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SUMMARY

Phosphate (Pi) serves countless metabolic pathways and is involved in macromolecule synthesis, 

energy storage, cellular signaling, and bone maintenance. Herein, we describe the coordination 

of Pi uptake and efflux pathways to maintain mammalian cell Pi homeostasis. We discover that 

XPR1, the presumed Pi efflux transporter, separately supervises rates of Pi uptake. This direct, 

regulatory interplay arises from XPR1 being a binding partner for the Pi uptake transporter 

PiT1, involving a predicted transmembrane helix/extramembrane loop in XPR1, and its hitherto 

unknown localization in a subset of intracellular LAMP1-positive puncta (named “XLPVs”). A 
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pharmacological mimic of Pi homeostatic challenge is sensed by the inositol pyrophosphate IP8, 

which functionalizes XPR1 to respond in a temporally hierarchal manner, initially adjusting the 

rate of Pi efflux, followed subsequently by independent modulation of PiT1 turnover to reset 

the rate of Pi uptake. These observations generate a unifying model of mammalian cellular Pi 

homeostasis, expanding opportunities for therapeutic intervention.

In brief

Li et al. demonstrate that organellar XPR1 regulates inorganic phosphate fluxes in mammalian 

cells. Control of phosphate influx by XPR1 is mediated through its interaction with the phosphate 

transporter PiT1 that prevents PiT1 degradation. The signaling molecule IP8 functionalizes XPR1-

dependent regulation of PiT1 expression to supervise cellular phosphate homeostasis.

Graphical abstract

INTRODUCTION

The participation of cell signaling cascades in the dynamic maintenance of metabolite 

and nutrient homeostasis comprises one of the most fundamental biological processes; an 

improved molecular-level understanding of the underlying mechanisms is likely to offer 

therapeutic opportunities.1 However, an area of long-standing uncertainty has surrounded 

the mechanisms of short-term regulation of the cellular levels of one prominent nutrient: 

inorganic phosphate (Pi).2–4 The very survival of an organism depends upon this careful 
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control of cellular Pi uptake, efflux, and its intracellular distribution; Pi is an essential 

component of bone maintenance, countless metabolic pathways, and macromolecule 

synthesis, as well as energy storage and cellular signaling processes, while also being one 

of the most pervasive metabolic inhibitors.5–7 Among prominent pathological examples of 

defects in Pi homeostasis are ectopic calcification and inflammation.8,9

In recent years, it has been determined that certain aspects of eukaryotic Pi homeostasis 

are modulated by inositol pyrophosphates (PP-IPs), particularly IP8 (Figure 1A).2,4,6,7,10–12 

Cytosolic levels of IP8 rise and fall in response to corresponding fluctuations in cytosolic Pi, 

that is, IP8 is a Pi sensor.12–14 In mammals, a major downstream effector of IP8 is xenotropic 

and polytropic retrovirus receptor 1 (XPR1), a ubiquitous protein of approximately 80 kDa 

(Figure 1A) that is widely considered to mediate cellular Pi efflux. This plasma membrane 

transport activity was first proposed by Battini’s group15 and is consistent with cell surface 

imprinting of XPR1 with a fluorescent tag2,15 or immunogold16 and a number of additional 

genetic knockdown/knockout (KO) and rescue experiments (for access to this literature, 

see Hernando et al.,4 Jennings,6 Michigami et al.,7 and Wang et al.17). Nevertheless, it 

should be noted that Pi transport activity by XPR1 has not yet been directly validated 

(i.e., by reconstitution into liposomes), so it remains formally possible that this protein is 

instead a regulator of another, as yet unsuspected Pi transporter.18 On the other hand, an 

XPR1 ortholog from rice, OsPHO1:2, which is also present in plasma membranes, has been 

incorporated into liposomes and shown to transport Pi.19 The regulation of XPR1-dependent 

Pi transport activity is thought to be mediated by IP8 binding to lysine surface cluster within 

the N-terminal SYG1/Pho81/XPR1 (SPX) domain of XPR1.2,10 Although this SPX domain 

can also bind IP7 in vitro, only IP8 can promote Pi efflux.10

However, little is known about how this recently described regulatory paradigm might 

dynamically coordinate with cellular Pi uptake. This situation is a fundamental challenge 

to the goal of understanding the molecular basis for cellular Pi homeostasis.2,4 PiT1 

(SLC20A1) and its isoform, PiT2 (SLC20A2), are widely expressed proteins that 

accumulate Pi from the extracellular milieu.4,6,7 A recent study reported that XPR1-

mediated Pi efflux is enhanced by either overexpression of PiT2 or elevation of extracellular 

Pi.2 In this interplay between XPR1 and PiT2, the latter was given a relatively passive role

—an increased capacity for Pi uptake rather than a downstream effector of Pi homeostasis

—with the active regulatory component being PP-IP-mediated control over XPR1 activity 

[Pi].2 In such circumstances, in which both influx and efflux pathways are increased, it 

remains unclear how this provides the required adjustment—i.e., a net reduction in cytosolic 

[Pi]. Thus, in the current study, we have widened our understanding of the roles of IP8/XPR1 

signaling in maintaining Pi homeostasis.

RESULTS

Organellar XPR1 regulates cellular Pi fluxes

We began this study by seeking possible roles for the IP8/XPR1 signaling axis in regulating 

mammalian-cell Pi uptake in U2OS and Saos-2 cells. For ease of comparison with 

earlier studies performed by Battini and colleagues,9,15 we initially monitored cellular 

accumulation of [33P]-Pi that was added to Pi-free culture media. This methodology usefully 
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exploits the phenomenon that Pi uptake follows Michaelis-Menten kinetics,21 so by analogy 

to enzymatic reactions, our use of limiting substrate (i.e., Pi) reduces the initial uptake 

rate (v) to Vmax[S]/Km. Thus, we can qualitatively investigate experimental effects upon 

transport, irrespective of whether it is Km or Vmax that is modified. Nevertheless, in 

additional experiments described further, we have also recorded Pi fluxes in the presence of 

physiologically relevant Pi concentrations of 1 mM.

We found that the XPR1 KO reduced the rate of [33P]-Pi uptake by approximately 50% 

(Figures 1B and S1A). Since linear rates of [33P]-Pi uptake were recorded in 120 min time 

courses, only 30 min time points for uptake are shown hereafter. The XPR1 KO also reduced 

the rate of cellular [33P]-Pi efflux by 60%–70% (Figures 1C and S1B), consistent with 

previous studies.2,10,15,22

To understand how XPR1 may regulate cellular Pi uptake, we performed a subtractive 

proteomic screen to identify binding partners. To optimize physiological relevance, we 

performed this experiment with endogenous XPR1. For these experiments, we used CRISPR 

to insert the coding sequence for a Halo-tag23 immediately upstream of the stop codon for 

the XPR1 gene in HCT116 cells (Figures S2A and S2B). Putative XPR1-binding proteins 

were pulled down with Halo Nanotrap and analyzed by mass spectrometry (Table S1). We 

were intrigued that PiT1 (SLC20A1) emerged from this screen (Figures S2C and S2D). We 

confirmed PiT1 as a binding partner through its co-immunoprecipitation with Halo-tagged 

XPR1; PiT2 did not bind to XPR1 (Figure 1D).

If it were an interaction of XPR1 with PiT1 that regulates Pi uptake, we might expect this to 

occur in the plasma membrane. However, we identified three potential intracellular-targeting 

sequences near the C terminus of XPR1 (Figure 1A).20,24 Confocal analysis revealed 

that endogenous Halo-tagged XPR1 is largely distributed throughout the cell interior in a 

punctate manner (Figure S1C). Since this XPR1 signal coincided with a small proportion 

of the lysosomal-associated membrane protein 1 (LAMP1) continuum, we conclude it 

to be an organellar compartment, comprising XPR1/LAMP1-positive vesicles (XLPVs); 

plasma membrane XPR1 was below our detection limits. Additionally, in cell fractionation 

experiments, we found endogenous XPR1 to be 2.5-fold enriched in the cell’s intracellular 

membranes, rather than the ATP1A1-enriched plasma membrane fraction (Figures 1E and 

S1D).

Furthermore, cellular fractionation of HCT116 cells transfected with the lysosomal 

TMEM192-[HA]3 tag25 revealed it to co-purify with endogenous XPR1 and LAMP1, in 

preference to markers for Golgi, endoplasmic reticulum (ER), or mitochondria (Figure 1F). 

Overall, we conclude that the cell surface pool of XPR1 that others have detected2 may 

comprise only a minor proportion of total cellular XPR1.

Confocal analysis of U2OS cells after transient expression of either XPR1-mCherry or 

XPR1-YFP yielded the same conclusions that we derived by analyzing endogenous XPR1 

expression (see above): there is no detectable plasma membrane signal, and XLPVs 

comprise a small proportion of the overall LAMP1-positive continuum (Figures 1G and 

S3A). We prepared XPR1 constructs in which [Ile/Leu] within two “dileucine motifs” were 
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mutated to Ala (LM1 and LM2; Figure 1A). XLPVs were eliminated upon expression of 

the double mutant, LM1/2 (Figures 1G and S3B), which is predominantly mislocalized to 

the ER, as evidenced by LM1/2 colocalization with ER-resident protein 46 (Figures 1G, 1H, 

and S3C). Significantly, stable overexpression of wild-type (WT) XPR1-mCherry rescued 

[33P]-Pi uptake by XPR1 KO cells, whereas the LM1/2 mutant was only marginally effective 

(Figures 1B and S1A). Thus, we conclude that the organellar pool of XPR1 participates in 

regulating Pi uptake. Interestingly, the LM1/2 mutant of XPR1 also weakly promoted Pi 

efflux from XPR1 KO cells (Figures 1C and S1B). Mutation of the tyrosine-based lysosomal 

targeting motif eliminated XLPVs (Figures 1A and S3D); we could not test the functionality 

of this mutant in Pi homeostasis because this construct could not be stably expressed in our 

XPR1 KO cells.

Our demonstration of an intracellular, vesicular pool of mammalian XPR1 invites 

comparisons with the recent demonstration of a vesicular pool of the Drosophila ortholog, 

PXo.26 Furthermore, it has been proposed that vesicle exocytosis contributes to Pi export 

by PXo and XPR1 orthologs in some plants.26,27 We therefore performed a 15 min [33P]-Pi 

efflux experiment after which we used size-exclusion columns to isolate exosomes from the 

culture medium. No radiolabel co-purified with the extracellular, vesicular fraction (Figure 

S3E). It should also be noted that the PXo pool is not LAMP1 positive,26 suggesting it is not 

a functional ortholog of mammalian XPLVs.

The significance of the SPX domain for XPR1-mediated regulation of Pi uptake

The SPX domain of XPR1 is hypothesized to mediate IP8-dependent control over Pi 

efflux2,10; IP7 is not effective.10 The SPX domain crystal structure (residues 1–213) has 

previously been described at a resolution of 2.43 Å in complex with a sulfate ion, but not 

a PP-IP ligand.11 We prepared an SPX domain construct from residues 1–207, except we 

replaced an internal disordered region11 (see STAR Methods) with a GSGSG linker. We 

obtained SPX and SPX/IP8 crystal complexes with 1.4 and 1.85 Å resolution, respectively 

(Figures 2A, S4A, and S4B), which are both virtually superimposable (root-mean-square 

deviation = Å) upon the previously published SPX/SO4
2− complex, except for the α−6 helix 

(Figure S4A), which was previously noted to occupy alternate configurations.11

The asymmetric unit contains two protein molecules, which have multiple interactions with 

one molecule of IP8 (Figure S4B). These data break ground through their atomic-level 

rationalization of the SPX domain being an IP8 receptor, in particular by illustrating the 

importance of the 1- and 5-diphosphate groups, which make 10 polar contacts with the 

protein, including residues K2, K26, K158, K161, K162, and K165 (Figures 2A and S4B), 

that comprisea lysine surface cluster previously identified as functionally important to PP-

IP-dependent Pi homeostasis.2,11 However, a specific role for the SPX domain in Pi uptake 

has not previously been reported. To address this point, we expressed ΔSPX-XPR1 in XPR1 

KO cells; this ΔSPX construct localizes in XLPVs to the same extent as WT XPR1 (Figures 

2B and S4C) but failed to rescue cellular Pi uptake or Pi efflux (Figures 2C and 2D). These 

data are consistent with a key role for SPX/IP8 in Pi uptake, but not XLPV biogenesis.
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The IP8/XPR1 signaling axis regulates PiT1 protein expression

We next pursued the significance of our observation (see above) that PiT1 is a binding 

partner for XPR1. The KO of PiT1 in U2OS cells reduced [33P]-Pi uptake by 80% (Figures 

3A and 3B), and uptake was rescued by exogenous expression of HA-tagged PiT1 (Figures 

3A and 3B). These data illustrate the importance of this transporter to Pi homeostasis in 

this cell type. Unexpectedly, PiT1 KO also attenuates Pi efflux (Figure 3C). Interestingly, 

cellular Pi levels were increased in XPR1 KO, but not PiT1 KO cells (Figure 3D).

We found PiT1 expression is dramatically reduced in XPR1 KO cells; expression of PiT2 

was unaffected (Figures 3E, 3F, S5A, and S5B). The ΔSPX-XPR1 construct is unable to 

rescue PiT1 expression (Figures S5A and S5C). Furthermore, PiT1 expression in XPR1 KO 

cells was restored by stable expression of WT XPR1, but only marginal rescue was elicited 

by stable expression of the LM1/LM2 mutant (Figure 3E), a cell model in which XLPVs 

are not detected (see above), indicating that it is this organellar pool of XPR1 that regulates 

PiT1 protein expression.

Furthermore, PiT1 expression was strongly reduced in Saos-2 PPIP5K KO cell lines10 

(Figure 3G) that cannot synthesize IP8 (see Figure S6A). We have previously demonstrated 

that IP7 levels are elevated when IP8 synthesis is completely blocked by the PPIP5K KO.28 

Thus, we conclude that IP7 does not compensate for the reduction in PiT1 stability when 

IP8 is absent. PiT1 expression in PPIP5K KO cells was restored upon stable expression 

of PPIP5K1 in the KO cell line. PiT1 levels were not rescued by PPIP5K1D332A, the kinase-

dead mutant, but PiT1 expression was restored by PPIP5K1R399A, the phosphatase-dead 

mutant that overproduces IP8 (Figures 3G and S6B).

We also treated cells for 6 h with a recently developed IP6K inhibitor, UNC7467 (Figure 

S6A), which deprives PPIP5Ks of the IP7 precursor for IP8 synthesis29 (and see below). 

This pharmacological approach reduced PiT1 expression in WT cells and also prevented 

PPIP5K1 and PPIP5K1R399A from rescuing PiT1 expression in PPIP5K KO cells (Figures 

3G and S6B). These data are consistent with IP8 being the PP-IP with the dominant role in 

regulating PiT1 stability. However, we cannot exclude an ancillary role for IP7 in regulating 

PiT1 expression when IP8 is also present.

XLPVs remained evident in both UNC7467-treated cells and PPIP5K KO cells (Figure 

3H). Interestingly, in both cases, an XPR1 signal was additionally observed at the cell 

periphery (Figures 3H and S6F). These data indicate that the IP8/SPX domain interaction 

might restrain XPR1 delivery to the plasma membrane. Nevertheless, [33P]-Pi uptake was 

compromised when IP8 synthesis was reduced by either the PPIP5K KO or treatment 

with UNC7467 (Figure 3I). Rescue of Pi uptake in PPIP5K KO cells by PPIP5K1 

or PPIP5K1R399A was also antagonized by cell treatment with UNC7467 (Figure 3I). 

Separately, rescue by XPR1 of [33P]-Pi uptake in XPR1 KO cells was also blocked by 

UNC7467 (Figure S6C). It is striking that, in each of this series of experiments, the impacts 

of UNC7467 upon [33P]-Pi efflux quantitatively imitated the drug’s effects upon [33P]-Pi 

uptake (Figures 3I, S6D, and S6E). We conclude that both XPR1 and IP8 are required for 

maximal PiT1 protein expression and its functions in both [33P]-Pi uptake and [33P]-Pi 

efflux.
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Evidence for a unifying model to coordinate Pi uptake and Pi efflux

Deletion of the SPX domain has no impact on XPR1/PiT1 binding (Figures 4A and S7A). 

However, the XPR1 ERD1/XPR1/SYG1 (EXS) domain (Figure 1A) participates in protein/

protein interactions.30 We created a series of deletion mutants that were each expressed in 

HCT116 cells and screened for co-immunoprecipitation of PiT1. Three were identified that 

failed to pull down PiT1: Δ590–600, Δ620–627, and Δ603–627 (Figures 4A and S7A). An 

AlphaFold model predicts these residues include a transmembrane helix and a cytosol-facing 

loop (Figure 4B). The XPR1-LM1/2 mutant also shows weaker co-immunoprecipitation of 

PiT1, consistent with the importance of XLPVs to the XPR1/PiT1 interaction (Figures 4A 

and S7A).

Analysis by confocal microscopy revealed that a small portion of PiT1 colocalized with 

XLPVs both near the cell periphery and in the perinuclear zone (Figure 4C), which is where 

lysosomal function in degradation activities is prevalent.31 Indeed, others have reported that 

cellular PiT1 levels in HEK293 cells increase upon inhibition of lysosomal proteolysis by 

bafilomycin.3 We obtained similar data and further showed that bafilomycin stimulated Pi 

uptake and attenuated the degree to which PiT1 levels are reduced in both PPIP5K KO cells 

and XPR1 KO cells (Figures 4D, 4E, S8A). We also observed lesser but still statistically 

significant inhibition by bafilomycin of Pi efflux (Figures S8B, S8C, S8D, and S8E).

These data led us to posit that the XPR1/IP8 signaling axis might tonically stabilize PiT1 

protein levels. We pursued this idea by using cycloheximide to inhibit protein synthesis 

in cultured cells. The levels of PiT1 protein declined about 15% within an hour and 

then stabilized (Figures 4F and S7B). In contrast, in XPR1- and PPIP5K-KO cells, PiT1 

protein was more unstable and its levels declined 50% within 1 h (Figures 4F and S7B). In 

control experiments, we did not observe consistent reduction of PiT1 mRNA levels in the 

PPIP5K KO and XPR1 KO cells (Figure S7C). These data confirm a gatekeeper role for the 

XPR1/IP8 signaling axis that has overarching and rapid control over PiT1 protein expression 

and its function.

Pharmacological inhibition of IP6K represents a tool for more rapid intervention in PP-IP 

synthesis than is possible with genetic intervention. We therefore investigated if UNC7467 

would provide temporal resolution of the separate impacts of IP8 upon Pi uptake and efflux. 

For these experiments, cells were preincubated for 20 h in culture medium containing 1 mM 

[33P]-Pi so as to radiolabel to steady state. (Figure S9A). The rates of [33P]-Pi efflux and 

uptake were very similar, consistent with near-equilibrium of the two activities (Figures 5A 

and S9B). The first dataset that we obtained indicated that the inhibition of Pi efflux by 

UNC7467 was at a maximal level within 2 h of drug treatment; inhibition of Pi uptake by 

UNC7467 appears to develop more slowly (Figure S9B). This conclusion was reinforced by 

a second set of experiments performed within a shorter time frame: UNC7467 inhibited Pi 

efflux by 60% within 0.5 h, whereas Pi uptake only began to be inhibited (by 15%) after 1 

h (Figure 5A). Consistently, PiT1 protein levels began to decrease only after 1 h, suggesting 

that the inhibition of Pi uptake by UNC7467 is via regulating PiT1 protein stability (Figures 

5B and 5C). In control experiments, we found that UNC7467 dramatically reduced IP8 and 

5-IP7 levels within 0.5 or 1 h of treatment (Figures S9C and S9D), and it does not affect 

PiT1 binding to XPR1 (Figures S9E and S9F).
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These data indicate Pi efflux is more rapidly susceptible to a fall in IP8 levels than is Pi 

uptake. This temporal resolution of regulatory processes that separately modulate Pi uptake 

and efflux comprises the basis for a unifying model of mammalian cellular [Pi] homeostasis 

(see Figure 6 and the discussion section).

DISCUSSION

The paradigm that emerges from the current study provides molecular- and cellular-level 

insights into the coordination of cellular Pi uptake and efflux at an interface of cellular 

signaling with metabolic homeostasis. As such, our model also extends the signaling 

context for our earlier demonstration that levels of IP8 comprise a sensor of fluctuations 

in cytosolic [Pi]13; this discovery, originally made with mammalian cells,13 has subsequently 

been recapitulated in experiments with fungi and plants.12,32 We now show how PPIP5K-

mediated synthesis of IP8, which in turn acts through its cognate receptor XPR1 (Figure 

2A), regulates the cellular levels of expression of a major Pi uptake protein, PiT1 

(Figures 4D, 4E, 4F, 5B, and 5C). We describe a physical interaction between endogenous 

XPR1 and PiT1 (Figures 1D and 6) that is dependent upon a predicted helix within 

the EXS domain that includes a loop that faces into the cytosol (Figures 4A and 4B) 

and hitherto unrecognized amino acid motifs within the EXS and intrinsically disordered 

region domains (Figure 1A) that are required for the assembly of XPR1 into intracellular, 

LAMP1-positive puncta (i.e., XPLVs; Figures 1E, 1F, 1G, and 1H). This intracellular pool 

of XPR1 is necessary for PiT1-dependent Pi uptake (Figure 1B), by preventing PiT1 from 

entering a degradative pathway (Figure 6). Our discovery that rapid protein turnover is a 

regulatory mechanism for controlling Pi uptake may have wider pathological implications: 

anomalies in protein degradation have been linked to developmental disorders, cancer, and 

neurodegenerative disease; aging is also associated with a loss of proteostasis.33

These conclusions introduce PiT1 as a downstream effector of Pi homeostasis, a role that 

recently escaped PiT2.2 It is of further interest that XPR1 does not regulate either the 

expression of the PiT2 (Figure 3E) or its presence at the plasma membrane.2 Thus, it may be 

of additional biological significance that PiT2 does not share the “moonlighting” activities 

of intracellular pools of PiT1 that are independent of its ability to transport Pi, including 

regulation of cell growth and differentiation, apoptosis, ER stress, immune responses, and 

glucose metabolism.34–37

LAMP1-positive lysosomes are known to have secretory functions and/or act as signaling 

hubs that regulate nutrient and bioenergetic homeostasis; these particular vesicles tend to be 

directed toward the plasma membrane.31,38,39 The latter location has previously raised the 

possibility of recycling of PiT1 to and from the plasma membrane.3 XPR1 may undergo 

similar trafficking, but we were unable to pursue this idea by confocal microscopy, which 

lacked sufficient sensitivity to detect the plasma membrane pool of XPR1,2 although we did 

note accumulation of XPR1 at this location, in cells in which PiT1 levels were depleted upon 

our targeting IP8 synthesis (Figures 3G and 3H).

Our description of temporal separation of cellular control over Pi uptake and Pi release 

(Figures 5A–5C) represents a major contribution to the long-standing goal of understanding 
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how these processes are coordinated. We have demonstrated that within minutes of the 

inhibition of IP8 synthesis by UNC746729 (i.e., a pharmacological mimic of the impact of 

cytosolic Pi deprivation13), which in turn divests XPR1 from its functionalizing ligand,10 

there is a rapid reduction in the rate of cellular Pi efflux, without detectable changes in Pi 

uptake (Figure 5A), so as to quickly preserve cytosolic [Pi]. Shortly thereafter, the separate, 

XPR1-mediated regulation of Pi uptake comes into effect, through control over PiT1 protein 

levels (Figures 3I, 5A–5C, S9B, and 6). The closely controlled and sequential nature of these 

events indicates the importance to the cell of avoiding imbalance in the rates of Pi uptake 

and efflux over extended periods of time.

Limitations of the study

A major challenge to developing a molecular-level understanding of the 
regulation of Pi efflux from mammalian cells—Although it is now widely 

appreciated that mammalian XPR1 mediates PP-IP-dependent regulation of Pi efflux from 

mammalian cells, it remains unclear if XPR1 is a genuine Pi-transport protein or a regulator 

of another Pi transporter.18 This conundrum has limited our ability to further our molecular-

level understanding of the regulation of Pi efflux from mammalian cells. Future application 

of methodologies to generate adequate levels of XPR1 in a mammalian expression system, 

then purify the protein to homogeneity, and incorporate it into phospholipid vesicles 

for Pi transport assays19 could serve as an informative experimental platform to screen 

for potential ancillary factors that might be required to recapitulate the actions of fully 

functional XPR1 in vitro.

Technical limitations to the study of Pi fluxes in intact cells—A technical 

challenge for our study has been to quantify the impact upon cellular IP8 synthesis 

following cell treatment with UNC7467, an IP6K inhibitor. IP8 is present in cells at low 

concentrations that challenge the sensitivity limits of current mass spectrometry techniques. 

Moreover, during the review of this manuscript, S.B.S. retired and our laboratory was 

closed. Consequently, we only had the opportunity to provide two biological replicates for 

the data described in Figures S9C and S9D.

Most of the experiments we performed in this study monitored cellular accumulation of 

[33P]-Pi that was added to Pi-free culture media. This strategy was taken for ease of 

comparison with earlier studies performed by Battini and colleagues.9,15 This methodology 

usefully exploits the phenomenon that Pi uptake follows Michaelis-Menten kinetics,21 so by 

analogy to enzymatic reactions, our use of limiting concentrations of Pi reduces the initial 

uptake rate (v) to Vmax[S]/Km. Thus, we performed qualitative experimental studies of Pi 

transport, irrespective of whether it is Km or Vmax that is modified. Nevertheless, a more 

physiologically relevant and informative analysis of cellular Pi fluxes can be obtained by 

incubating cells with the biologically relevant extracellular concentration of Pi, i.e., 1 mM. 

Indeed, we deployed this condition for some experiments (Figures 5A and S9B), which 

gave valuable, quantitative insight into steady-state values for Pi influx and efflux and their 

regulation by IP8.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Chunfang Gu (guc2@nih.gov).

Materials availability—All reagents will be made available on request after completion of 

a Materials Transfer Agreement.

Data and code availability—Structure coordinates of XPR1 SPX domain have been 

deposited in the Protein DataBank, PDB: 8TYV, and PDB: 8TYU. This paper does not 

report original code.

Any additional information required to reanalyze the data reported in this work paper is 

available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines—HCT116 cells (a colon cancer cell line) were cultured in DMEM/F12. WT, 

XPR1 KO, PiT1 KO U2OS cells were cultured in DMEM as well as WT, PPIP5K KO, 

XPR1 KO Saos2 cells. XPR1 KO U2OS or Saos2 cells stably expressing XPR1 or XPR1 

mutants were cultured in DMEM with 100 μg/ml geneticin. All culture medium contains 

10% fetal bovine serum (FBS) (Gemini Bio-product) and 100 U/mL Penicillin-Streptomycin 

(ThermoFisher Scientific) and cells were culture at 37°C with 5% CO2.

METHOD DETAILS

Cells and cell culture

The origin of our HCT116 cells and the culture conditions are as previously described.28 

XPR1 in HCT116 cells was genomically-tagged with Halo right before the stop 

codon following a protocol described previously.23 Briefly, pX335-U6-Chimeric_BB-

CBh-hSpCas9n(D10A) carrying sgRNA 5′-TTTTCCGAGCTCTTCCGGAT-3′ or 5′-

TTCGGCTGGAAAGGTACTAG-3′ were transfected in HCT116 cells together with a 

plasmid DNA containing Halo-tag sequence which is flanked by ~800bp homology 

arms of insertion site. Knocked in clones were screened by PCR amplification of 

targeted region using a pair of primers (5′-AGAGATGGAAACGGG CACTC-3′, 5′-

GAAATTCAGCCGGTGGTGTG-3′) followed by sequencing confirmation. To validate 

the PiT2 antibody, 3 × 105 HCT116 cells were seeded on a 6 well plate. Cells were 

transfected with ON-TARGETplus Human SLC20A2 siRNA or non-targeting Control 

siRNAs (Horizon) for 40h. Cells were then lysed in RIPA buffer including Halt protease and 

phosphatase inhibitor (ThermoFisher Scientific) and PiT2 levels were detected by western 

blot using anti-SLC20A2 antibodies (ProteinTech, 12820–1-AP).

U2OS and Saos-2 cells were purchased from ATCC and cultured in Dulbecco’s modified 

Eagle medium (DMEM) with 10% fetal bovine serum (FBS) (Gemini Bio-product) and 100 

U/mL Penicillin-Streptomycin (ThermoFisher Scientific) at 37°C with 5% CO2. Knockout 

of PPIP5Ks and XPR1 in U2OS cells and Saos-2 cells was performed using the methods 
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described previously.10,28 PiT1 KO cells were generated using a guide messenger RNA that 

targets exon 2 of PiT1 (5′-GTCCTTTGGTGGACTACCTA-3′).

The pReceiver-M56(mCherry) and M07(HA) vectors carrying the ORF sequences of WT 

XPR1 and PiT1, respectively, were purchased from GeneCopoeia. All mutants of XPR1 

plasmids were generated based on WT XPR1 plasmid. To generate stable cell lines, 

pReceiver vectors carrying the ORF sequences of specific genes were used to transfect 

recipient cells (U2OS or Saos-2), after which the cells were treated with geneticin to select 

against non-transfected cells. Specifically, 1×105 cells/well were seeded in 1mL of complete 

growth medium in 12-well tissue culture plates. After 48 h, the cells reached 60–80% 

confluence and were then transfected and 100 μg/ml geneticin was added. Replacement 

media with 100 μg/ml geneticin was added every 2–3 days for up to two weeks. The 

geneticin selected cells were single cell plated in 96 well plate for clone expansion. The 

expression of specific genes in single clones were verified by western blot.

Screening of endogenous XPR1 binding proteins

HCT116 cells and HCT116 cells with Halo-tagged XPR1 were cultured in duplicate in 

150mm dishes and harvested around 80% confluency. Cells were lysed in buffer containing 

50mM Tris pH7.5, 250mM NaCl, 1mM EDTA, 0.5% IGEPAL CA-630 (Sigma), 1× 

protease inhibitor cocktail (thermoFisher Scientific), 1× PhosSTOP (Sigma)). The lysate was 

sonicated for 3min (37 HZ, 30% power) and centrifuged at 13500g for 10 min at 4°C. The 

supernatant was diluted with one volume dilution buffer (50mM Tris pH7.5, 150mM NaCl, 

1mM EDTA, 1× protease inhibitor cocktail, 1X PhosSTOP) and incubated with ChromoTek 

Halo-Trap Agarose beads (Proteintech) overnight at 4°C. The beads were washed four times 

with dilution buffer and eluted with 2× sample buffer (Biorad) containing 5% β-me (Sigma).

The eluted proteins were separated by SDS-PAGE; SDS-PAGE gel lanes were manually cut 

into 12 fractions each. These gel regions were then minced, and protein digests performed 

with a ProGest robotic digester (Genomic Solutions) where the gel pieces were destained 

by incubation in 25 mM ammonium bicarbonate/50% v/v acetonitrile (2 × 15 min). The gel 

pieces were dehydrated in acetonitrile, followed by drying under a nitrogen stream, and then 

incubated with 250 ng trypsin (Promega) for 8 h at 37°C. The digests were collected, and 

peptides were extracted from the gel three times with the extractions pooled for each sample. 

Samples were removed from the robot, lyophilized, and individually resuspended in 0.1% 

formic acid.

Samples were analyzed by LC/MS on a Q Exactive Plus mass spectrometer (ThermoFisher 

Scientific) interfaced with a nanoAcquity UPLC system (Waters Corporation) equipped 

with a 75 mm × 200 mm HSS T3 C18 column (1.8 mm particle, Waters Corporation) 

and a Symmetry C18 trapping column (180 mm × 20 mm) with 5 mm particle size; the 

flow rate was 450 nL/min. The trapping column was positioned in-line of the analytical 

column and upstream of a micro-tee union which was used both as a vent for trapping 

and as a liquid junction. Trapping was performed using the initial solvent composition. 

5 mL of digested sample was injected onto the column. Peptides were eluted by using 

a linear gradient from 99% solvent A (0.1% formic acid in water (v/v)) and 1% solvent 

B (0.1% formic acid in acetonitrile (v/v)) to 40% solvent B over 100 min. For the mass 
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spectrometry, a data-dependent acquisition method was employed with an exclusion time 

of 15 s and an exclusion of +1 charge states. The mass spectrometer was equipped with 

a NanoFlex source and was used in the positive ion mode. Instrument parameters were 

as follows: sheath gas, 0; auxiliary gas, 0; sweep gas, 0; spray voltage, 2.7 kV; capillary 

temperature, 275°C; S-lens, 60; scan range (m/z) of 200–2000; 2 m/z isolation window; 

resolution: 70,000; automated gain control (AGC), 2 × 10e5 ions; and a maximum IT of 

200 ms. Mass calibration was performed before data acquisition using the Pierce LTQ Velos 

Positive Ion Calibration mixture (ThermoFisher Scientific). Peak lists were generated from 

the LC/MS data using Mascot Distiller (Matrix Science) and the resulting peak lists were 

searched using the Spectrum Mill software package (Agilent) against the entire Swissprot 

database. Searches were performed using trypsin specificity and allowed for one missed 

cleavage and variable methionine oxidation. Mass tolerances were 20 ppm for MS scans and 

50 ppm for MSMS scans.

Subcellular fractionation

The Minute Plasma Membrane Protein Isolation Kit (Invent Biotechnologies, SM-005) was 

used to isolate both plasma membranes and intracellular membranes from approximately 3 

× 107 cells cultured in 150mm dishes. RIPA buffer (ThermoFisher Scientific) supplemented 

with Halo protease and phosphatase inhibitor cocktail (ThermoFisher Scientific) was used 

to resuspend the membrane fraction, the plasma membrane fraction and the intracellular 

organelle membrane fraction (200μl, 150ul and 50ul respectively). Samples were treated 

with SDS-PAGE and Western analysis was performed using antibodies for XPR1 

(proteintech, 14174–1-AP), PiT1 (Proteintech, 12423–1-AP) and ATP1A1 (Proteintech, 

14418–1-AP).

Intracellular tagging with TMEM192-[HA]3 in HCT116 cells was performed as previously 

described.40 Next, approximately 10 million tagged or non-tagged cells were lysed in 1 mL 

of 136 mM KCl, 10 mM KH2PO4 (pH 7.25), and gently homogenized with 20 strokes of 

a 2 mL homogenizer. The homogenate was then centrifuged at 1000 x g for 2 min at 4°C 

and the supernatant was incubated with 100 μL anti-HA magnetic beads (ThermoFisher 

Scientific) on a gentle rotator shaker for 15 min. The beads were gently washed three times 

with KPBS on a DynaMag Spin Magnet, and the immunoprecipitates were eluted in 2× 

sample buffer (Biorad) containing 5% β-mecaptoethanol (Biorad).

Cellular phosphate flux assays

Phosphate transport was measured as previously described by multiple laboratories.10,15,22 

Cells were seeded (U2OS, 3 × 105 cells; Saos-2, 6 × 105 cells) per well in 1.5 mL medium 

in 12-well plates; Pi transport assays were performed 48 h later at 37°C. For uptake assays, 

cells were incubated in Pi-free DMEM [Gibco catalog number: 11971–025] plus 10% FBS 

and approx. 0.5 μCi/mL [33P]-Pi (ARC; ARP 0153) for 30 min, unless otherwise stated. 

Assays were terminated by washing cells three times with 1 mL Pi-free DMEM, followed 

immediately by lysis in 1 mL PBS plus 1% Triton X-100, and the accumulated [33P]-Pi was 

determined with a liquid scintillation counter. DPM data were normalized to cell protein 

(determined by a BCA protein assay; Pierce) and statistical significance was determined by 
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using either one- or two-way ANOVA as indicated, with Tukey’s multiple-comparison test. 

Data were then normalized to control values for graphical presentation.

Phosphate efflux assays were performed for 2 h (unless otherwise stated) exactly as 

described previously10 after 30 min of [33P]-Pi uptake as described above. Efflux is depicted 

as a percentage of the [33P]-Pi that was accumulated by each cell type prior to the efflux 

assay; statistical significance was determined by using two-way ANOVA, with a post-hoc 

Tukey test. All [33P]-Pi flux data are given as means ± standard errors from either 3 or 4 

replicates.

For the steady-state Pi flux assays, cells cultured in normal medium containing 1mM Pi 

were labeled with approximately 7.5uCi/ml [33P]-Pi for 24 h. Parallel wells were cultured 

without [33P]-Pi labeling. Cells were then incubated 10 μM UNC7467 for the indicated 

time. Then the incubation media from labeled and unlabeled cells were swapped after 

cells washed with DMEM to measure Pi influx (unlabeled cells) and efflux (labeled 

cells) respectively. Both influx and efflux assays were terminated after 30 min. Protein 

concentration of the cell lysate was determined by BCA (Thermo-Fisher Scientific).

Confocal microscope imaging

The XPR1 coding sequence (NM_004736.4) was tagged with YFP (pcDNA6.2-C-YFP 

vector) or mCherry (pReceiver-M56 vector) at the C terminus. XPR1 mutants were 

constructed using Q5 Site-Directed Mutagenesis Kit (New England Biolabs) according to 

the vendor’s manual. WT or XPR1 mutants were overexpressed in U2OS cells for 24 h. 

Cells were fixed and stained with anti-LAMP1(dshb # 1D4B), anti-calreticulin (Abcam 

# ab22683), anti-GM130 (Cell Signaling Technology #12480), anti-ERp46 (Protein-tech, 

#19834–1-AP) or anti-TOMM20 (Cell Signaling Technology #42406) followed by an Alex 

Fluor conjugated secondary antibody (ThermoFisher Scientific). In certain experiments, 

cells were treated with 10μM UNC7467 for 6h before fixation and staining. PiT1 with 

HA tagged at the C terminus was overexpressed in U2OS cells and stained with anti-PiT1 

antibody (Cell Signaling Technology #12765) following by staining with LAMP1 (dshb 

# 1D4B). To stain endogenous PiT1, we used anti-PiT1 antibody from Cell Signaling 

Technology (#12765). All images were obtained using Zeiss LSM 780 UV confocal with 

633/1.4 PlanApo oil objective, and images were analyzed by ImageJ. Representative images 

from 1 of 3 replicates are provide throughout. Colocalization of WT XPR1 or XPR1 

mutants with LAMP1 was quantified using JaCob plugin with threshold settings consist 

with all conditions; plasma membrane localization of XPR1 were analyzed by line profile of 

ImageJ; Colocalization of PiT1 with XLPV was analyzed by ComDet v.0.5.5 plugin (https://

github.com/ekatrukha/ComDet; settings: particle size = 5 pixels, co-localization distance 

= 4 pixels) which detects particles and analyzes the co-localization based on the distance 

between the center of two spots in different channels. Threshold (in SD) for each channel 

was chosen around 100 to ensure appropriate particle selection.

Structure analysis of the SPX domain

The codon-optimized cDNA encoding residues 1–207 of human XPR1 was purchased from 

Genescript Inc and subcloned into the pDest-566 vector. Residues 94–129 were replaced 
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with a GSGSG linker by Q5 site-directed mutagenesis kit (Biolabs). The resultant plasmid 

was transformed into E. coli BL21(DE3) and cultured into nutrient-rich 2xYT medium 

(7.5; 37°C) to an optical density of 0.7 at 600 nm. Isopropyl β-d-thiogalactopyranoside 

(0.1 mM) was added and cultures were continued at 15°C for 24 h. The cells were 

harvested and disrupted using a Constant Cell Disruption System (Constant System Ltd) 

at 20 KPsi. Recombinant protein was purified at 4°C with Ni-NTA agarose (Qiagen) and 

HiTrap Heparin HP column (Cytiva). After removing the maltose-binding protein tag with 

tobacco etch virus protease, the protein was further purified with another HiTrap Heparin 

HP column. Finally, the protein was applied to a Superdex 200 size exclusion column 

(Cytiva) and eluted with 150 mM NaCl, 20 mM Tris-HCl pH 7.2, concentrated to 15 mg/mL 

and stored at −80°C; purity (>95%) was validated by SDS-PAGE.

Crystallization was accomplished by the hanging drop vapor diffusion method using 1.5 

μL of protein solution plus 1.5 μL of the crystallization medium (6% PEG 3350, 30% 

Ethelyn Glycol, 0.1 M sodium Citrate, 0.1 M MgCl2, pH 6.0). Subsequently, 2 mM IP8 

was soaked in the crystallization buffer for 3 days. Diffraction data were collected using 

APS beamline 22-BM and processed with the HKL2000 algorithm41). The initial structure 

was determined by molecular replacement using apo human SPX domain (PDB: 5IJH) as 

the template. The structure was manually rebuilt with COOT42 and refined with Phoenix.9 

The molecular graphics representations were prepared with the program PyMol (Schrö 

dinger, LLC). Atomic coordinates and structure factors have been deposited with the Protein 

DataBank with accession codes 8TYU and 8TYV (Table S2).

Quantitative PCR

Total RNA in U2OS or Saos2 cells were extracted by RNeasy mini kit (Qiagen) and 

reverse transcripted into cDNA using SuperScript III Reverse Transcriptase (Thermo 

Fisher Scientific). PiT1 mRNA levels were then determined by real-time quantitative 

PCR using iQ SYBR Green Supermix (Bio-Rad, 1708880) in a QuantStudio 5 

Flex PCR System (Life Technologies) with the following paired primers: Forward = 

5′TCCTTTGGTGGACTACCTATGG3’; Reverse = 5′CGGATGGTTTCGCTCACTTTG3’.

Quantification of inositol pyrophosphates

U2OS cells cultured in 150mm dishes (80–90% confluency) were treated with 10 μM 

UNC7467 for 0.5 or 1hr and lysed immediately with 2 mL of 1M perchloric acid. The 

supernatant was collected and incubated with 5mg TiO2 beads for 30 min at 4°C to 

capture inositol pyrophosphates.43 The beads were washed twice with 1 mL water and 

then inositol phosphates were eluted with 10% ammonium hydroxide by incubation at 4°C 

for 20 min. The elute were dried in a vacuum centrifuge and the pallets were resuspended 

using 10 μL of water. Capillary electrophoresis (CE) coupled with mass spectrometry (MS) 

through electrospray ionization (ESI) analysis44 was performed on An Agilent CE-QQQ 

system, which included an Agilent 7100 CE unit, an Agilent 6495C Triple Quadrupole, 

and an Agilent Jet Stream electrospray ionization source, all connected via an Agilent 

CE-ESI-MS interface. An Agilent 1200 LC pump fed the sheath liquid (a 50:50 combination 

of isopropanol and water) at a steady flow rate of 10 μL/min through a splitter. Separation 
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occurred within a 100 cm fused silica capillary having an internal diameter of 50 μm and an 

external diameter of 365 μm.

The background electrolyte (BGE) consisted of 35 mM ammonium acetate that had been 

adjusted to pH 9.75 using ammonium hydroxide. Before each sample run, the capillary was 

flushed with BGE for 400 s. Samples were injected for 15 s at a pressure of 100 mbar 

(30 nL). The MS source parameters were adjusted to 150°C, 11 L/min flow rate, 8 psi 

nebulizer pressure, 175°C sheath gas temperature, −2000V capillary voltage, and 2000V 

nozzle voltage. Additionally, negative high-pressure radio frequency (RF) and negative 

low-pressure RF were kept at 70 and 40 V, respectively. Table S3 details the parameters for 

multiple reaction monitoring (MRM).

To prepare the internal standard (IS) stock solution, specific concentrations were used: 40 

μM [13C6] IP6, 2 μM [13C6] 5-IP7, and 2 μM [13C6] 1,5-IP8. These IS compounds were 

added to the samples to assist with isomer assignment and quantification of IPs and PP-IPs. 

Each sample received 5 μL of the IS stock solution, which was thoroughly mixed with 

5 μL of the sample. Quantification of IP 8, 5-IP7, and IP6 was done by injecting known 

amounts of the relevant heavy isotopic references into the samples. After spiking, the final 

concentrations in the samples were as follows 20 μM[ 13C6] IP6,1 μM [13C6] 5- IP7, and 1 

μM [13C6] 1,5- IP8. Dorothea Fiedler contributed all [13C6] inositols.45

Other assays and reagents

Cycloheximide was obtained from Cell Signaling Technology (#2112). Bafilomycin A1 was 

supplied by MilliporeSigma (5084090001). For Western blot analyses, the sources of the 

antibodies are as follows: Halo, Promega, G9211; PiT1, Proteintech, 12423–1-AP; PiT2, 

Proteintech, 12820–1-AP (the specificity of this antibody has previously been verified by 

siRNA46 and we reverified specificity using identical procedures); β-Actin (C4), Santa Cruz 

Biotechnology, sc-47778; and XPR1, Proteintech, 14174–1-AP; mCherry, ThermoFisher 

Scientific, PA5–34974; LAMP1, Cell Signaling Technology, #9091; GM130, Cell Signaling 

Technology, #12480; calreticulin, Cell Signaling Technology, #12238; TOMM20, Cell 

Signaling Technology, 42406. Representative blots from 1 of 3 replicates are provide 

throughout.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the quantification of the colocalization of XPR1 with LAMP1, the acquired images from 

at least three independent experiments were analyzed by JaCob plugin of ImageJ. In order 

to analyze mCherry-tagged XPR1 localization at the plasma membrane, we recorded its 

relative fluorescence intensity across a 6 μm line drawn perpendicular to the cell perimeter 

were drawn across cell edges followed by Plot Profile by ImageJ.47 Quantification of XPR1 

colocalization with PiT1 on XLPVs were analyzed using the ComDet plugin48 for ImageJ to 

calculate the percentage of PiT1 spots colocalized with XPR1 and LAMP1 double-positive 

spots (XLPVs). Western blots were quantified from at least three replicates. Band intensities 

were quantified using ImageJ. The ratio of the intensity of each band relative to total bands 

intensities of a single gel were calculated and then normalized to loading controls.49 For 

statistical analysis, paired two-tailed Student’s t-test was performed to compare two groups, 
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while analysis of variance (ANOVA) test with Tukey’s multiple-comparison test was used 

for three or more groups. The specific statistical method used for each dataset is described in 

the corresponding figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Organellar XPR1 regulates cellular Pi fluxes

• XPR1 physically interacts with PiT1 to temporally coordinate Pi uptake and 

Pi efflux

• The IP8/XPR1 signaling axis determines PiT1 protein expression and hence 

Pi uptake
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Figure 1. Subcellular localization of XPR1
(A) Domain graphic of XPR1, as defined by InterPro (#Q9UBH6), highlighting the 

SPX domain (colored orange; the functional IP8 ligand10 is also depicted in its chair 

conformations; carbon atoms are numbered according to standard nomenclature). The 

graphic also shows the EXS domains (cyan) and the IDR (intrinsically disordered region; 

green). A region not functionally defined by InterPro is colored gray. Also noted are three 

lysosomal localization motifs (vertical red lines): one so-called “tyrosine-based” motif (φ 
= bulky, hydrophobic residue) and two “dileucine-based” motifs.20 Our leucine/isoleucine 

mutants 1 and 2 are noted (LM1; LM2; red font specifies mutated residues).

(B and C) Time courses of [33P]-Pi uptake and [33P]-Pi efflux, respectively, in the indicated 

strains of U2OS cells, color coded as shown in (B): WT (blue), XPR1 KO (pink), XPR1 

KO + WT XPR1 (brown), and XPR1 KO + the LM1/2 XPR1 mutant (red). Data are means 

± standard errors from three separate experiments. ***p < 0.001 (two-way ANOVA, with 

Tukey’s multiple-comparison test).

(D) Western blot analysis of PiT1 and PiT2 proteins in cell lysates (“input”) and an anti-

Halo immunoprecipitate (“IP”) of Halo-tagged endogenous XPR1 from HCT116 cells. Blots 

were developed separately using anti-PiT1, anti-PiT2, or anti-Halo antibodies. The right 
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panel is the quantification of IP PiT1 normalized to Input PiT1; data are means ± standard 

errors from three separate experiments. **p = 0.0076 (paired t test).

(E) Membrane fractions were prepared from U2OS cells and analyzed by western blots for 

XPR1 and the plasma membrane marker ATP1A1. The right-hand panel displays IM/PM 

ratios for each protein; data are means ± standard errors from three separate experiments. *p 
= 0.018 (paired t test). TM, total cell membrane fraction; PM, plasma membrane enriched 

fraction; IM, intracellular organelle membrane fraction.

(F) Western blot analysis of XPR1 and various organelle markers in cell lysate (“input”) or 

anti-HA immunoprecipitated (“IP”), TMEM192-[HA]3-tagged vesicles purified from WT, 

PPIP5K KO, or XPR1 KO HCT116 cells.

(G) Confocal analysis of endogenous LAMP1 in U2OS cells that were transiently 

transfected with either C-terminally mCherry-tagged WT XPR1 or one of the three dileucine 

mutants LM1, LM2, or LM1/2 (see A). Statistical analysis of three independent experiments 

is shown in Figure S3B.

(H) Confocal analysis of endogenous ERp46 in U2OS cells transiently transfected with C-

terminally mCherry-tagged LM1/2 mutant of XPR1. Statistical analysis of three independent 

experiments is shown in Figure S3C. All scale bars depict 10 μm.
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Figure 2. Characterization of the SPX domain of XPR1
(A) Electrostatic surface presentation to show a stick model of IP8 binding to a surface 

lysine cluster on one molecule of the SPX domain. Blue indicates positive charge and red 

indicates negative charge, at physiological pH. An omit Fo-Fc different map for IP8 is shown 

as green mesh, contoured at σ = 3.

(B) Confocal analysis of U2OS cells transiently transfected with C-terminal, mCherry-

tagged (mCh) full-length XPR1 or ΔSPX-XPR1 and stained for LAMP1. Punctate signals of 

co-localized XPR1 and LAMP1 are named “XPR1 and LAMP1-positive vesicles” (XLPVs; 

see text). Statistical analysis of three independent experiments is shown in Figure S4C. Scale 

bars depict 10 μm.

(C) Bar graphs depicting relative rates of [33P]-Pi influx in the following strains of U2OS 

cells: wild-type (blue) and XPR1-KO cells stably transfected with control vector (pink), 
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wild-type XPR1-mCherry (brown), ΔSPX-XPR1-mCherry (red), or the SPX domain alone 

(yellow). Data are means ± standard errors from three separate experiments. **p < 0.01 

(one-way ANOVA, with Tukey’s multiple-comparison test).

(D) Rates of [33P]-Pi efflux from the cell strains described in (C), using the same color 

coding. Data are means ± standard errors from three separate experiments. ***p < 0.001 

(two-way ANOVA, with Tukey’s multiple-comparison test).
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Figure 3. The kinase activity of PPIP5K regulates PiT1 expression and function in Pi uptake and 
release
(A) Western blot analysis of PiT1 expression in three strains of U2OS cells: WT, PiT1 KO, 

and PiT1 KO in which PiT1-HA is stably expressed.

(B and C) [33P]-Pi uptake and [33P]-Pi efflux, respectively, in the cell strains indicated in 

(A).

(D) Total cellular Pi in the following strains of U2OS cells: WT, XPR1 KO, XPR1 KO 

+ XPR1, PiT1 KO, and PiT1 KO + PiT1. Data are means and standard errors from three 

replicates. ***p < 0.001. One-way ANOVA, with Tukey’s multiple-comparison test.
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(E) Western blot analysis of PiT1 and PiT2 expression in the following strains of U2OS 

cells: WT, XPR1 KO, XPR1 KO + XPR1, XPR1 KO + the XPR1 LM1/2 mutant, and PiT1 

KO. Statistical analysis of three independent experiments is shown in Figure S5A and S5B.

(F) Western blot analysis of the siRNA validation of the PiT2 antibody in HCT116 cells.

(G) PiT1 expression levels in WT, PPIP5K KO, and PPIP5K KO Saos-2 cells stably 

transfected with either PPIP5K1 or one of the indicated mutants, following treatment of 

cells for 6 h with either 10 μM UNC7467 (see Figure S6A) or DMSO vehicle. Statistical 

analysis of three independent experiments is shown in Figure S6B.

(H) Confocal microscopy analysis of WT of PPIP5K KO U2OS cells or WT cells treated 

for 6 h with 10 μM UNC7467 and transiently transfected with C-terminally mCherry-tagged 

(mCh) XPR1; immunostaining of LAMP1 is also shown. All scale bars depict 10 μm.

(I) Total [33P]-Pi uptake after 30 min of labeling of the cell lines described in (G). All Pi 

transport assays (B, C, and I) were performed three times, and data shown are means and 

standard errors from three replicates. ***p < 0.001, ns = not significant. One-way ANOVA, 

with Tukey’s multiple-comparison test.
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Figure 4. Coordinated impact of XPR1-PiT1 interactions that contribute to a unifying model for 
regulation of cellular Pi uptake and release
(A) Western blot analysis of PiT1 and mCherry (mCh)-tagged WT XPR1 and the indicated 

mutants, in both HCT116 cell lysates (“input”) and anti-mCherry immunoprecipitates 

(“IP”). Statistical analysis of three independent experiments is shown in Figure S7A.

(B) A molecular graphics representation (PyMol) of the AlphaFold2 model of human XPR1 

(AF-Q9UBH6-F1-model_v4). Predicted α-helices are depicted as tubes that are colored lime 

green for the SPX domain and purple for the proposed transmembrane domain (TM), except 

for residues 590–619, which are highlighted in violet. C-terminal to that helix are residues 
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620–627 (depicted as spheres) that are predicted to form a loop (carbon is violet, oxygen 

is red, nitrogen is blue, and sulfur is yellow). The remainder of the C terminus (cyan) is 

truncated at residue 650, as depicted by the broken line, due to low confidence in structural 

predictions for IDRs.

(C) Confocal microscopy analysis of LAMP1, XPR1-mCherry (mCh), and PiT1-HA 

distribution in U2OS cells; the scale bar depicts 10 μm. The outlined (red and blue boxes) 

areas are magnified. Zones of PiT1 colocalization with XLPV are highlighted with white 

arrows. These areas are analyzed by recording fluorescence intensity of each signal across 

the lines drawn in each high-magnification image (orange, gray, blue, or purple). Line 

profile analysis on the right panel illustrates where fluorescence intensity peaks coincide. 

From the analysis of 20 images by ComDet Plugin of ImageJ, we have calculated that 

5.46% ± 0.84% of the total PiT1 fluorescence colocalized with XLPVs. The yellow scale bar 

depicts 10 μm, and the white scale bars depict 2 μm.

(D) U2OS cells (WT [blue], PPIP5K KO [red], XPR1 KO [pink], or PiT1 [green]) were 

treated overnight with either 50 nM bafilomycin or DMSO vehicle, and then, western blot 

analysis of PiT1 and XPR1 was performed.

(E) Assays of [33P]-Pi uptake were performed on the cell strains described in (D), except 

that fresh bafilomycin was added for the Pi uptake protocol. Data are means ± standard 

errors from three separate experiments. ***p < 0.001, **p < 0.01, ns = not significant; 

one-way ANOVA, with Tukey’s multiple-comparison test.

(F) Densitometric analysis of western blots analyzing expression of PiT1 protein, 

normalized to actin controls, in WT, PPIP5K KO, and XPR1 KO U2OS cells, treated with 

either cycloheximide (CHX) or vehicle control for the indicated times. Data are means ± 

standard errors from three separate experiments.

***p < 0.001, two-way ANOVA, with Tukey’s multiple-comparison test.
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Figure 5. Temporal inhibition of inositol pyrophosphates regulates Pi efflux and influx separately
(A) Steady-state rates of [33P]-Pi uptake and [33P]-Pi efflux in WT U2OS cells treated for 

either 30 min or 1 h with 10 μM UNC7467. All Pi transport and densitometric assays were 

performed three times, and data shown are means and standard errors from three replicates. 

Ns = not significant; *p < 0.05; **p < 0.01; ***p < 0.001, one-way ANOVA, with Tukey’s 

multiple-comparison test.

(B) Western blots analyzing PiT1 and PiT2 protein levels in U2OS cells treated with 10 μM 

UNC7467 for the indicated times.

(C) Densitometric analysis of PiT1 and PiT2 protein levels in (B), normalized to actin 

controls; data are means ± standard errors from three separate experiments. *p < 0.05; **p < 

0.01, one-way ANOVA, with Tukey’s multiple-comparison test.
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Figure 6. A model to account for the regulation by XPR1 of PiT1-mediated Pi uptake
The model depicts two pools of XPLVs, one of which also contains PiT1. Since XLPVs 

are part of the lysosome/endosome continuum, some recycling of PiT1 between early 

endosomes and plasma membranes is expected.3 In our model, we additionally hypothesize 

that XPR1 is recycled between XLPVs and the plasma membrane, although the latter pool 

of XPR1 was below the limits of detection by confocal microscopy. We propose that the 

XLPV pool of PiT1 is stabilized through its interaction with IP8-bound XPR1. A decrease in 

the intracellular level of IP8 (as occurs during Pi scarcity10 or following cell treatment with 

UNC7467) initially compromises XPR1 functionality in Pi efflux (this is not represented 

in this figure). Subsequently, the decrease in IP8 commits PiT1 to a degradative pathway, 

reducing the availability of PiT1 that can be trafficked to the plasma membrane, lowering the 

rate of Pi influx and rebalancing Pi homeostasis.
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