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Abstract

Aging-related organ degeneration is driven by multiple factors including the cell maintenance 

mechanisms of autophagy, the cytoprotective protein αKlotho, and the lesser known effects of 

excess phosphate (Pi), or phosphotoxicity. To examine the interplay between Pi, autophagy, and 

αKlotho, we used the BK/BK mouse (homozygous for mutant Becn1F121A) with increased 

autophagic flux, and αKlotho-hypomorphic mouse (kl/kl) with impaired urinary Pi excretion, low 

autophagy, and premature organ dysfunction. BK/BK mice live longer than WT littermates, and 

have heightened phosphaturia from downregulation of two key NaPi cotransporters in the kidney. 

The multi-organ failure in kl/kl mice was rescued in the double mutant BK/BK;kl/kl mice 

exhibiting lower plasma Pi, improved weight gain, restored plasma and renal αKlotho levels, 

decreased pathology of multiple organs, and improved fertility compared to kl/kl mice. The 

beneficial effects of heightened autophagy from Becn1F121A was abolished by chronic high Pi diet 

which also shortened life-span in the BK/BK;kl/kl mice. Pi promoted beclin 1 binding to its 
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negative regulator BCL2, which impairs autophagy flux. Pi downregulated αKlotho, which also 

independently impairs autophagy. In conclusion, Pi, αKlotho, and autophagy interact intricately to 

affect each other. Both autophagy and αKlotho antagonizes phosphotoxicity. In concert, this 

tripartite system jointly determines longevity and lifespan.

One Sentence Summary

Becn1 role in phosphate, αKlotho and lifespan

Keywords

Aging; autophagy; BCL2; beclin 1; fertility; αKlotho; longevity; NaPi cotransporter; phosphorus; 
phosphotoxicity

INTRODUCTION

Aging is an inevitable multi-organ deterioration initiated and accelerated by genetic, 

epigenetic, and environmental factors; among which is the lesser known factor of inorganic 

phosphate (Pi) intake in excess of the need of the organism (1–3). Excessive Pi intake is 

highly prevalent in the developed world (4). The ill effects of excess Pi at the cellular, organ, 

and whole organism levels are collectively termed “phosphotoxicity” (5–7). Compelling 

observational studies showed that phosphotoxicity is associated with reduced longevity in 

several species (8). In humans, high plasma Pi is an independent risk factor for 

cardiovascular disease (CVD) and mortality in patients with chronic kidney disease (CKD) 

and also in the general population (9). However, these associations albeit compelling, cannot 

prove casuality. In addition, the molecular mechanisms mediating phosphotoxicity in 

accelerating aging, and in initating and excerbating CVD are complex and multifactorial, 

and not understood (5, 10–12). Animal experiments showed that high Pi accelerates aging, 

and reduction of plasma Pi by either restriction of dietary Pi or induction of urinary Pi leak 

via genetic manipulation prolongs lifespan (10).

Autophagy is a universally conserved process employed by eukaryotic cells to degrade and 

reutilize the constituents of cytoplasm and organelles (13). Low autophagy is associated with 

shortened lifespan, and high autophagy prolongs life (14–16). Whether the detrimental effect 

of Pi on accelerating aging is related to autophagic flux has not been explored. We recently 

generated a mouse strain with a global knock-in of a F121A single amino acid substitution 

in the BH3 domain of mouse beclin 1 (Becn1F121A), which impairs the ability of the 

negative regulator BCL2 to bind to beclin 1, consequently leaving beclin 1 to increase 

autophagic flux in multiple organs including brain, kidney, and muscle without alteration of 

endogenous levels of beclin 1 or/and BCL2 expression (15, 17). Mice harboring mutant 

Becn1F121A have reduced cerebral amyloid accumulation, less cognitive decline, and 

increased survival when afflicted with Alzheimer’s-like disease (17), and less premature 

aging in mice with hypomorphic αKlotho allele (kl/kl) (15, 18) compared to Alzheimer 

mice and kl/kl mice respectively.
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αKlotho was originally identified functionally as an aging suppressor due to the multi-organ 

premature degeneration in the homozygous hypomorph kl/kl mice (18) and a “longevity” 

phenotype in transgenic αKlotho overexpressing mice (Tg-Kl mice) (19). Transmembrane 

αKlotho is a co-receptor for fibroblast growth factor (FGF)23 (20–24), which is a Pi-

regulating hormone promoting negative Pi balance (25). The ectodomain of membrane-

anchored αKlotho is shed by secretases (26–28) into the circulation, and exerts FGF23-

independent actions including anti-aging, anti-apoptosis, anti-senescence, and blockade of 

vascular calcification (29, 30). Soluble αKlotho, a cleaved extracellular domain of 

membrane-anchored αKlotho protein was proposed to also function as a deliverable soluble 

receptor for FGF23 in very high concentrations in vitro (31). The cellular and molecular 

mechanisms by which αKlotho deficiency initiates and/or promotes aging are not 

understood. Over-activity of insulin/insulin-like growth factor (32), plasminogen activator 

inhibitor-1 (33), low ectonucleotide pyrophosphatase/phosphodiesterase 1 (34), and high Pi 

(35) have all been proposed to be pathobiologic intermediates mediating the deleterious 

effects of αKlotho deficiency. The model to be tested is shown in Fig. 1A where defective 

autophagy, αKlotho deficiency, and phosphotoxicity all directly accelerate aging; in 

addition, each of these three factors also could modulate or amplify each other, thus 

secondarily contribute to aging. In this study, we used genetic and pharmaceutic approaches 

to manipulate autophagy activity, αKlotho levels, and dietary Pi content to examine the 

inter-relationships of these three factors and how they converge to acceleate aging (Fig. 1A).

MATERIALS AND METHODS

Mice and murine strains

All animal work was conducted strictly following the Guide for the Care and Use of 

Laboratory Animals by the National Institutes of Health and was approved by the 

Institutional Animal Care and Use Committee at the University of Texas Southwestern 

Medical Center. Wild type (WT) 129 S1/SVlmJ (129sv) mice were purchased from Jackson 

laboratory (Bar Harbor, ME, USA). WT mice were housed in a temperature-controlled room 

(22.0±0.2 °C) with a 12:12 hour light-dark cycle and were given ad libitum access to tap 

water and allowed free access to standard rodent chow (Teklad 2016, Harlan, Madison, WI) 

unless stated otherwise. Equal male and female animals were used. Usually 10–12 week-old 

mice were used unless specifically indicated. Mouse lines were cross-mated with WT 129sv 
mice for more than 10 generations and genotyped with standard PCR protocols described in 

the previous publications: heterozygous αKlotho hypomorphic (kl/+) mouse (36), transgenic 

mouse with αKlotho overexpression (Tg-kl) (36), GFP-LC3 reporter (LC3) mouse (36), 

homozygous Becn1F121A knock-in (BK) mouse (17), heterozygous global Becn1 knockout 

(Becn1+/−) mouse (37), homozygous BCL2AAA knock-in (Bcl2AAA) mouse (38). BK/
WT;kl/+ mouse line was generated by cross-mating BK mice with kl/+ mice and BK/
BK;kl/kl mouse line was generated when BK/WT;kl/+ mice were cross-mated with 

themselves.

Cell culture and cell lines

Two types of cell lines were used. (1) Opossum kidney PTH responsive cells (OKP cells), a 

proximal tubule–like epithelial cell line, were grown on culture dishes or on insert filters 
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with 0.4 μm pores (Transwell Inserts, Corning Incorporated). Cells grown on culture dishes 

were collected for immunoblot and culture media for lactic acid dehydrogenase (LDH) assay 

to evaluate cell injury. Cells grown on insert filters were fixed for immunocytochemistry or 

transmission electron microscopy. (2) Human embryonic kidney cells (HEK-293) lacking a 

native Na-dependent Pi cotransporter type II a (NaPi-2a) and NaPi-2c protein expression, 

were transiently transfected with human NaPi-2a and NaPi-2c plasmids with Lipofectamine 

2000 (Invitrogen, Carlsbad, CA) for characterization of newly generated NaPi-2a and 2c 

antibodies.

High phosphate diet

High Pi rodent chow (2.0% w:w) was purchased from Harlan company (Teklad 08020, 

Harlan, Madison, WI) and used to examine the effect of high Pi diet on autophagic flux and 

αKlotho expression.

Recombinant αKlotho protein supplementation

Recombinant αKlotho protein containing the ectodomain of mouse αKlotho (amino acid 

number 31–982) with C-terminal V5 and 6xHis tags was generated in our laboratory as 

described (39, 40). For the in vivo experiments, recombinant αKlotho protein (0.3 mg/kg 

body weight) or vehicle (normal saline) was given for 4 weeks via ALZET® 1004 osmotic 

minipumps (DURECT Corporation, Cupertino, CA).

In vivo administration of autophagy modulators

To modulate autophagy activity in mice, rapamycin (LC Laboratories, Woburn MA) and 

chloroquine (Sigma-Aldrich, St. Louis, MO) were prepared as previously reported (15, 36, 

41), and were intraperitoneally given for 4 weeks via ALZET® 1004 osmotic minipumps 

(DURECT Corporation, Cupertino, CA) at doses of: rapamycin 28 mg/Kg, and chloroquine 

50 mg/Kg respectively.

Blood, urine, and kidney samples collection

At predetermined times, 24-hour urine was collected in individual metabolic cage. The mice 

were anesthetized with isoflurane and blood samples were collected in heparinized tubes, 

centrifuged at 3,000 × g for 5 min at 4°C, and plasma was separated and stored at −80°C 

until analysis. At termination, mice were sacrificed under anesthesia, and the kidneys were 

isolated and sliced. One slice was fixed with 4% paraformaldehyde and embedded in a 

paraffin block for histological and immunohistological studies; the remaining renal tissue 

was snap-frozen in liquid N2 and stored at −80°C until RNA or protein extraction.

Plasma and urine chemistry was analyzed using a Vitros Chemistry Analyzer (Ortho-

Clinical Diagnosis, Rochester, NY). Plasma and urine creatinine concentrations were 

measured using a P/ACE MDQ Capillary Electrophoresis System and photodiode detector 

(Beckman-Coulter, Fullerton, CA) at 214 nm (36, 39).

In vivo and in vitro administration of Tat-beclin 1 peptides

Tat-beclin 1 11 peptides (TB-11) (YGRKKRRQRRR-GG-VWNATFHIWHD) and Tat-

Scrambled peptides (TB-Sc) (YGRKKRRQRRR-GG-WNHADHTFVWI) were synthesized 
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by the University of Texas Southwestern Protein Technology Center as reported previously 

(42, 43). To examine the effect of beclin 1 on modulation of Pi metabolism in mice, we 

intraperitoneally injected TB-11 or TB-Sc to LC3 mice (2 mg/kg daily for 4 weeks), 

followed by intraperitoneal chloroquine injection (50 mg/kg) 4 hours prior to sacrifice. 

Twenty-four-hour urine was collected, blood drawn, and Kidney tissues harvested.

To examine the protective effect of beclin 1 on phosphotoxicity in cultured cells, TB-11 or 

TB-Sc (10 μM for 24 hours), OKP cells were incubated with normal (0.96 mM) or high (3.0 

mM) Pi culture media. Culture media were collected for LDH determination and cells 

harvested for the evaluation of autophagy activity.

Measurement of plasma αKlotho

Soluble αKlotho was determined by immunoprecipitation-immunoblot as described (12, 44, 

45). Intact parathyroid hormone (PTH) was quantified by ELISA (Alpco, Salem, NH); 1,25-

(OH)2D by EIA using (Immunodiagnostic Systems, Scottsdale, AZ); and C-terminal FGF23 

by ELISA (Immutopics, San Clemente, CA) following manufactures’ instructions.

Plasmids

The GFP-LC3 plasmid was kindly provided by Dr. Mizushima N (Tokyo Medical and 

Dental University, Tokyo, Japan). Its information was described in our previous publications 

(36, 41). Full length human NaPi-2a and NaPi-2c were subcloned and inserted with Xhol 
and SaclI restriction enzymes into eGFP-N3 vector (Clontech, Palo Alto, California). All 

sequences were confirmed by the sequencing Core at UT Southwestern Medical Center.

Fluorescent microscopy and transmission electron mcroscopy

For the study of high Pi effect on autophagic flux with fluorescent microscopy, OKP cells 

were seeded on insert filters or on culture dishes, and transiently transfected with GFP-LC3 

plasmid as described previously (15, 36, 41). One day after transfection, cells were treated 

with culture media containing 0.96, 2.0 or 3.0 mM Pi for 24 hours respectively.

OKP cells were seeded, grown on 0.4 μm pores Snapwell™ Insert filters (Corning 

Incorporated Life Sciences, Tewksbury, MA), and fixed with 2.5% glutaraldehyde at 4°C for 

2 hours. The filters (with cells) were cut to 1×1 mm pieces, embedded in 3% agarose, post-

fixed in 1% osmium tetroxide, and embedded in Resin812. Ultrathin sections were cut by 

using a Microtome Leica Ultracut R (Leica Microsystems Inc, Buffalo Grove, IL, USA). 

The sections were stained with 1% uranyl acetate and Reynold’s lead citrate. The sections 

were examined and photographed by using a Jeol 1200 EX transmission electron 

microscope (Jeol Ltd., Akishima, Japan) as described (36, 46). Twenty cells in each slide 

were observed and autophagosomes and multilamellar bodies (MLBs) were counted based 

on typical morphologic features by one independent investigator blinded to study protocol.

Antibodies

The following antibodies were used for immunoblotting and/or immunohistochemistry: 

mouse monoclonal anti-beclin 1 (Santa Cruz Biotechnology, Santa Cruz, CA), mouse 

monoclonal anti-BCL2 (Santa Cruz Biotechnology, Santa Cruz, CA), rat monoclonal anti-
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Klotho antibody (KM2076) (TransGenics, Kobe, Japan), rabbit polyclonal anti-LC3 

antibody (Novus Biologicals, Littleton, CO), mouse monoclonal antibody against α-SMA 

(Sigma Aldrich, St. Louis, MO), mouse monoclonal anti-p62/SQSTM1 antibody (Abnova, 

Taiwan), mouse monoclonal antibody against β-actin (Sigma Aldrich, St. Louis, MO), and 

mouse monoclonal antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(Sigma Aldrich, St. Louis, MO). Rabbit polyclonal antibodies against human NaPi-2a or 

NaPi-2c were made by Yenzym Antibodies, LLC (San Francisco, CA). The peptide 

sequences for immunizing rabbit for NaPi-2a and NaPi-2c are human NaPi-2a peptide (77–

96, CKLALEEEQKPESRLVPKLRQ) or human NaPi2c peptide (579–599, 

KATTKEAYCYENPEILASQQL) respectively and the specificity of anti-serum was 

confirmed with kidney tissues from NaPi-2a or 2c knockout mice. Secondary Abs coupled to 

horseradish peroxidase for immunoblotting, or to FITC, Alexa Fluor, or Cy5, and Syto 61 

red fluorescent nuclear acid for immunohistochemistry were purchased from Molecular 

Probes/Invitrogen (Molecular Probes Inc., Eugene, OR).

Kidney histology and histopathology

Kidney tissues were fixed in 4% paraformaldehyde for 16 hours at 4 °C, and 4 μm sections 

of paraffin embedded kidney tissues were stained with Hematoxylin and Eosin (H&E) and 

Trichrome (TC). To evaluate renal fibrosis, TC stained kidney sections were examined and 

photographed by two investigators blinded to the experimental protocol. The fibrotic area 

and fibrosis intensity were quantified with Image J program with established methods (40, 

41, 47).

Immunohistochemistry and immunoblotting

Four μm sections of paraffin-embedded kidney were subjected to immunohistochemistry 

following established protocols (36, 40, 41, 47). Total kidney lysate covering all kidney 

zones were prepared and subjected to SDS-PAGE as described (40, 47).

Assessment of cardiac fibrosis and hypertrophy

Paraffin-embedded heart sections were stained with Trichrome to assess fibrosis. Images 

were then scanned with Zeiss laser confocal scanning microscope (Carl Zeiss Micro-

Imaging, Inc. Thornwood, NY), and analyzed using the Image J program (12, 40, 48). The 

scar ratio is the area of collagen deposition divided by the total area of cardiac musculature. 

To measure surface area of cardiomyocytes in the hearts, heart sections were labeled with 

wheat germ agglutinin (WGA) conjugated to Alexa Fluor 555 (ThermoFisher Scientific, 

Eugene, OR). Image J software (NIH) was used to quantify cross-sectional cell surface area 

along the mid-chamber free wall of left ventricle based on WGA-positive staining (12, 40, 

48).

Von Kossa staining and calcium content measurement

The aorta was stained for calcification with Von Kossa (45). Tissue sections were incubated 

with 1% silver nitrate solution under ultraviolet light for 30 minutes followed by incubation 

with 5% sodium thiosulfate for 10 minutes to remove the un-reacted silver. Aortic sections 

were counterstained with nuclear fast red, photographed blindly by two investigators using 
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Axioplan 2 Imaging (Carl Zeiss MicroImaging, Inc. Thornwood, NY). The calcium 

concentration in tissues was measured using the o-cresolphthalein complexone method 

(Sigma-Aldrich, St. Louis, MO) (45, 49). The calcium content (μg/mg protein) was 

quantified by normalization to protein concentration determined by Bradford protein assay.

Quantitative polymerase chain reaction (qPCR)

For PCR, total RNA was extracted by RNAeasy kit (Qiagen, Germantown, MD) from mouse 

kidneys. Complimentary DNA (cDNA) was generated with oligo-dT primers using 

SuperScript III First Strand Synthesis System (Invitrogen, Carlsbad, CA) according to 

manufacturer’s protocol. Primers of mouse αKlotho and cyclophilin used for qPCR and 

conditions were shown in our previous publications (40, 45). Data are expressed at 

amplification number of 2−ΔΔCt by normalization of cyclophilin and comparison to controls.

Statistical analysis

Survival rates during the survival study was assessed using the log rank test to compare the 

differences in Kaplan-Meier survival curves. Data are expressed as means ± S.D. unless 

otherwise specified. Analysis was performed with Sigma Plot 13.0 software (Systat 

Software, Inc. San Jose, CA). As appropriate, statistical analysis was performed using 

unpaired Student-t-test, or one-way or two-way analysis of variance (ANOVA) followed by 

Student-Newman-Keuls post hoc test when applicable as specified. A value of P ≤ 0.05 was 

considered statistically significant.

RESULTS

The tripartite interacting model we tested is shown in Fig. 1A, depicting how each of the 

three factors can individually and directly influence aging but also interact, modulate, and 

amplify each other. These relationships will be tested individually and in concert with in 
vivo and in vitro models.

Autophagy and phosphate: high autophagy activity is associated with low plasma Pi and 
high phosphaturia

The first arm of Fig. 1A we tested was the influence of autophagy on Pi homeostasis. Before 

full embarkment of experiments, we first ensured that we can fully explore “phosphate 

sensitivity” of mouse strains to enable testing of phosphotoxicity. We crossed the BK/BK 
mouse (homozygous for the mutant Becn1F121A) onto a 129sv background of the kl/kl mice. 

The rationale is based on our personal experience and knowledge of the relative resilience of 

the C57BL6 mice to phosphotoxicity. The new line of BK/BK mice had a mixed C57BL/
6;129sv background, but maintained the same features of high autophagic flux 

(Supplementary Fig. 1A–C) demonstrated by higher ratios of LC3II/I, as previously reported 

for the BK/BK mice in C57BL/6 background (15, 17).

To study the role of autophagy in Pi homeostasis, we measured Pi in BK/BK mice and found 

that they had lower plasma Pi compared to WT litermates (Fig. 1B left panel) and higher 

urinary fractional excretion of Pi (FEPi), indicating heightened renal excretion accounting 

for the lower plasma Pi (Fig. 1B right panel). Pi is regulated by the kidney in a filtration-
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reabsorption mode, and Pi reabsorpiton is mediated by type II Na+-dependent Pi 

cotransporters (NaPi) including NaPi-2a and 2c in the renal proximal tubules, and 

phosphaturia is usually achieved by downregulation of Pi reabsoption by NaPi-2a and −2c 

(6, 24, 50). Due to the variable and nondependable quality of commerical antibodies, we 

generated and validated new rabbit polyclonal antibodies against NaPi-2a and NaPi-2c 

ourselves for this project (Supplementary Fig. 2) and used these two new antibodies to 

measure the expression of NaPi-2a and NaPi-2c in BK/BK mice. We found that BK/BK 
mice had lower NaPi-2a and 2c protein expression in the kidney (Fig. 1C) and in apical 

membrane of renal proximal tubules of BK/BK mice (Fig. 1D and Supplementary Fig. 3), 

indicating that increased autophagy downregulates NaPi’s expression in renal tubules to 

decrease Pi reabsorption and promote phosphaturia.

Autophagy and Klotho effects on phosphate: level of autophagy activity is positively 
correlated with αKlotho levels, and both autophagy and αKlotho modulate plasma Pi

We next explored the more complex tripartite relationship between plasma Pi, autophagy 

activity, and αKlotho levels. Since plasma Pi is inversely associated with lifespan (8), we 

measured plasma Pi in several mouse lines manipulated to have low, normal or high 

autophagy acitivity and also low, normal, or high αKlotho, which is a known phosphaturic 

substance (24). Both the BK/BK and Tg-Kl mice with high autophagy and αKlotho 

respectively, had higher FEPi and lower plasma Pi compared to WT (Fig. 1E). Reduced 

autophagy was achieved by two methods. We used the haploinsufficient Becn1+/− mice with 

reduced Beclin 1 and autophagic flux (37, 51), and the Bcl2AAA mice with knock-in of 

mutant BCL2 at three phosphorylation residues in the non-structured loop region, T69A, 

S70A and S84A (homologous to human S87A) which confers constitutive BCL2 inhibition 

of Beclin 1 (38). Regardless of how autophagy flux was decreased, both Becn1+/− and 

Bcl2AAA mice had higher plasma Pi and lower FEPi compared to WT mice (Fig. 1E). At one 

extreme end is the kl/kl mouse, which has the highest plasma Pi and lowest FEPi (Fig. 1E). 

The important finding is that in contrast to the severe hyperphosphatemia in kl/kl mice, 

plasma Pi was remarkably reduced in the 10-week-old double BK/BK;kl/kl mice which 

surprisingly approaches that of WT mice of the same age indicating rescue of the severe 

kl/kl phosphste-retaining phenotype by activation of autophagy flux (Fig. 1E).

To further examine the relationship between beclin 1 activity, plasma Pi and αKlotho status, 

we measured autophagic flux and αKlotho levels in the kidney and compared them with 

those in kl/kl mice (extremely low αKlotho) (18) and a transgenic mouse line with global 

overexpression of αKlotho by a universal promoter (Tg-Kl mice) resulting in modestly 

elevated αKlotho (1.5x wild type) and lower plasma Pi (24, 32). Two mouse lines with low 

beclin 1 activity (Becn1+/− and Bcl2AAA) had higher plasma and renal aKlotho levels 

compared to mouse line with high beclin 1 activity (BK/BK) (Fig. 1F, G). Thus, Beclin 1 

activity is negatively correlated with plasma Pi levels and positively associated with FEPi 

levels (Fig. 1E), and plasma and renal αKlotho levels (Fig. 1F, G).
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Autophagy and Klotho: high beclin 1 activity restores αKlotho in αKlotho hypomorphic 
mice

The next arm of the tripartite model to be tested is whether autophagy is upstream of and 

modulates αKlotho. Plasma Pi is a downstream surrogate for systemic αKlotho bioactivity. 

To fully define the time profile of changes in plasma Pi, we longitudinally followed plasma 

Pi in mice with all 4 genotypes (kl/kl, kl/kl;BK/BK, WT, BK/BK) from weaning to 120 

weeks of life. In parallel with the dramatic elongation of lifespan of the kl/kl mice by 

increasing beclin 1 activity (Fig. 2A), BK/BK;kl/kl mice sustainably gained body weight 

(Fig. 2B) even though they were still smaller than WT littemates at same age, and had 

decreased levels of plasma Pi (Fig. 2C), which had never been observed in kl/kl mice. 

Interestingly, BK/BK;kl/kl mice had increased autophagy flux in the kidney compared to 

kl/kl mice although the flux was lower than that of BK/BK mice at age of 6 or 10 weeks 

(Fig. 2D), indicating that one can increase autophagy activty in the kl/kl mice by elevation of 

beclin 1 activity.

To study the change in plasma αKlotho in BK/BK;kl/kl mice, we longitudinally followed 

plasma αKlotho in all of 4 genotypes from weaning to 10 weeks after birth. Not suprisingly, 

with a dysfunctional αKlotho promoter (the primary lesion in kl/kl mice), plasma and renal 

αKlotho levels remained undetectable at 6 weeks in the BK/BK;kl/kl mice (Fig. 2E, F). 

However, note that αKlotho protein was actually weakly detectable in the kidney and 

plasma, and higher than that of kl/kl mice by 8 weeks of age (Supplementary Fig. 4). 

Surprisingly by 10 weeks, αKlotho protein levels were unequivocally appreciable in both 

plasma and the kidney (Fig. 2E, F) albeit still lower than WT mice. Notably, αKlotho levels 

in the kidney of BK/+;kl/kl mice bearing only one copy of the activated becn1 mutant, were 

lower than those in BK/BK;kl/kl mice at 12 weeks old (Supplementary Fig. 5), suggesting 

that beclin 1-induced restoration of αKlotho is of dose-dependence either directly or via 

better maintenance of Pi homoestasis.

End organ phenotype: high beclin 1 activity alleviates cardiac pathology in αKlotho 
hypomorphic mice

If the individual components of the tripartitie model (Fig. 1A) interact with each other to 

affect health maintenance, there should be detectable end organ effects as we manipulate 

each of the components. We demonstrated that high autophagy rescues αKlotho deficiency 

and positions Pi homeostasis away from phosphotoxicity. Here we examined the effect of 

high beclin 1 activity on the cardiovascular system, because cardiomyopathy and vascular 

calcification are two cardinal manifestions and prinicpal contributors to the short lifespan in 

kl/kl mice (52, 53), and in humans with CKD who classically have low αKlotho and high 

serum Pi levels (12, 54). BK/BK;kl/kl mice had basically normal histology of the 

cardiovascular system at 10 weeks of age (Fig. 3A – D). Vascular calcification in aortic 

roots, and cardiac hypertrophy and fibrosis normally present in the kl/kl mice were 

significantly attenuated in BK/BK;kl/kl mice compared to kl/kl mice (Fig. 3A – D), 

indicating that high beclin 1 activity ameliorates cardiovascular abnormalities prominently 

present in kl/kl mice.
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End organ phenotype: high beclin 1 activity restores reproductive function in both male 
and female αKlotho hypomorphic mice

Restoration of αKlotho level, abrogation of phosphotoxicity, and improvement of 

cardiovascular outcome are pivotal results of heightened autophagy. Another important end 

organ effect of the trinity of modulators is reproductive health. Infertility and early loss of 

reproduction are characteristics of the kl/kl mice and so are features of aging (18, 55). Both 

male and female kl/kl mice stopped growing after weaning with small body mass 

(Supplementary Fig. 6A). Male kl/kl mice had testicular atrophy with less spermatids and no 

spermatocytes release into the lumen of seminiferous tubules. Female kl/kl mice had uterine 

atrophy and ovarian atrophy (Supplementary Fig. 6B, C). There was either complete absence 

or much reduced follicles and interstitial infiltration in female kl/kl mice. Interestingly, both 

male and female BK/BK;kl/kl mice had near normal body size and normal morphogy 

(Supplementary Fig. 6B) and histology (Supplementary Fig. 6C) of testis and ovary 

respectively compared to male and female WT mice, and also had intact reproduction (data 

not shown) suggesting that infertility in kl/kl mice was rescued by high beclin 1 activity. 

Moreover, both male and female BK/+;kl/kl mice were fertile after cross-mating (data not 

shown), indictating that beclin 1F121A exerts a dominant effect, and one copy of Becn1F121A 

is able to protect the murine reproductive system from αKlotho deficiency and 

phosphotoxicity.

End organ phenotype: high beclin 1 activity alleviates renal abnormalities in the αKlotho 
hypomorphic mice

In addition to the heart and reproductive organs, another important end organ phenotype in 

αKlotho deficiency is the heightened propensity for kidney disease. Trichrome-stained 

kidney sections were used to examine the effect of high autophagy activity on renal 

histology. The renal fibrosis characteristically seen in kl/kl mice was remarkably decreased 

in BK/BK;kl/kl mice (Supplementary Fig. 7 and Fig. 3E). The fibrotic marker α-SMA in the 

kidney was reduced in BK/BK;kl/kl mice (Fig. 3F) compared to kl/kl mice. Ectopic 

calcification which is prominently present in the kidney of kl/kl mice was not even 

detectable in BK/BK;kl/kl mice (Fig. 3G).

Early pharmacologic modulation of autophagy activity influences murine growth

To confirm that the high beclin 1 activity-associated prevention of premature death and 

organ and tissue degeneration is directly attributable to upregulation of autophagy flux, we 

used an alternative mode of pharmacologic activation of autophagy to treat kl/kl mice with 

rapamycin, a known autophagy inducer, for 4 weeks (Fig. 4A). The rapamycin-treated kl/kl 
mice had slightly higher body weight gain, which was similar to, but less than αKlotho-

treated kl/kl mice. In contrast, chloroquine (CQ), an autophagy suppressor, exaggerated the 

slow growth (Fig. 4B). Moreover, rapamycin-treated kl/kl mice had lower levels of plasma 

Pi, which were similar to those in αKlotho-treated kl/kl mice, while CQ-treated mice had 

higher levels of plasma Pi than vehicle-treated kl/kl mice (Fig. 4C). Although a short period 

of rapamycin treatment did not increase renal αKlotho protein expression (Fig. 4D), renal 

fibrosis was significantly attenuated in kl/kl mice treated with either rapamycin or αKlotho, 

but worsened in CQ-treated kl/kl mice (Fig. 4E). Therefore, the high autophagy-induced 
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improvement of renal abnormalities in kl/kl mice may result at least in part from improved 

Pi homeostasis prior to changes in αKlotho levels.

Phosphate effect on autophagy: high Pi diet reverses high beclin 1 activity-induced 
improvement of growth

If improved Pi homeostasis in BK/BK mice is mediating the phenotypic rescue in kl/kl mice, 

one should be able to overwhelm the beneficial effect with Pi loading. We therefore fed mice 

with the 3 genotypes (WT, BK/BK, and BK/BK;kl/kl) with high Pi diet starting at 6-weeks 

old for a duration of 6 weeks. From our experience, kl/kl mice are very fragile, intolerant to 

high Pi, and will universally succumb, so they were not studied. High Pi diet decreased 

mouse growth, which was more appreciable in BK/BK;kl/kl mice than the WT and BK/BK 
mice (Fig. 5A and B), indicating that the beneficial restoration of growth by high autophagy 

was abolished by high Pi diet. The 12-week survival of BK/BK;kl/kl mice was 92% under 

normal Pi diet, which was reduced to 52% after 6-weeks of high Pi feeding (Fig. 5C). The 

low survival rate was associated with higher plasma Pi (Fig. 5D), low autophagy flux in the 

kidney (Fig. 5E), and low endogenous αKlotho (Fig. 5F). The reduction in mortality in BK/
BK;kl/kl mice previously observed was dramatically reversed by high Pi diet. Note that 

BK/BK mice were more resistant to phosphotoxicity under the high Pi diet than WT mice 

because BK/BK mice maintained relatively normal plasma Pi (Fig. 5D), higher autophagy 

flux in the kidney (Fig. 5E), and higher αKlotho expression in the kidney (Fig. 5F).

High Pi diet blunts the high beclin 1 activity-induced improvement of renal and cardiac 
phenotypes in αKlotho hypomorphic mice

In addition to poor growth (Fig. 5A to C), higher plasma Pi levels (Fig. 5D), lower 

autophagic flux (Fig. 5E), and lower αKlotho (Fig. 5F) in the kidney after 6-week high Pi 

dietary intake, were associated with higher α-SMA expression in the kidney (Fig. 6A) and 

more renal fibrosis (Fig. 6B) in BK/BK;kl/kl mice compared to WT or BK/BK mice, 

suggesting that BK/BK;kl/kl mice are more sensitive to phosphotoxicity.

Six weeks of high dietary Pi challenge also induced cardiac fibrosis (Fig. 6C) and 

hypertrophy (Fig. 6B), and upregulated markers of hypertrophy (α-actinin) and fibrosis (α-

SMA) in WT mice (Fig. 6E), which were similar to our previous findings (12, 40). 

Interestingly, BK/BK mice were more resistant, and the BK/BK;kl/kl mice were more 

susceptible to cardiac phosphotoxicity.

We examined the effect of high Pi diet on parameters of mineral metabolism in BK/BK;kl/kl 
mice and compared these changes in BK/BK;kl/kl mice with other genotypes. In addition to 

decreasing plasma and renal αKlotho (Fig. 5F and Table 1), 6-week of high Pi diet increased 

plasma FGF23, and slightly elevated plasma 1,25-(OH)2-vitamin D (1,25-(OH)2-D) in both 

WT, and BK/BK;kl/kl mice but not in BK/BK mice. Clearly there were more severe changes 

in low αKlotho, high plasma FGF23 and 1,25-(OH)2-D induced by high Pi diet in BK/
BK;kl/kl mice compared to WT and BK/BK mice.
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High Pi downregulates autophagy flux and αKlotho

To complete the study of all the arms in the trinity in Fig. 1A, we explored if high Pi diet 

modifies autophagic flux in kidneys. Mice with normal kidney function consuming high Pi 

diet for 2 weeks did not have significantly higher plasma Pi (Fig. 7A left panel) likely due to 

the appropriate compensatory urinary Pi excretion (Fig. 7A right panel). But despite the lack 

of detectable hyperphosphatemia, Pi load per se led to lower autophagic flux (Fig. 7B, C) 

and lower renal αKlotho protein and mRNA (Fig. 7B, and Supplementary Fig. 9). In 

addition, high Pi-fed mice had increased beclin 1/BCL2 complex (Fig. 7D). Taken together, 

high Pi diet not only markedly downregulated αKlotho, but also decreased autophagic flux 

in the kidney, suggesting that all of these three factors may interplay in a highly regulated 

network.

It is difficult to draw definitive conclusions within the complexity of the whole organism due 

to the multiple possible intermediate mediators. To address the direct effect of high Pi on 

autophagic flux, we proceeded to OKP cells, a renal epithelial cell line (36). High Pi media 

significantly reduced autophagy flux (Fig. 7E, F) and induced cell injury demonstrated by 

higher levels of LDH in the media, which was Pi concentration-dependent (Supplementary 

Fig. 7). Both LC3-I and LC3-II proteins were increased as well as elevation of p62 and 

diminution of LC3 punctas (Fig. 7E, F), which suggest incomplete block of autophagic flux 

when cells are exposed to high Pi. Moreover, high Pi stabilized the beclin 1/BCL2 complex 

in cells (Fig. 7G). Electron photomicrographs showed significantly fewer autophagosomes 

and autolysosomes, but massive accumulation of MLBs delimited by a single layer of 

plasma membrane (56) in cells treated with high Pi media compared to normal Pi treated 

cells. Notably, we cannot find a single MLB in cells treated with normal Pi media despite 

extensive searching (Fig. 7H). Accumulation of MLBs in the tissues is generally attributable 

to insufficient degradation of deposited MLBs (57, 58). It is conceivable that high Pi 

downregulates autophagy flux probably through two mechanisms: insufficient biogenesis of 

autophagosomes due to stabilizing beclin 1/BCL2 complex, and incapacity of autolysosomes 

processing and recycling.

Beclin 1 peptides upregulates autophagy flux and protects against phosphotoxicity

Tat-beclin 1 11 (TB-11) is an autophagy-inducing peptide comprising 11 amino acids 

derived from beclin 1 diglycine linked to the HIV Tat protein. These peptides are in the 

retro-inverso D-configuration (42, 43). TB-11 is a shorter peptide with higher penetrance 

into cells than, but has similar bioactivity as Tat-beclin 1 (18 amino acids), (42, 43, 59). 

Beclin 1 peptide is an active functional unit of beclin 1 protein (42, 43, 59). To test beclin 1 

effect on prevention against phosphotoxicity, we first determined TB-11 effect on Pi 

metabolism in vivo and found that 4-week TB-11 significantly reduced plasma Pi probably 

through induction of urinary Pi leak (Fig. 8A). To further confirm TB-11 effect on 

autophagy activity in vivo, we explored the profile of autophagy flux in the kidneys after 

TB-11. TB-11 upregulated αKlotho expression increased the ratio of LC3II/I and LC3II and 

reduced p62 in the kidney (Fig. 8B) as well as elevation of LC3 punctas in renal tubules 

(Fig. 8C).
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We next used the OKP cell line as in vitro model to test direct protective action of TB-11 

against phosphotoxicity. After co-incubation of OKP cells with TB-11 and high Pi (3.0 mM) 

for 24 hours, we found higher autophagic flux as demonstrated by higher LC3 II/I, LC3 II 

and lower p62 expression compared to TB-Sc (Fig. 8D). Importantly, LDH release induced 

by high Pi was significantly reduced compared to TB-Sc (Fig. 8E), supporting 

cytoprotection by TB-11 against phosphotoxicity.

DISCUSSION

This is the first demonstration of an interactive relationship of autophagy (beclin 1), 

αKlotho, and Pi, and how the three can act individually or via modulating each other in 

controlling health and longevity (Fig. 1A). We propose that high Pi, low αKlotho, and low 

autophagy are independent contributors to multi-organ degeneration with reciprocal mutual 

amplifications. High Pi downregulates autophagic flux via increased beclin 1/BCL2 complex 

formation, and suppression of αKlotho. Either high or low αKlotho further exacerbate low 

autophagic flux, constituting a triple interactive and self-amplifying loop. Low Pi, increased 

autophagy, and αKlotho, function independently and cross-regulate each other to 

synergistically retard aging and prolong lifespan. Disruption of one or all three can have 

undesirable consequence on aging and health (Fig. 1A). A few salient features of the current 

dataset deserve discussion.

Autophagy affects phosphate homeostasis through induction of phosphaturia

The role of autophagy in prevention of aging in the kidney and the heart has been 

documented (15, 36), but the underlying mechanisms have not been deciphered. Normal Pi 

homeostasis contributes to maintenance of lifespan and retardation of degeneration in 

multiple organs including the heart and kidney (10, 12, 60). Genetic and dietary 

normalization of blood Pi rescues many phenotypes including ectopic calcification in the 

kidney, heart and aorta, cardiac abnormalities, early death, infertility in aging animals (8, 10, 

61). The current study provides in vivo evidence that high beclin 1 activity induces 

phosphaturia via downregulation of renal NaPi-2a and 2c expression, and the negative Pi 

balance consequently upregulates αKlotho, retards aging, and ameliorates tisues and organs 

degeneration to better maintain function of the cardiovascular, reproductive and renal 

systems.

The conclusion was fortified by finding of similar results with pharmcologic manipulation of 

autophagy in vivo. Even a short period of rapamycin treatment made kl/kl mice gain weight, 

lowered their plasma Pi, but without detectable change in αKlotho, while CQ treatment had 

the opposite effect on kl/kl mice. The reduction of plasma Pi by rapamycin or other mTOR 

inducers has been reported in humans (62) and animals (63, 64) but the effect on NaPi2a 

expression has been less consistent (65). In addition, whether the rapamycin-induced 

phosphaturia is autophagy-dependent or/both autophagy-independent is unknown. The 

current dataset proves that rapamycin could induce phosphaturia and prevent 

phosphotoxicity via upregulation of autophagy flux as one of its mechanisms, which is 

supported by the animal experiment in the BK mice and TB-11-treated WT mice. The 
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contribution of non-autophagy-dependent effects of rapamycin remains plausible and 

deserves future exploration.

Improvement of Pi metabolism might be a sufficient driving force to enhance autophagy and 

longevity. The decreased plasma Pi and increased urinary Pi excretion in mice after 

adminstration of TB-11, the active and functional peptide of beclin 1 futher proves the 

concept that high autophagy in the kidney promotes negative Pi balance. The restored body 

growth and reduced mortality in BK/BK;kl/kl mice was abolished by high Pi diet further 

supporting the phosphotoxic effect on accelerating aging. The in vitro experiment with 

TB-11 showing lower LDH release from proximal tubule cells cultured in high ambient Pi 

provides direct evidence that beclin 1 is cytoprotective against phosphatoxicity.

The role of autophagy in regulation of renal transport (66, 67) including water (68, 69), 

glucose (70), cysteine (71) and other electrolytes (72) have been reported. The current 

manuscript provides new data linking autophagy with phosphate transport in the renal 

tubules. Autophagy might modulate NaPi2a/2c endocytosis via the canonical mechanisms of 

modification of trafficking (73–76) to control renal tubular Pi reabsorption. Alternatively, 

there can be novel mechanisms by which autophagy can regulated NaPi protein distribution 

and activity.

αKlotho modulates phosphate metabolism and autophagy activity

Despite the fact that αKlotho is phosphaturic, high Pi paradoxically but reproducibly 

induces αKlotho deficiency in mice (12, 40); with interesting disparity in normal humans 

(77). In addition, αKlotho deficiency decreases autophagic flux in vivo and in vitro (36). All 

of the above effects are associated with aging. The deleterious effect of high Pi and the 

beneficial effect of low Pi on aging and survival can be αKlotho-dependent or αKlotho-

independent (10). Aging and high plasma Pi in kl/kl mice are ameliorated by restoration of 

αKlotho with viral delivery of αKlotho gene (78), transgenic overexpression αKlotho (32), 

or intraperitoneal administration of soluble αKlotho protein (79). Regardless of the 

congenital or acquired origin, the curent and previous published data (15, 36) suggest that 

αKlotho deficiency may be instrumental in lowering autophagic flux either directly or 

indirectly by causing phosphotoxicity. Reduction of plasma Pi effectively and sufficiently 

prolongs lifespan and rescues aging in αKlotho null mice (10, 35) strongly proving the 

concept that abnormal Pi metabolism is a trigger or/and accelerator to aging progression.

High phosphate suppresses autophagy flux

The effect of high Pi diet on autophagic flux is not universally consistent (80–83); probably 

dependent upon different target cells, levels of Pi, length of exposure, and other concomitant 

stressors. We examined autophagy markers in the kidney of mice treated with a short-period 

(2 weeks) of high Pi diet and confirmed lower autophagic flux without inducing 

hyperphosphatemia. Our cell culture experiments in OKP cells, a renal epithelial cell line 

(36, 84) offered direct and unequivocal evidence that high ambient Pi reduces autophagy 

flux; both LC3-I and LC3-II proteins were increased as well as elevation of p62, suggesting 

blockade of autophagic flux. Electron photomicrographs showed significantly fewer 

autophagosomes and autolysosomes, but massive accumulation of MLBs delimited by single 

Shi et al. Page 14

FASEB J. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



plasma membrane (56) in cells treated with high Pi media. The accumulated MLBs have 

been proposed to be related to deficiency of fusion of autophagosomes with lysosomes 

or/and lysosomal disorders (57, 58), which eventually disturbs autophagy flux (58, 85–87). 

It appears that there are potentially more than one mechanisms through which, high Pi 

reduces autophagy flux. High Pi decreases autophagosome formation through promoting 

beclin 1/BCL2 complex, and impairs autophagosome-lysosome function consequently 

blocking autophagosome and autolysosome recycling. However, high Pi-induced low 

autophagy in mice is likely a combined outcome of both direct Pi effects and indirect effects 

from αKlotho donwregulation.

Limitations—(1) Because no αKlotho knockout line was used in this study; we are not 

able to investigate whether beclin 1 prolongs mouse lifespan completely independently of 

αKlotho. Based on the time course of plasma Pi and αKlotho during BK/BK;kl/kl mice 

development, and the rapamycin effect on kl/kl mice, we proposed that beclin 1-induced 

phosphaturia decreases plasma Pi, consequently restoring αKlotho and rescuing prematuring 

age phenotypes. The beneficial effects of plasma Pi reduction after rapamycin administration 

(63), or through knockout of NaPi-2a on αKlotho knockout mice support direct Pi toxic 

effect on accelerating aging (10) that is αKlotho-independent. (2) Due to limited blood 

sample volumes, we did not measure PTH, another important mineral hormone participating 

in Pi homeostasis. So we could not exclude PTH’s role in our in vivo models. (3) The 

current proof-of-conceptual study provides evidence to support that high Pi stabilizes and 

αKlotho disrupts beclin 1/BCL2 complex respectively. However, the mechanism(s) of 

modulation of the complex formation remain to be studied in the future. (4) High Pi-induced 

MLBs accumulation in cells is interesting but how high Pi induces aberrant contents 

degradation in autolysosomes needs to be explored.

In conclusion—Phosphate, autophagy, and αKlotho function as a closely interwoven 

tripartite network in health maintenance. Beclin 1 suppresses renal NaPi-2a/2c expression, 

increases phosphaturia, and reduces plasma Pi. Low plasma Pi upregulates αKlotho which 

further combats aging. High plasma Pi suppresses while αKlotho stimulates autophagy. 

Autophagy and αKlotho interactively counteract phosphotoxicity, prolong lifespan and 

attenuate aging-associated multiple organ degeneration (Fig. 1A).

Supplementary Material

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

ANOVA analysis of variance

BCL2AAA BCL2AAA knock-in

Becn1+/− heterozygous global Becn1 knockout

BK Becn1F121A knock-in

CVD cardiovascular disease

CKD chronic kidney disease

CQ chloroquine

cDNA complimentary DNA

ELISA enzyme-linked immunosorbent assay

FGF23 fibroblast growth factor-23

GAPDH glyceraldehyde-3-phosphate dehydrogenase

H&E Hematoxylin and Eosin

kl/+ heterozygous αKlotho hypomorphic

LDH lactic acid dehydrogenase

LTL Lotus Tetragonolobus lectin

MLB multi-lamellar body

NaPi-2a Na-dependent Pi cotransporter type II a

NaPi-2c Na-dependent Pi cotransporter type II c

OKP opossum kidney cell PTH responsive

Pi inorganic phosphate

PTH parathyroid hormone

Tg-kl transgenic αKlotho overexpression

qPCR quantitative polymerase chain reaction

SD standard deviation

TC trichrome

WGA wheat germ agglutinin

WT wild type
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Fig. 1. High autophagic flux-induced improvement of phosphate homeostasis is associated with 
increased urinary phosphate excretion and αKlotho in the kidney and the circulation.
(A) Proposed model for interplay of Pi, autophagy, and αKlotho in health maintenance and 

prolongation of murine lifespan. Both autophagy and αKlotho suppress phosphotoxicity. 

High Pi inhibits both autophagy and αKlotho function. αKlotho also directly upregulates 

autophagy through reduction of the beclin 1/BCL2 complex, and autophagy upregulates 

αKlotho partly through reducing plasma Pi. Potentially high autophagy can directly 

stimulate αKlotho (dash line). Overall autophagy and αKlotho promote and high Pi reduces 
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longevity. (B) Plasma Pi (left panel) and fractional excretion of phosphate (FEPi) (right 

panel) of WT and BK/BK mice at 12 weeks-old without intervention. The data are presented 

at mean ± S.D. plus scatter plots of individual data points. (C) Immunoblots for NaPi-2a and 

−2c protein in the kidney of WT and BK/BK mice at 12 weeks-old. Left panel shows 

representative immunoblots. Right panel is quantitation of all blots from 5 mice in each 

group. Data are presented as mean ± S.D. *P<0.05, **P<0.01 between two groups by 

unpaired t-test for B - C. (D) Representative immunohistochemistry for NaPi-2a (upper two 

panel) and NaPi-2c (bottom two panel) in the kidney of WT and BK/BK mice at 12 weeks-

old. Each genotype has 4 mice. Scale bar = 50 μm. Arrows indicate endocytosed NaPi-2a/2c. 

(E) Plasma phosphate (Pi) (upper panel) and fractional excretion of phosphate (FEPi) 

(bottom panel) and (F) plasma renal αKlotho in mice with different levels of αKlotho (Tg-
kl, WT, and kl/kl) and different levels of autophagy flux (BK/BK, Becn1+/−, Bcl2AAA, WT 
and BK/BK;kl/kl) at 10 weeks-old. (G) renal αKlotho protein expression in mice with 

different levels of αKlotho (Tg-kl, WT, and kl/kl) and different levels of autophagy flux 

(BK/BK, Becn1+/−, Bcl2AAA, WT and BK/BK;kl/kl) at 10 weeks-old. Upper panel is 

representative blot for αKlotho protein; bottom panel is quantitation of all blots from 5 mice 

in each group. Data shown in B, C, and E - G are mean ± S.D. plus scatter plots of 

individual data points. *P<0.05, **P<0.01 between two groups; $P<0.05, $ $P<0.01 vs Tg-kl 
mice; #P<0.05, ##P<0.01 vs kl/kl mice by one-way ANOVA followed by Student-Newman-

Keuls post hoc test. The sample size of each genotype is shown in parentheses for B, C, and 

E - G.
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Fig. 2. Becn1F121A rescues premature aging, corrects hyperphosphatemia, circulating αKlotho 
levels, and restores autophagy activity and αKlotho in the kidney of kl/kl mice.
(A) Kaplan-Meier survival curves of different genotyping mice. WT (n=52), Bk/BK (n=61), 

BK/BK;kl/kl (n=63), and kl/kl (n=43) mice. *P<0.05 vs BK/BK, ##P<0.01 vs kl/kl mice by 

log-rank (Mantel-Cox) test. (B) Comparison of body weight of WT, Bk/BK, BK/BK;kl/kl, 
and kl/kl genotypes between male and female mice at the age of 10 weeks. The sample size 

of each genotype is shown in parentheses. Data are presented as mean ± S.D. with scatter 

plots of individual data points. **P<0.01 vs kl/kl mice by one-way ANOVA followed by 
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Student-Newman-Keuls post hoc test. (C) Change in plasma phosphate (Pi) in WT (n=46 in 

total including: male 23; female: 23); Bk/BK (n=40 in total including male: 20; female: 20); 

BK/BK;kl/kl (n=38 in total including male: 18; female 20); and kl/kl mice (n=28 in total 

including male: 13; female: 15). *P<0.05, **P<0.01 vs BK/BK mice, #P<0.05, ##P< 0.01 

kl/kl mice groups by one-way ANOVA followed by Student-Newman-Keuls post hoc test at 

the indicated time point. (D) Immunoblots of total kidney lysates for LC3 and p62 protein in 

the kidneys of 4 genotypes at the age of 6 and 10 weeks, respectively. Upper panel shows 

representative immunoblots. Bottom panel summarizes data presented as mean ± S.D. Each 

group has 5 mice at each time point. *P<0.05, **P<0.01 between two groups by one-way 

ANOVA followed by Student-Newman-Keuls post hoc test. (E) Change in plasma αKlotho 

in WT; Bk/BK; BK/BK;kl/kl; and kl/kl mice at the age of 4, 6, 8 and 10 weeks respectively. 

The data were presented as mean ± S.D. with scatter plots of individual data points. Each 

genotype has 5 mice at each time point. *P<0.05 vs BK/BK and ##P<0.01 vs kl/kl by one-

way ANOVA followed by Student-Newman-Keuls post hoc test at 10 weeks-old. (F) Renal 

αKlotho expression. Upper panel shows representative immunoblots of total kidney lysates 

for αKlotho protein in the kidney of 4 genotypes (kl/kl, WT, BK/BK;kl/kl, and BK/BK 
mice) at the age of 4, 6, 8 and 10 weeks respectively. Each genotype has 5 mice at each time 

point. Bottom panel is a summary of all blots and presented as mean ± S.D. with scatter 

plots of individual data points. *P<0.05, **P<0.01 between 2 groups at same time point by 

one-way ANOVA followed by Student-Newman-Keuls post hoc test.
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Fig. 3. Becn1F121A rescues cardiac and renal phenotypes in kl/kl mice.
(A) Cardiac phenotypes in 4 genotypes (kl/kl, WT, BK/BK;kl/kl, and BK/BK mice) at the 

age of 10 weeks. Representative macrographs of heart sections stained with Trichrome. 

Bottom panel is summary data of heart weight over body weight. Scale bar = 2 mm. Number 

of mice of each genotype is shown in parenthesis at the bottom. (B) Representative 

microscopic images of WGA stained left ventricle sections of 5 mice from each genotype. 

Bottom panel is summary data. with scatter plots of individual data points. Scale bar = 50 

μm. (C) Representative immunoblots of total left ventricular lysates for α-actinin and α-
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SMA αKlotho protein in the heart of 5 mice from each genotype. Right panel is a summary 

of all immunoblots. (D) Vascular calcification in 4 genotypes at 10 weeks old. 

Representative microscopic images of Von Kossa stain in the aortic roots of 4 mice from 

each genotype. Scale bar = 200 μm. (E) Trichrome stain in the kidney sections of 4 

genotypes at the age of 10 weeks. Representative microscopic images of Trichrome stain in 

the kidney sections of 6 mice from each genotype at 10 weeks. Scale bar = 25 μm. (F) 

Fibrotic marker, α-SMA protein expression in the kidneys. Upper panel shows 

representative immunoblots of total kidney lysates for α-SMA protein expression. Bottom 

panel is summary of data from 5 mice for each genotype. (G) Representative microscopic 

images of ectopic calcification in Von Kossa stained kidney sections from 4 mice for each 

genotype. Scale bar = 500 μm. Data shown in A - C, and F are means ± S.D. with scatter 

plots of individual data points. *P<0.05, **P<0.01 between two groups by one-way ANOVA 

followed by Student-Newman-Keuls post hoc test for A - C, and F.
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Fig. 4. Early effect of autophagy on Pi homeostasis and mouse growth is independent of αKlotho 
expression in kl/kl mice.
(A) Experimental design. kl/kl mice at 4 weeks were intraperitoneally given rapamycin 

(Rapa), chloroquine (CQ), recombinant αKlotho protein (αKlotho) or vehicle (normal 

saline) through osmotic minipumps. Four weeks after intraperitoneal administration, mice 

were sacrificed for B - E. Each group had 6 mice with equal male vs female number. (B) 

Body weight is presented as means from 6 mice per group. *P<0.05; **P<0.01 vs vehicle 

group between two groups by one-way ANOVA followed by Student-Newman-Keuls post 
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hoc test at indicated time point. (C) Plasma Pi of mice. Data are presented as means ± S.D. 

with scatter plots of individual data points for 6 mice per group. (D) Representative 

immunoblots of total kidney lysates for αKlotho, LC3 and p62 protein expression in the 

kidneys of 5 mice from each group. Right panel is summary of data from all blots. Data are 

presented as means ± S.D. with scatter plots of individual data points for 5 mice per group. 

*P<0.05, **P<0.01 between two groups by one-way ANOVA followed by Student-

Newman-Keuls post hoc test for C and D. (E) Representative microscopic images of 

Trichrome stained kidney sections from 6 mice randomly selected from each group. Scale 

bar = 200 μm.
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Fig. 5. High dietary Pi abolishes beneficial effect of becn1F121A on prolonging life, growing, Pi 
metabolism and αKlotho upregulation in kl/kl mice.
(A) Comparison of mouse body size among 3 genotypes (WT, BK/BK, and BK/BK;kl/kl) 
treated normal (0.7%) or high (2.0%) Pi diet at 12 weeks old after 6-week treatment starting 

at 6 weeks old. Representative photos of male mouse bodies randomly selected from three 

genotypes. The animal number per treatment is shown in parenthesis at the bottom of 

photos. (B) Body weights of male and female mice of three genotypes at the beginning and 

the end of 6-week normal or high Pi treatment. The mouse number is shown in parenthesis. 

Shi et al. Page 30

FASEB J. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Data are presented as means ± S.D. *P<0.05; **P<0.01 vs BK/BK;kl/kl mice after 6-week 

normal or high Pi diet by one-way ANOVA followed by Student-Newman-Keuls post hoc 
test. (C) Kaplan-Meier survival rate of three genotypes from 6 to 12 weeks during 6-weeks 

of normal or high dietary Pi. The animal number in each group is shown in parenthesis. ** 

P<0.01 BK/BK;kl/kl mice was determined by log-rank (Mantel-Cox) test. (D) Plasma Pi in 3 

genotypes before and after normal or high Pi dietary treatment. Data are presented as means 

± S.D. The animal number of each group is same as shown in Figure 5B. **P<0.01 vs WT 
mice after 6-week normal or high Pi diet by one-way ANOVA followed by Student-

Newman-Keuls post hoc test at indicated time point. (E) Immunoblots of total kidney lysates 

for autophagic markers in the kidney of 3 genotypes treated with normal or high Pi diet. 

Upper panel shows representative blots from each treatment. Bottom panel is summary of 

data presented as mean ± S.D. with scatter plots of individual data points. Each group has 5 

mice. (F) Immunoblots of total kidney lysates for αKlotho expression. Upper panel is 

representative blots from 5 mice for each treatment. Bottom panel is summarized data from 

all of blots presented as mean ± S.D. with scatter plots of individual data points. *P<0.05, 

**P<0.01 between two groups by two-way ANOVA followed by Student-Newman-Keuls 

post hoc test for E and F.
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Fig. 6. High dietary Pi blocks beneficial renal and cardiac effect of becn1FA on kl/kl mice.
Mice of three genotypes (WT, BK/BK, and BK/BK;kl/kl) were treated with normal or high 

Pi diet for 6 weeks starting at 6 weeks old as mentioned in Figure 4. (A) Immunoblots of 

total kidney lysates for α-SMA expression. Upper panel is representative blots from each 

treatment. Bottom panel is summarized data presented as mean ± S.D. with scatter plots of 

individual data points. Each treatment has 5 mice. (B) Trichrome stain in the kidney sections 

of 3 genotypes after 6-week dietary Pi treatment. Representative microscopic images of 

Trichrome stain in kidney sections from each treatment. Scale bar = 200 μm. Each treatment 
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has 5 mice. (C) Representative microscopic images of Trichrome stained heart sections. 

Each genotype has 6 mice. Scale bar = 200 μm. Bottom panel summarizes cardiac fibrosis 

scores from trichrome-stained heart sections presented as mean ± S.D. with scatter plots of 

individual data points. (D) Wheat germ agglutinin (WGA) stain in left ventricle sections of 3 

genotypes after 6-week Pi treatment. Upper panel is representative microscopic images of 

WGA stain from each treatment. Scale bar = 50 μm. Bottom panel is summary of data 

presented as mean ± S.D. with scatter plots of individual data points. Each treatment has 5 

mice. (E) Immunoblots of total left ventricle lysates for α-actinin and α-SMA expression. 

Left panel is representative blots from each treatment. Right panel is summary data 

presented as mean ± S.D. with scatter plots of individual data points. Each treatment has 5 

mice. *P<0.05, **P<0.01 between two groups by two-way ANOVA followed by Student-

Newman-Keuls post hoc test for A, C - E.
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Fig. 7. High Pi decreases autophagy flux and downregulates αKlotho.
WT mice were fed with normal or high Pi diet starting at 10 weeks old for 2 weeks. (A) 

Plasma Pi (left panel) and fractional excretion of phosphate (FEPi) (right panel) after 2-week 

dietary Pi treatment. The data are presented as mean ± S.D. plus scatter plots. Each 

treatment has 10 mice. (B) Immunoblots of total kidney lysates for αKlotho, LC3 and p62 

protein in the kidneys of mice from A. Left panel is representative immunoblots from each 

treatment. Right panel is summary of data from all of blots and presented as mean ± S.D. 

with scatter plots of individual data points. Each treatment has 5 mice. (C) Autophagic flux 
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in the kidneys of GFP-LC3 reporter mice treated normal or high Pi diet for 2 weeks starting 

at 10 weeks old. Each treatment has 5 mice. Four hours prior to sacrifice, mice were treated 

intraperitoneally with chloroquine treatment. Left panel is representative images of GFP-

LC3 immunofluorescence in the renal tubules. Scale bars = 25 μm. Right panel summarizes 

quantitation of GFP-LC3 punctas in renal tubules. The data are presented as mean ± S.D. 

with scatter plots of individual data points. Each treatment has 5 mice. (D) Co-

immunoprecipitation of beclin 1 and BCL2 in total kidney lysates from 5 mice presented in 

Figure 6B. Left upper panel shows representative immunoblots for Co-IP. Left bottom panel 

shows representative immunoblots from protein inputs. Right panel is a summary of co-IP 

data from 5 independent experiments. Data are presented as mean ± S.D. with scatter plots 

of individual data points. (E) OKP cells were treated normal Pi (0.96 mM) or high Pi (3.0 

mM) media. At 24 hours, cells were harvested. Autophagic flux in OKP cells treated with 

normal or high Pi media is evaluated. Left panel shows representative immunoblots of total 

cell lysates for LC3 and p62 protein from 5 independent experiments. Right panel 

summarizes the data presented as mean ± S.D. with scatter plots of individual data points. 

(F) OKP cells were transiently transfected with GFP-LC3 plasmid and 48 hours later were 

treated with normal Pi or high Pi media for 24 hours. Left panel shows representative images 

of GFP-LC3 immunofluorescence from 5 independent experiments. Right panel is the 

summary of quantitative data of LC3 punctas presented as mean ± S.D. with scatter plots of 

individual data points. Scale bars = 50 μm. (G) Co-immunoprecipitation of beclin 1 and 

BCL2 in total cell lysates from Figure 6E. Left upper panel shows representative 

immunoblots for Co-IP. Left bottom panel shows representative immunoblots from protein 

inputs. Right panel is a summary of co-IP data from 5 independent experiments. Data are 

presented as mean ± S.D. with scatter plots of individual data points. (H) Autophagic 

ultramicroscopic structures in OKP cells treated with normal or high Pi media descripted in 

Figure 6E. Upper panel is representative electronic microscopic images showing 

autophagosomes (arrow head) and autolysosomes (Ly) and multilamellar bodies (MLB) 

(arrow). Scale bars = 1.0 nm. Bottom panels are summaries of autophagosomes and MLB 

per cell from total 25 cells of normal (N Pi) or high Pi (H Pi) treatment from 4 independent 

experiments. The data were presented as mean ± S.D. with scatter plots of individual data 

points. *P<0.05; **P<0.01 between 2 groups by unpaired t-test for A-C, E, F, and H.
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Fig. 8. Tat-beclin 1 peptide upregulates autophagy flux and protects against phosphotoxicity in 
renal proximal tubular cells.
GFP-LC3 reporter (LC3) mice at 10 weeks-old were intraperitoneally injected TB-11 or TB-

Sc (2 mg/kg daily for 4 weeks). Four hours prior to sacrifice, mice were intraperitoneally 

injected chloroquine (A-C). Each treatment consisted of 5 mice. (A) Plasma Pi (left panel) 

and fractional excretion of phosphate (FEPi) (right panel) of LC3 mice. The data is presented 

at mean ± S.D. with scatter plots of individual data points. (B) Immunoblots for αKlotho, 

LC3, p62, and β-actin protein in the kidneys. Left panel shows representative immunoblots. 
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Right panel is quantitation of all blots from each treatment. (C) Autophagic flux in the 

kidneys of LC3 mice. Each treatment has 5 mice. Upper panel is representative images of 

GFP-LC3 immunofluorescence in the renal tubules. Scale bars = 50 μm. Bottom panel 

summarizes quantitation of GFP-LC3 punctas in renal tubules. The data are presented as 

mean ± S.D. with scatter plots of individual data points. *P<0.05; **P<0.01 between 2 

groups by unpaired t-test for A-C. TB-11 or TB-Sc (10 μM for 24 hours) were added to 

OKP cells with normal (0.96 mM) or high (3.0 mM) Pi (D and E). (D) Immunoblots of total 

cell lysates for LC3 and p62 protein in the OKP cells. Upper panel is representative 

immunoblots from each treatment. Bottom panel is summary of data from all of blots. (E) 

LDH in culture media. Data are presented as mean ± S.D. with scatter plots of individual 

data points from 5 independent experiments. *P<0.05; **P<0.01 between 2 groups by two-

way ANOVA for D and E.
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Table 1.

Effect of high Pi diet on plasma αKlotho, cFGF23, and 1,25-(OH)2D

αKlotho (pmol/l) cFGF23 (RU/ml) 1,25-(OH)2D (pg/ml)

Normal Pi diet

WT 45.6±3.5
(14)

105.7±28.2
(12)

104.5±13.4
(14)

BK/BK 48.7±4.1
(14)

139.5±26.4
(12)

96.5±4.6
(12)

BK/BK;kl/kl 41.2±3.5
(12)

144.5±32.3
(14)

113.4±12.5
(14)

P value >0.05 >0.05 >0.05

High Pi diet

WT 31.1±2.3
(14)

347.4±35.0
(14)

277.2±31.6
(16)

BK/BK 42.2±3.3**
(16)

353.6±45.6
(12)

124.2±21.4**
(14)

BK/BK;kl/kl
30.2±3.0

##

(10)
431.7±84.3*#

(10)
347.4±42.1**##

(10)

P value <0.01 <0.05 <0.01

Three mouse lines (WT, BK/BK, and BK/BK;kl/kl) were fed with normal Pi (0.7%) or high Pi (2.0%) diet for 6 weeks starting at 6 weeks old. The 
ratio of female and male mice were 50:50. After 6 weeks of dietary Pi challenge, mice were terminated and plasma was harvested for the 
measurement of soluble αKlotho, C-terminal FGF23, and 1,25-(OH)2D. Data are presented as means ± S.D., the number in parentheses is sample 

size. The statistical analysis was conducted with one-way ANOVA followed by post hoc tests for any two groups.

*
P<0.05

**
P<0.01 vs WT mice

#
P<0.05

##
P<0.01 vs BK/BK mice by one-way ANOVA followed by Student-Newman-Keuls post hoc test. cFGF23: c-terminal fragments of fibroblast 

growth factor-23; kl/kl: homozygous αKlotho hypomorphs; Pi: inorganic phosphate; 1,25-(OH)2D: 1,25-dihydroxyl-vitamin D; WT: wild type.
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