cause PFBC are poorly understood. Here, we found that the

p.T390A and p.S434W mutations in PiT2-loop7 decreased

the Pi transport activity and cell surface levels of PiT2.

Furthermore, we showed that these twomutations attenuated

its membrane localization by affecting adenosine

monophosphate-activated protein kinase (AMPK)- or

protein kinase B (AKT)-mediated PiT2 phosphorylation. In

contrast, the p.S121C and p.S601W mutations in the PD

domains did not affect PiT2 phosphorylation but rather

impaired its substrate-binding abilities. These results sug-

gested that missense mutations in PiT2-loop7 can cause Pi

dyshomeostasis by affecting the phosphorylation-regulated

cell-surface localization of PiT2. This study helps under-

stand the pathogenesis of PFBC caused by PiT2-loop7

missense mutations and indicates that increasing the phos-

phorylation levels of PiT2-loop7 could be a promising

strategy for developing PFBC therapies.

Keywords PiT2-loop7 � Mutation � Primary familial brain

calcification � Phosphorylation � Pi dyshomeostasis

Introduction

PiT2 is a member of the type III Na?-dependent inorganic

phosphate (Pi) transporter family [1, 2]. PiT2 was origi-

nally described as a retroviral receptor for the mouse

leukemia virus (Ram-1) [3, 4] and was shown to be a Na?-

coupled Pi transporter [5, 6]. Loss-of-function mutations of

solute carrier family 20 member 2 (SLC20A2) were linked

to primary familial brain calcification (PFBC), and it was

proposed that PFBC is caused by Pi dyshomeostasis [7].

PiT2 is composed of 652 amino acids [8]. There are two

ProDom (PD) domains in PiT2: N-PD1131 (I11–L161) at the

N-terminus and C-PD1131 (V492–V640) at the C-terminus

[8, 9]. The extracellular loops in the PD domains, such as

those formed by residues 67–91, 107–141, and 517–530, are

required for retroviral receptor function [10, 11]. In addition,

many amino-acid residues in the PD domains are crucial for

the Pi transport function [9, 12]. Recently, a homologous

protein structure of PiT2 from Thermotoga maritima
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(TmPiT) was determined, providing new insights into the

role of the PD domains in Pi transport [13]. During Pi

transport, PiT2 shows an ordered binding sequence of

Na?:H2PO4
-:Na? [5, 14, 15]. The alternating-access trans-

port mechanism is highly dependent on dynamic structural

changes in the protein [16].

PiT2 also contains a large intracellular hydrophilic loop7

domain (PiT2-loop7) consisting of 246 amino acids (* 38%

of PiT2) between the two PD domains [8]. It has been

suggested that thePiT2-loop7domainmightnotparticipate in

either retroviral recognition or Pi transport [9, 10]. In a

previous study,wedemonstrated thatPiT2-loop7participates

in neuronal outgrowth by interacting with microtubule-

associated protein 1B (MAP1B). Notably, PiT2-loop7 dele-

tion results in theaccumulationofPiT2 in the cytoplasmanda

reduced level at the cell surface, indicating that PiT2-loop7

may be essential for the subcellular localization of PiT2 [17].

To date, * 145 mutations in SLC20A2, including 55

missense mutations, have been identified in PFBC patients

[18–22]. Most of these mutations are located in the PD

domains, reflecting their importance in Pi transport

[21, 22]. Notably, six missense mutations (p.E267Q,

p.S283R, p.R382Q, p.T390A, p.H399P, and p.S434W)

have been identified in the loop7 region [18, 21, 23–25].

However, the detailed molecular mechanisms by which the

missense mutations in PiT2 lead to PFBC remain unclear.

In this study, we found that two missense mutations

(p.T390A and p.S434W) in PiT2-loop7 caused a decrease

in Pi transport via a mechanism involving phosphorylation-

regulated cell-surface localization and two missense muta-

tions (p.S121C and p.S601W) in the PD domains might

lead to PiT2 dysfunction by altering its substrate-binding

ability, possibly mediated by changes in protein structure.

Materials and Methods

Construction of Expression Plasmids

To construct mammalian and Xenopus expression plasmids,

complementary DNA (cDNA) encoding human PiT2

(hPiT2) was cloned into the p3 9 flag-CMV-7.1 and KSM

vectors, respectively. After the wild-type (WT) vector was

constructed, it was used as a template to generate the mutant

constructs via site-directed mutagenesis. The authenticity of

the plasmids was verified by Sanger sequencing. The primer

information for site-directed mutagenesis is shown in

Table S1.

Cell Culture and Transfection

Human embryonic kidney 293 (HEK293; ATCC,Manassas,

USA) and COS7 (ATCC) cells were maintained in

Dulbecco’s modified Eagle’s medium (DMEM; Gibco,

New York, USA) supplemented with 10% fetal bovine

serum (Gibco) at 37 �C under 5% CO2. When cells were

* 80% confluent, they were transfected with Hieff TransTM

liposomal transfection reagent (Yeasen, Shanghai, China)

according to the manufacturer’s protocol.

32Pi Uptake Assay

HEK293 cells transfected with flag-tagged WT or mutant

PiT2 were incubated at 37 �C for 24 h after transfection and

were then cultured in phosphate-free DMEM (Gibco) for

12 h. Thereafter, the cells were incubated in phosphate-free

DMEM containing 0.5 lCi/mL 32Pi for 30 min, washed

three times with ice-cold 0.9% NaCl, and lysed with 1%

NP40. The lysates were then mixed with Ultima Gold

(PerkinElmer, Waltham, USA), and the radioactivity was

measured by scintillation counting. The cellular protein

content was measured with a BCA Protein Assay Kit

(Beyotime, Shanghai, China), and the cellular 32Pi content

was normalized to the cellular protein content. Pi influx was

calculated as the ratio of cellular 32Pi to the total amount of

supplemented 32Pi.

Homology Modeling

Predicted structural models of human PiT2 were generated

via SWISS-MODEL [26] based on the structure of TmPiT

(PDB ID: 6L85) [13]. The structural changes were

analyzed with PyMOL (The PyMOL Molecular Graphics

System, Version 2.0, Schrödinger, LLC, New York, USA).

Complementary RNA (cRNA) Synthesis and Injection

KSM vectors were linearized by restriction digestion,

purified by a standard method, and used as templates for

capped cRNA synthesis using an mMESSAGE mMA-

CHINE T3 kit (cat# AM1348, Ambion, Austin, USA). Stage

V–VI oocytes were isolated, defolliculated, and injected

with 50 nL (10 ng) of cRNA. The oocytes were incubated at

18�C inmodified Barth’s solution containing (inmmol/L) 88

NaCl, 1 KCl, 0.41 CaCl2, 0.82 MgSO4, 2.5 NaHCO3, 2

Ca(NO3)2, and 7.5 HEPES-Tris (pH 7.4). Electrophysiolog-

ical experiments were carried out 3–5 days after injection.

Non-injected oocytes were used as negative controls.

Electrophysiology

Whole-cell currents were recorded using standard two-

electrode voltage clamp equipment (Molecular Devices,

Sunnyvale, USA), and data were acquired using pClamp

10.4 software (Molecular Devices). Microelectrodes were

filled with 3 mol/L KCl, and the resistance varied from 0.5
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to 3 MX. To determine the current–voltage (I–V) relation-

ship, Pi-induced currents were measured from a holding

potential of - 160 to ? 60 mV in 20-mV increments. To

examine Pi-induced currents, an oocyte was voltage-

clamped at -60 mV and superfused with solution contain-

ing 100 mmol/L Na? (ND100 solution) at the beginning of

each experiment. Then, the perfusate was switched to a

perfusate containing 1 mmol/L Pi, and the change in the

holding current was monitored. When the current reached a

steady state, the perfusate was switched back, and Pi

washout was monitored by recording the return of the

holding current to baseline. The control superfusate was

ND100 solution containing (in mmol/L): 100 NaCl, 2 KCl,

1.8 CaCl2, 1 MgCl2, and 10 HEPES (pH 7.4, adjusted with

Tris). The test superfusate was ND100 solution containing

1 mmol/L Pi, which was added from 1 mol/L K2HPO4 and

KH2PO4 stocks that were premixed to yield a pH of 7.4. To

measure the affinities of WT and mutant PiT2 for Pi and

Na?, Pi-induced currents were measured under different

conditions. To determine the affinity for Pi, the current

induced by Pi at 0, 0.25, 0.50, 0.75, and 1.00 mmol/L was

recorded at a constant concentration of Na? (100 mmol/L).

To determine the affinity for Na?, the current elicited by

1 mmol/L Pi with a variable concentration of Na? (0, 25,

50, 75, and 100 mmol/L) was recorded. The data obtained

were normalized to the extrapolated maximum current

elicited by 1 mmol/L Pi, and the half-maximal effective

concentration (EC50) values for Pi and Na
? were calculated

by fitting the normalized data to a modified Hill equation:

I ¼ Imax S½ �n= S½ �nþ EC50ð Þnf g ð1Þ

where Imax is the extrapolated maximum current, [S] is the

concentration of Pi or Na?, EC50 is the concentration of Pi

or Na? that produces the half-maximal current, and n is the

Hill coefficient.

Preparation of Total and Membrane Proteins

Total and membrane proteins were prepared as described

previously [27, 28]. In brief, Xenopus oocytes (15 oocytes

per group) were homogenized in 1 mL of protein isolation

buffer containing (in mmol/L): 7.5 NaH2PO4, 250 sucrose, 5

EDTA, 5 EGTA (pH 7.0), and 1% protease inhibitor cocktail

(cat# S8830, Sigma–Aldrich, St. Louis, USA). The homo-

genate was centrifuged at 30009 g for 10 min at 4 �C, after
which the cell debris was removed; 100 lL of the super-

natant was retained as total protein, and the remaining

supernatant was ultracentrifuged at 100,0009 g at 4 �C for

1 h. The pellet containing the membrane fraction was

dissolved in 150 lL of protein resuspension buffer contain-

ing 20 mmol/L Tris-HCl, 5 mmol/L EDTA, and 5% sodium

dodecyl sulfate (SDS) at pH 8.0. HEK293 cells transfected

with WT or mutant PiT2 were transferred to phosphate-free

DMEM after 24 h, cultured for another 12 h, and then

incubated with 1 mmol/L Pi for 30 min. The cells were then

harvested with ice-cold morpholinoethanesulphonic acid

(MES) buffer containing 20 mmol/L MES, 200 mmol/L

NaCl, 1 mmol/L phenylmethanesulfonyl fluoride (PMSF),

and 1% protease inhibitor cocktail (cat# S8830, Sigma–

Aldrich) at pH 6.0. Sonication was used to lyse the cells, and

100 lL of the lysate was retained as a total protein sample.

The cell debris was removed from the remaining lysate via

low-speed centrifugation at 30009 g for 10 min at 4 �C, and
the supernatant was then ultracentrifuged at 100,0009 g for

1 h at 4 �C. The membrane fragments were dissolved in

150 lL of MES buffer containing 1% N-dodecyl-b-D-
maltoside (DDM). The total and membrane proteins were

stored at - 80 �C until use.

Immunoprecipitation and Immunoblotting

Transfected HEK293 cells were harvested and lysed in 1

mL of MES buffer containing 1% DDM, and 100 lL of the

lysate was retained as total protein. The remaining lysate

was incubated with appropriate antibodies overnight at

4 �C. Then, protein A agarose beads (Merck Millipore,

Darmstadt, Germany) were added, and the mixture was

incubated for another 2 h. The beads were washed three

times with MES buffer containing 0.02% DDM, and the

immunoprecipitates were analyzed by immunoblotting.

The protein samples were separated by 10% sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–

PAGE) and transferred to nitrocellulose membranes. The

membranes were incubated with 5% skim milk in TBST

(150 mmol/L NaCl, 20 mmol/L Tris-HCl, 0.05% Tween

20; pH 7.4) for 2 h at room temperature and incubated with

specific primary antibodies in 3% bovine serum albumin

(BSA) at 4 �C overnight. The membranes were washed

three times with TBST and then incubated with a

horseradish peroxidase (HRP)-conjugated goat anti-mouse

secondary antibody (1:10,000, Thermo Scientific, Wal-

tham, USA) in 5% skim milk for 2 h at room temperature.

After washing the membranes three times with TBST, the

proteins were visualized using enhanced chemilumines-

cence reagents (ECL; Thermo Scientific). Protein expres-

sion was quantified with ImageJ (NIH, Bethesda, USA)

software. The following primary antibodies were used:

mouse anti-flag (MBL Life Science, Hokkaido, Japan;

M185-3L), rabbit anti-flag (ABclonal, Wuhan, China;

AE063), mouse anti-Na?/K?-ATPase (Santa Cruz Biotech-

nology, Santa Cruz, USA; sc-21712), mouse anti-b-actin
(ABclonal, AC004), mouse anti-PiT2 (Santa Cruz Biotech-

nology, sc-101298), rabbit anti-PiT2 (ABclonal, A6739),

rabbit anti-phospho (p)-AMPK substrate (CST, Boston,

USA; 5759S), rabbit anti-p-AKT substrate (CST, 10001S),

rabbit anti-p-AMPK (CST, 50081S), mouse anti-p-AKT
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(Santa Cruz Biotechnology, sc-271966), rabbit anti-AMPK

(CST, 2532S), rabbit anti-AKT (CST, 9272S), and mouse

anti-phosphoserine (Santa Cruz Biotechnology, sc-81514).

Immunofluorescence Staining of Non-permeabilized

Cells

HEK293 or COS7 cells transfected with WT or mutant PiT2

were transferred to phosphate-free DMEM after 24 h,

cultured for another 12 h, and then incubated with

1 mmol/L Pi for 30 min. The cells were then fixed in 10%

formaldehyde for 20 min and blocked with 5% BSA for

30 min at room temperature. Subsequently, the cells were

incubated with flag antibody at 4 �C overnight. After

washing three times with phosphate-buffered saline (PBS),

the cells were incubated with Alexa Fluor 594-conjugated

anti-mouse IgG (Life Technologies, Carlsbad, USA;

A11020) as the secondary antibody at room temperature

for 90 min. The nuclei were stained for 5 min with 4,6-

diamidino-2-phenylindole (DAPI). Images were acquired

using an Olympus FV1000 confocal microscope system

(Olympus, Tokyo, Japan).

Statistical Analysis

Statistical analyses were performed by ordinary one-way

analysis of variance (ANOVA) for comparisons among three

or more groups. All data are presented as the mean ± SEM

from at least three independent experiments, and differences

were considered statistically significant at P\ 0.05.

Results

Influences of Different Mutations on the Pi Trans-

port Activity of PiT2

To explore the mechanisms by which different mutations in

PiT2 cause PFBC, we selected p.T390A and p.S434W in the

PiT2-loop7 and p.S121C and p.S601W in the PD domains as

representative variants for investigation (Fig. 1A). We first

applied Pi uptake assays to HEK293 cells expressing WT or

mutant PiT2. All mutants showed markedly less Pi transport

activity thanWTPiT2. Notably, all mutants except p.S601W

retained partial Pi transport activity (Fig. 1B). In addition, we

carried out electrophysiological analyses of Xenopus

oocytes expressing WT or mutant PiT2 (Fig. 1C–E). The

slope conductance (G) provides an indicator of PiT2 activity.

All mutants showed significantly reduced conductance

compared with that of the WT (Fig. 1F). The reversal

potential (Erev) was shifted negatively in oocytes expressing

the mutants (Fig. 1G). Moreover, the Pi-induced currents in

oocytes expressing the mutants were lower than those in

oocytes expressing the WT protein when the voltage was

clamped to- 60 mV (Fig. 1H). These results suggested that

thesemutations in PiT2-loop7, similar tomutations in the PD

domains, impair the Pi transport activity of PiT2.

Substrate-binding Properties of PiT2 Mutants

In previous studies, it has been proposed that disease-

associated mutations might affect the substrate-binding

ability of the transporters [13, 29, 30]. Therefore, we

examined the affinities of WT and mutant PiT2 for Pi and

Na?. We obtained dose-response curves by recording Pi-

induced currents in oocytes voltage-clamped at - 60 mV,

and then normalized and plotted the current amplitude as a

function of the Pi or Na? concentration (Fig. 2A, C). We

then calculated the EC50 values of WT and mutant PiT2 for

Pi and Na?. The EC50 values of the p.T390A and p.S434W

mutants for Pi and Na? were similar to the WT; in contrast,

the EC50 values of the p.S121C and p.S601W mutants for

Pi were increased and undetectable, respectively, while the

EC50 values of these mutants for Na? were comparable to

those of the WT (Fig. 2B, D). As the binding of substrates

with transporters depends on crucial residues and particular

conformations [30], we generated structural models of WT

and mutant PiT2 using TmPiT as a template. We found that

residue 121 was near the possible transport channel and

residue 601 was near the binding pocket of the substrates

(Fig. 2E). In addition, the p.S121C mutation might abolish

the hydrogen bond between residues 121 and 94 (Fig. 2F),

and the p.S601W mutation might lead to a loss of the

hydrogen bond between residues 601 and 574 (Fig. 2G).

These results suggested that the p.S121C and p.S601W

mutations might contribute to PiT2 dysfunction by affect-

ing Pi-binding ability, possibly via effects on the structure

of PiT2. However, these findings did not elucidate the

mechanisms by which the p.T390A and p.S434W muta-

tions lead to Pi dyshomeostasis.

Total and Cell Surface Expression Levels

of the PiT2 Mutants

To determine how the two mutations in PiT2-loop7 disturb

Pi homeostasis, we measured their total and cell-surface

expression levels in vitro. HEK293 cells were transfected

with plasmids expressing WT or mutant PiT2, and the total

and membrane fractions were then prepared and analyzed

by immunoblotting. The results revealed that the total

expression levels of all the mutants were similar to that of

WT PiT2, but the expression levels of the p.T390A and

p.S434W mutants on the cell surface were significantly

decreased (Fig. 3A, B). To further confirm that these two

mutations affect the membrane localization of PiT2, we

applied immunofluorescence staining to non-permeabilized
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HEK293 or COS7 cells expressing WT or mutant PiT2.

Compared with the WT, the p.T390A and p.S434W

mutants showed clearly reduced membrane localization

(Figs. 3C and S1). In addition, we applied similar tests to

Xenopus oocytes. Consistently, all the mutants showed

total expression levels similar to that of the WT, while the

Fig. 1 Influences of different mutations on the Pi transport function

of PiT2. A Schematic representation of the mutations of PiT2

characterized in this study. The mutated residues are indicated with

black and red circles. B 32Pi uptake assays of WT and mutant PiT2 in

HEK293 cells (WT, n = 15; p.S121C, n = 6; p.T390A, n = 12;

p.S434W, n = 6; p.S601W, n = 6; Mock, n = 13). All mutants show

markedly less Pi transport activity than WT PiT2, but all mutants

except p.S601W retain partial Pi transport activity. ‘‘Mock’’ indicates

HEK293 cells transfected with empty vector as a negative control.

C Representative current traces in oocytes expressing WT or mutant

PiT2 upon application of 1 mmol/L Pi. D Representative I–V curves

of oocytes expressing WT or mutant PiT2, first in ND100 solution

(blue lines) and then in ND100 solution containing 1 mmol/L Pi (red

lines). The Pi-dependent I–V curve (black lines) was generated by

subtracting the current in ND100 from the current induced by Pi at the

corresponding voltage (Vm). For the non-injected oocyte, the Pi-

dependent I-V curve represents the background. E Dependence of the

mean Pi-dependent current on Vm in oocytes expressing WT (n = 20),

p.S121C (n = 19), p.T390A (n = 18), p.S434W (n = 16), or p.S601W

(n = 20). F Conductance of I–V curves upon treatment with Pi for all

groups in E. G Reversal potential in oocytes expressing WT or mutant

PiT2 (WT, n = 20; p.S121C, n = 19; p.T390A, n = 18; p.S434W,

n = 16; p.S601W, n = 20). H Pi-induced currents in oocytes express-

ing WT or mutant PiT2 when the voltage is clamped at - 60 mV

(WT, n = 19; p.S121C, n = 18; p.T390A, n = 17; p.S434W, n = 15;

p.S601W, n = 19). Data are presented as the mean ± SEM;

*P\ 0.05, **P\ 0.01, ***P\ 0.001, ****P\ 0.0001, and ‘‘ns’’

indicates no significant difference, one-way ANOVA.
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p.T390A and p.S434W mutants showed significantly

decreased cell-surface expression (Fig. 3D, E). However,

the p.S121C and p.S601W mutants showed total and cell-

surface expression levels comparable to the WT (Figs. 3

and S1). These findings indicate that the p.T390A and

p.S434W mutations interfere with Pi homeostasis by

decreasing the cell-surface levels of PiT2.

The p.T390A and p.S434W Mutations Affect PiT2

Phosphorylation Associated with Membrane

Localization

It has been reported that post-translational modifications

(PTMs) participate in regulating the transport of membrane

proteins to the cell surface [31, 32]. We hypothesized that

the two mutation sites (T390 and S434) might be phos-

phorylation sites and PiT2 might undergo phosphorylation

that is crucial for its membrane localization. To test this

hypothesis, we first searched the potential protein kinases

and found that the sequences in PiT2 surrounding T390 and

S434 matched the sequences of the AMPK and AKT

phosphorylation motifs [33–35], respectively, which are

highly conserved among different species (Fig. 4A). To

determine whether the two kinases are involved in PiT2

phosphorylation during Pi transport, we immunoprecipi-

tated flag-PiT2-WT and analyzed its phosphorylation status

with antibodies that recognize the phosphorylation motifs

of AMPK (p-AMPK substrate antibody) or AKT (p-AKT

substrate antibody). The immunoprecipitates preferentially

reacted with the substrate antibodies of p-AMPK and

Fig. 2 Alterations in substrate-binding and structural models of PiT2

mutants. A, C Dose-response curves for Pi (WT, n = 8; p.S121C,

n = 7; p.T390A, n = 7; p.S434W, n = 7) and Na? (WT, n = 7;

p.S121C, n = 6; p.T390A, n = 6; p.S434W, n = 6; p.S601W, n = 7)

in oocytes expressing WT or mutant PiT2. Data are normalized to the

Vmax, and the EC50 values were calculated by fitting the data to a

modified Hill equation. B, D Quantitative analyses of the EC50 values

of WT and mutant PiT2 for Pi (WT, n = 8; p.S121C, n = 7; p.T390A,

n = 7; p.S434W, n = 7) and Na? (WT, n = 7; p.S121C, n = 6;

p.T390A, n = 6; p.S434W, n = 6; p.S601W, n = 7). The EC50 values

of the p.T390A and p.S434W mutants for Pi are similar to the WT,

while those of the p.S121C and p.S601W mutants for Pi are increased

or undetectable (ND), respectively (B). The EC50 values of these

mutants for Na? are comparable to those of the WT (D). E Structural

model of hPiT2 based on TmPiT (green, Na?; purple, Pi; blue, Pi- and

Na?-binding residues; orange, Nafore-binding residues; red, mutation

sites). Residue numbers are labeled as human/Tm. F, G Changes in

the structural models of the p.S121C and p.S601W mutants. Data are

presented as the mean ± SEM; **P\ 0.01 and ‘‘ns’’ indicates no

significant difference, one-way ANOVA.
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p-AKT in Pi-treated cells, suggesting that AMPK and AKT

mediate PiT2 phosphorylation during Pi transport (Fig. 4B,

C, F, G). We also found that the interactions of activated

AMPK and AKT with PiT2 were enhanced during Pi

transport (Fig. 4B, D, F, H). Reciprocal co-immunoprecip-

itation assays further confirmed the interactions of PiT2

with AMPK and AKT (Fig. S2). To explore the association

of PiT2 phosphorylation with its membrane localization,

we purified the membrane fractions of HEK293 cells

transfected with flag-PiT2-WT before and after Pi treat-

ment and analyzed them by immunoblotting. The cell

surface level of PiT2 was significantly increased after Pi

treatment (Fig. 4B, E, F, I). Moreover, compound C and

wortmannin, which are inhibitors of AMPK and AKT,

respectively, inhibited all these changes (Fig. 4B–I). These

results indicated that AMPK and AKT participate in PiT2

phosphorylation and promote its membrane localization.

To determine whether the p.T390A and p.S434W

mutations are associated with the PiT2 phosphorylation

status, we immunoprecipitated flag-tagged PiT2-WT, PiT2-

T390A, and PiT2-S434W and analyzed the phosphoryla-

tion status using the substrate antibodies to p-AMPK (for

T390A) and p-AKT (for S434W). Both the AMPK-

mediated phosphorylation level of the p.T390A mutant

(Fig. 4J, K) and the AKT-mediated phosphorylation level

of the p.S434W mutant (Fig. 4L, M) were significantly

lower than the phosphorylation level of the WT during Pi

transport. In addition, we immunoprecipitated flag-tagged

PiT2-WT, PiT2-S121C, and PiT2-S601W and assessed

their phosphorylation status using an anti-phosphoserine

antibody. The phosphorylation levels of the p.S121C and

p.S601W mutants were comparable to those of the WT

(Fig. S3). These results suggested that the p.T390A and

p.S434W mutations affect PiT2 phosphorylation, thereby

obstructing PiT2 transport to the cell surface.

Discussion

In this study, we found that PiT2-loop7 can be phospho-

rylated by AMPK and AKT and that its phosphorylation is

positively associated with PiT2 membrane localization

(Fig. 5A). The p.T390A and p.S434W mutations in PiT2-

loop7 that cause PFBC could affect the phosphorylation of

PiT2-loop7 and result in decreased cell surface expression

of PiT2, eventually leading to a reduction in Pi transport

(Fig. 5B). The p.S121C and p.S601W mutations in the PD

domains could impair the Pi-binding ability of PiT2,

thereby resulting in PiT2 dysfunction (Fig. 5C).

PTMs such as phosphorylation, methylation, glycosyla-

tion, and acetylation are critical for the structure, function,

and kinetic properties of proteins [36–39]. For instance,

protein kinase C (PKC)-mediated phosphorylation of

glucose transporter 1 (GLUT1) on its cytoplasmic loop

enhances GLUT1 cell-surface localization and facilitates

GLUT1-mediated glucose uptake, and pathogenic

Fig. 3 Total and cell surface expression levels of WT and mutant

PiT2. A, D Immunoblots of total and cell-surface expression levels of

WT and mutant PiT2 using the indicated antibodies. The membrane

(Mem) and total fractions were extracted from HEK293 cells or

oocytes expressing WT and mutant PiT2. Na?-K? ATPase and b-
actin were used as cell surface and total protein controls in HEK293

cells, respectively. B, E Analysis of the immunoblotting data showing

that the p.T390A and p.S434W mutations decrease the cell-surface

expression level but do not affect the total expression level of PiT2,

while the p.S121C and p.S601W mutations have no effect on the total

and cell-surface expression levels of PiT2 (HEK293 cells, n = 4;

oocytes, n = 3). C Non-permeabilized immunostaining of WT and

mutant PiT2 in HEK293 cells. Data are presented as the mean ±

SEM; *P\ 0.05, **P\ 0.01, one-way ANOVA.
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mutations in the PKC motif that cause GLUT1 deficiency

syndrome impair GLUT1 phosphorylation and ultimately

block glucose uptake [31]. Methylation of Nav1.9 by

protein arginine methyltransferase 7 (PRMT7) on the first

intracellular loop increases the Nav1.9 current density by

promoting its transport to the cell surface [32]. In this

study, we found that PiT2-loop7 contains AMPK and AKT

consensus motifs that may be accessible for phosphoryla-

tion, and we further confirmed that AMPK and AKT can

mediate PiT2-loop7 phosphorylation. The results also

demonstrated that the cell-surface expression of PiT2 was

enhanced along with the phosphorylation of PiT2-loop7.

Inhibition of AMPK or AKT resulted in decreased PiT2-

loop7 phosphorylation accompanied by decreased PiT2

membrane localization. These results suggested that the

phosphorylation of PiT2-loop7 mediated by AMPK and

AKT is essential for PiT2 membrane localization (Fig. 4A–

I). Among the PFBC-associated missense mutations in

PiT2-loop7, the p.T390A and p.S434W mutations near the

AMPK and AKT motifs, respectively, impaired PiT2-loop7

phosphorylation (Fig. 4A, J–M) and then obstructed PiT2

transport to the cell surface (Figs. 3 and S1). These findings

indicate that the two mutations in PiT2-loop7 decrease Pi

transport into cells by affecting the phosphorylation-

regulated cell surface expression of PiT2. Four other

missense mutations in PiT2-loop7 (p.E267Q, p.S283R,

p.R382Q, and p.H399P) have been reported to cause PFBC

[18, 21, 24]. The p.S283R, p.R382Q, and p.H399P

mutations could impair the Pi transport activity of PiT2,

whereas the p.E267Q variant could not (Fig. S4A). The

p.R382Q mutation located in the AMPK motif might not

only affect PiT2 expression but also obstruct its phospho-

rylation, resulting in decreased PiT2 membrane localiza-

tion. The p.H399P mutation near the AMPK motif might

only affect PiT2 phosphorylation, leading to a decrease in

the cell-surface level of PiT2. Meanwhile, the p.E267Q and

p.S283R mutations are far from the AMPK and AKT

motifs and might not affect the PiT2 phosphorylation

mediated by these two kinases; however, it is possible that

the p.S283R mutation affects PiT2 phosphorylation medi-

ated by other kinases, resulting in a reduction in PiT2

membrane localization (Fig. S4B–L). These results support

the hypothesis that PiT2-loop7 missense mutations affect

the phosphorylation-regulated membrane localization of

PiT2, thereby leading to a decrease in Pi transport.

Notably, the p.E267Q variant did not affect PiT2 expres-

sion, localization, or phosphorylation, which might explain

why it did not affect Pi transport (Fig. S4). The p.E267Q

variant was discovered in a PFBC family that also carried a

deletion of exon 6 within SLC20A2; the real cause of PFBC

in this family could be the deletion of exon 6 and not the

p.E267Q variant [40].

Structural analyses of transporters can provide insights

into their binding with substrates and their corresponding

conformations and improve our understanding of the

pathological mechanisms associated with disease-associ-

ated mutations [29, 41, 42]. Because the structure of human

PiT2 remains unresolved, the specific effects of mutations

are difficult to elucidate. Nevertheless, the recently-deter-

mined TmPiT structure indicates that mutations in PiT2

might affect the binding of PiT2 with substrates and the

corresponding conformation [13]. In this study, we found

that the p.S121C and p.S601W mutations affected the Pi

but not the Na?-binding of PiT2 and might have varying

effects on the structure of PiT2 (Fig. 2).

Many studies have revealed the importance of the PD

domains in maintaining Pi transport [9, 12, 43, 44]. Most of

the SLC20A2 mutations are located in the PD domains [19],

but it was unclear how these mutations affect Pi transport.

In this study, we proposed that mutations in the PD

domains might result in PiT2 dysfunction by affecting its

substrate-binding ability and that different mutations could

have diverse effects on PiT2 function, which might be

associated with the different phenotypes in PFBC patients

[23]. The clinical manifestations of PFBC patients with

SLC20A2 mutations, including those with PD domain

mutations, mainly consist of movement disorders, cogni-

tive decline, psychiatric symptoms, and headaches [22]. In

this study, the p.S121C mutation resulted in partially

reduced Pi transport activity of PiT2, while the p.S601W

mutation resulted in a complete loss of its activity (Fig. 1).

bFig. 4 The p.T390A and p.S434W mutations affect AMPK- and

AKT-mediated PiT2 phosphorylation associated with its membrane

localization. A Sequence alignment of the phosphorylation motifs

surrounding T390 and S434 in PiT2 orthologs of different species.

B Immunoblots showing the correlation between AMPK and PiT2

phosphorylation and membrane localization in HEK293 cells express-

ing WT PiT2 using the indicated antibodies. # indicates a nonspecific

band. C–E Quantitation of the immunoblotting data showing that the

AMPK-mediated PiT2 phosphorylation (C, n = 4), the interaction of

activated AMPK with PiT2 (D, n = 3), and the PiT2 membrane

localization (E, n = 4) are significantly enhanced after treatment with

Pi. The AMPK inhibitor, compound C (CC), inhibits all these

changes. F Immunoblots showing the association of AKT with PiT2

phosphorylation and membrane localization using the indicated

antibodies. G–I Quantitation showing that the AKT-mediated PiT2

phosphorylation (G, n = 3), the interaction of activated AKT with

PiT2 (H, n = 3), and the PiT2 membrane localization (I, n = 4)

increase following Pi treatment. The AKT inhibitor, wortmannin

(wort.), counteracts these changes. J, L Immunoblots showing the

influences of the p.T390A and p.S434W mutations on PiT2 phos-

phorylation with the indicated antibodies. K, M Quantitation of the

phosphorylation levels of WT and mutant PiT2. The AMPK-mediated

phosphorylation level of the p.T390A mutant (K, n = 3) and the

AKT-mediated phosphorylation level of the p.S434W mutant (M,

n = 3) are significantly lower than those of the WT. The data are

presented as the mean ± SEM; *P\ 0.05, **P\ 0.01,

***P\ 0.001, and ****P\ 0.0001, one-way ANOVA.
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Correspondingly, patients with the p.S121C mutation

showed very slight calcification and are all asymptomatic,

patients with the p.S601W mutation exhibit more severe

calcification and some are symptomatic, and affected

individuals with compound heterozygous mutations show

extremely extensive brain calcification and present with

repetitive seizures and dysgnosia from infancy [7, 22].

Despite different pathogenesis, the p.T390A and p.S121C

mutations had a similar effect on the Pi transport activity of

PiT2 (Fig. 1). A patient with the homozygous p.T390A

mutation had a relatively moderate phenotype compared

with those carrying the compound heterozygous mutations

(p.S121C and p.S601W), but she showed a relatively

severe phenotype compared with her family members

carrying the heterozygous p.T390A mutation [23]. The

frameshift or nonsense mutations that could lead to the

generation of truncated proteins or messenger RNA

(mRNA) decay are usually more damaging to protein

function than missense mutations [20, 45]. Patients with

frameshift or nonsense mutations have been reported to

present more severe brain calcification than those with

missense mutations [46], which might result in an earlier

onset and a higher proportion of clinical manifestations.

Generally, the frameshift or nonsense mutations that are

likely to cause the complete loss of the PiT2 function could

be classified as the most severe type, and the associated

patients might have the most severe phenotypes; the

missense mutations that might result in either loss of

function (such as p.S601W) or partially reduced transport

function (such as p.S121C) could be classified as moderate

or mild types, and the associated patients might have

correspondingly moderate or mild phenotypes. Accord-

ingly, the mutation severity might be positively correlated

with the clinical phenotype to a certain degree.

Up to now, there has been no effective treatment for

PFBC. Mutations in SLC20A2 are a major cause of PFBC,

accounting for as many as 61% of all cases with confirmed

genetic forms [21]. Designing and screening for effective

drugs targeting PiT2 will be of great importance for the

treatment of PFBC. SLC20A2 mutations have been linked

to autosomal-dominant PFBC primarily caused by hap-

loinsufficiency [7, 47]. Therefore, enhancing the function

of WT PiT2 would likely be an effective therapy. There are

two possible strategies: one is to increase the activity of

Fig. 5 Proposed model of how different mutations in PiT2 cause Pi

dyshomeostasis. A Under physiological conditions, during Pi trans-

port, activated AMPK or AKT binds to PiT2 and mediates its

phosphorylation, eventually promoting PiT2 transport to the cell

surface and PiT2 function. B, C Under pathological conditions, the

p.T390A and p.S434W mutations in PiT2-loop7 affect the phospho-

rylation-regulated membrane localization of PiT2, ultimately

reducing Pi transport (B); the p.S121C and p.S601W mutations in

the PD domains impair the Pi-binding of PiT2, thereby contributing to

PiT2 dysfunction (C). The curved thin black arrows indicate the

transport of PiT2 to the cell membrane, the thin black arrows starting

at AMPK or AKT indicate sites where they mediate PiT2 phospho-

rylation, and the red lines with bar ends indicate the inhibition of the

mutation on the physiological process.
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WT PiT2, and the other is to increase the membrane

localization of PiT2. In this study, we found that PiT2

phosphorylation promotes its membrane localization, pro-

viding insights into the development of PFBC therapies.

In conclusion, we propose that missense mutations in

PiT2-loop7 contribute to Pi dyshomeostasis through the

phosphorylation-mediated regulation of cell surface

expression. This study improves our understanding of

PFBC pathogenesis and highlights the importance of loop7

in the function of PiT2.
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