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Syntaxin 3 regulates apical membrane integrity in
proximal tubule epithelial cells and prevents
Fanconi syndrome development
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Introduction: Epithelial cell polarity is crucial for the proper
functioning of various organs, including the kidneys.
Syntaxin 3, a key molecule in membrane-vesicle fusion, is
localized in the apical membrane of proximal tubule
epithelial cells (PTECs). Although in vitro studies using the
other type of epithelial cells besides PTECs have shown the
role of syntaxin 3 in regulating apical membrane integrity, its
function in epithelial cells in vivo, particularly in PTECs,
remains undefined.

Methods: We analyzed the renal phenotypes of a newly
generated PTEC-specific Stx3 knockout mice (Stx3-cKO) and
examined urine samples from patients with microvillus
inclusion disease (MVID) carrying STX3 mutations.

Results: Stx3-cKO mice exhibited features of Fanconi
syndrome, including increased urinary excretion of
phosphorus, glucose, amino acids, and low-molecular-weight
proteins. Patients with MVID showed similar urinary
abnormalities. The mice exhibited brush border atrophy and
vesicle transport stagnation, as evidenced by electron
microscopy, and increased subapical localization of
trafficking markers, Rab11 and vesicle-associated membrane
protein 8. Key transporters and receptors including sodium-
dependent phosphate cotransporter type 2a, sodium-
glucose cotransporter 2, a protein related to the neutral and
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basic amino acid transport protein rBAT, and megalin
showed mislocalization and/or altered expression. Syntaxin 3
deficiency disrupted the apical expression of ezrin, a crucial
protein that links the actin cytoskeleton to the plasma
membrane. Both receptor-mediated and fluid-phase
endocytosis were impaired in Stx3-cKO mice.

Conclusions: Our results highlight the critical role of
syntaxin 3 in maintaining PTEC function and apical polarity,
providing new insights into the kidney manifestations of
MVID and the molecular mechanisms underlying Fanconi
syndrome.

Kidney International (2025) 108, 1088-1104; https://doi.org/10.1016/j.
kint.2025.08.027

KEYWORDS: apical membrane; Fanconi syndrome; microvillus inclusion
disease; polarity; proximal tubules; syntaxin 3
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Translational Statement

This study reveals the critical role of syntaxin 3 in pre-
venting Fanconi syndrome. Our findings in both mouse
models of Stx3 conditional knockout and patients with
microvillus inclusion disease (MVID) carrying STX3 mu-
tations highlight the potential kidney manifestations of
MVID, which may be overlooked in clinical settings. This
study suggests that patients with MVID carrying STX3
mutations should be monitored for Fanconi syndrome.
Furthermore, our mechanistic insights into the function
of syntaxin 3 may guide future therapeutic strategies for
Fanconi syndrome and other tubular disorders. The next
step involves exploring targeted interventions to miti-
gate kidney manifestations of syntaxin 3 dysfunction.

Kidney International (2025) 108, 1088-1104
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kidney nephron and is responsible for reabsorbing

most essential nutrients, ions, and low-molecular-
weight proteins from the glomerular filtrate." This process
is mediated by various transporters and endocytic receptors
specifically expressed on the apical membranes of PT
epithelial cells (PTECs).” * The mislocalization of these
proteins can lead to Fanconi syndrome.” Despite the clin-
ical significance of proper protein localization in PTECs,
the molecular mechanisms governing these processes
remain unclear.

Syntaxin 3, a protein encoded by the Stx3 gene in mice
and the STX3 gene in humans, plays a crucial role in local-
izing apical membrane proteins in epithelial cells.”” This
function has been primarily demonstrated by in vitro ex-
periments using cultured epithelial cell models, in which
syntaxin 3 forms soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complexes that
facilitate membrane fusion and vesicle content delivery to
the apical surface.”* ' The importance of syntaxin 3 in vivo
was underscored by 2 key observations. First, systemic Stx3
knockout mice exhibit embryonic lethality, highlighting the
critical role in development.'' Second, mutations in STX3
cause human disease with variable phenotypes. In humans,
STX3 exists as 2 isoforms: STX3A, which is expressed in
multiple tissues, including intestine, retina, kidney, and
pancreas, and the retina-specific STX3B.'” Biallelic muta-
tions affecting only STX3A result in microvillus inclusion
disease (MVID), characterized by severe intestinal malab-
sorption and morphologic abnormalities in the intestinal
epithelium.'»'> When mutations affect both STX3A and
STX3B transcripts, patients develop a syndromic form of
MVID accompanied by severe retinal dystrophy.'” The
location of variants within the gene determines not only
which organs are affected, but also influences the severity
and onset timing of both intestinal and eye-related
manifestations.'”

In mouse kidneys, syntaxin 3 is predominantly localized
in the apical membranes of PTECs.”'* Although the intes-
tinal phenotype of patients with MVID caused by STX3
mutations has been characterized by in vitro experiments and
clinical observations, the specific role of syntaxin 3 in
epithelial cells in vivo remains largely unexplored.'"” This
gap in our understanding is particularly significant given that
conditional knockout studies of Stx3 have primarily focused
on neuronal populations, including retinal rod cells, another
cell type where syntaxin 3 function has been studied.'”"
Although these conditional knockout studies in neurons
have provided valuable insights, they highlight the lack of in-
depth investigation into the specific function of syntaxin 3 in
epithelial tissues. Among the various epithelial cell types, we
specifically focused on PTEC:s in this study for the following
key reasons: (i) the unexplored kidney manifestations of
syntaxin 3 dysfunction in MVID, (ii) the potential role of
syntaxin 3 in maintaining PTEC function and preventing
Fanconi syndrome development, and (iii) the opportunity to

T he proximal tubule (PT) is a critical segment of the
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uncover the fundamental mechanisms of apical membrane
organization in epithelial cells in vivo.

To elucidate the specific function of syntaxin 3 in PTECs
in vivo, we generated tamoxifen-inducible, PTEC-specific
Stx3 knockout mice. We hypothesized that syntaxin 3 defi-
ciency disrupts apical membrane integrity, potentially lead-
ing to a Fanconi syndrome phenotype. This study aimed to
provide new insights into the role of syntaxin 3 in kidney
function and the pathophysiology of Fanconi syndrome and
MVID.

METHODS

Clinical sample analysis

Blood and urine samples from 2 patients with MVID car-
rying STX3 gene mutations were analyzed for Fanconi
syndrome-related parameters. Estimated glomerular filtra-
tion rate was calculated by the creatinine-based Bedside
Schwartz equation.'® The patients were under follow-up care
at University Medical Centre Mannheim (Germany) and the
Sultan Qaboos University Hospital (Oman). The study was
approved by the Ethical Review Committee of The Univer-
sity of Osaka Hospital (approval number: 23105), and writ-
ten informed consent was obtained from the participants.

Animal experiments

Mice were housed in a humidity-controlled specific
pathogen-free room maintained at 22 °C to 24°C with a
12-hour light/dark cycle. All mice had ad libitum access to
water and a standard diet (MF diet; Oriental Yeast) con-
taining 1.07% calcium and 0.83% phosphorus. For invasive
procedures, the mice were anesthetized using i.p. injections
of medetomidine, midazolam, and butorphanol. All animal
experiments were approved by the Animal Ethics Committee
of The University of Osaka (approval number: 04-059) and
were conducted in accordance with the National Institutes of
Health guidelines for laboratory animal care and use. The
number of animals used was determined on the basis of the
3Rs principles (replacement, reduction, and refinement). To
minimize potential confounding factors, the order of the
blood and urine tests and animal cage arrangements were
randomized.

Mouse strains and genetic modification

For experiments labeled as “WT mouse kidney” in
Figure 1, wild-type (WT) C57BL/6] mice (8 weeks old;
Japan SLC) were used. All other experiments were per-
formed using genetically modified mice with the C57BL/6
genetic background. Stx3"" mice were generated essen-
tially as previously described (Supplementary Methods)."”
NdrglcrEERTZ/ * transgenic mice were generated as previ-
ously described.”® Stx3"" mice were crossed with
Ndrgl“*ERT* mice to generate Stx3";Ndrg1©reERT/+
mice. To induce Cre expression under the control of the
Ndrgl promoter in adult mice, 8-week-old Stx3™;
Ndrg1“**RT?"* ‘mice were i.p. injected with 0.15 mg/g
body weight tamoxifen (Sigma Aldrich) dissolved in corn

1089



basic research H Okushima et al.: Syntaxin 3 and polarity of proximal tubule cells

a Cortex Corticomedullary junction

Human kidney

>
[}
c
i)
X
c !
IS
1S
=
T
Low magnification High magnification
b > Syntaxin 3 Phalloidin Merged Syntaxin 3 Phalloidin Merged
W — . :
X
[}
(%)
>
g <
= ’ ’
; s 3 2> 2 ks — 1
Low magnification High magnification
c —| Ndrg1-CreERT2 }— d 1 mo 2 mo 6 mo
X 0 0 0
] ] 0\- l& Q\' {b/& Q\' /&
s 46 .> : S oF & o & oF (o)
— — _ -42
Syntaxin 3 -33
Stx3-cKO ; ; -42
tx3-c -_ - GAPDH s - w— 33
PTEC-specific knockout
e

Merged

a3
s

Syntaxin 3

5 W

Phalloidin
"‘ J

£

Cont

Stx3-cKO

Low magnification High magnification

Figure 1| Syntaxin 3 expression and localization in human and mouse kidney tissues, and generation of proximal tubule epithelial
cell (PTEC)-specific Stx3 conditional knockout (Stx3-cKO) mice. (a) Immunofluorescence staining of human kidney biopsy

tissue. Upper panels show the cortex (left) and corticomedullary junction (right) at a magnification allowing distinction of these regions,
with a dashed line indicating the corticomedullary border. Lower panels display cortical regions at low (left) and high (right) (continued)
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oil (Sigma Aldrich) every other day for a total of 3 in-
jections. These conditional knockout mice were referred to
as Stx3-cKO. Age-matched Stx3";Ndrg1 R+ mice
injected with corn oil alone served as the controls (Conts).
Mouse genotypes were confirmed using polymerase chain
reaction. The primer sequences used for genotyping are
listed in Supplementary Table S1.

General techniques

Histologic analyses, Western blotting, real-time polymerase
chain reaction, brush border membrane (BBM) isolation,
and in vivo analyses of PT endocytosis were performed using
established protocols. The specific primer sets used for real-
time polymerase chain reaction are listed in Supplementary
Table S1. An antibody against the sodium-dependent phos-
phate cotransporter type 2a (NaPi-IIa; solute carrier trans-
porter [SLC] 34A1) was generated as previously described."”
All other antibodies used in this study were commercially
available and are listed in Supplementary Tables S2 and S3.
Additional methodological details are provided in the
Supplementary Methods.

Statistical analyses

Comparisons between the 2 groups were performed using
unpaired Student t tests for normally distributed data or
Mann-Whitney U tests for nonnormally distributed data.
Changes in dietary intake levels and body weight over time
were analyzed using a linear mixed-effects model. Statistical
analyses were conducted using GraphPad Prism 8.0 software
(GraphPad Software) and EZR version 1.61 (Saitama Medical
Center, Jichi Medical University), a graphical user interface
for R (The R Foundation for Statistical Computing).”’ Data
are presented as mean + SD or median with interquartile
range, as appropriate. P < 0.05 was considered statistically
significant.

RESULTS

Syntaxin 3 is predominantly expressed in PTECs and localizes
to the apical membrane in human and mouse kidneys

To identify the key syntaxin protein responsible for apical
membrane trafficking in PTECs, we first analyzed the
expression profiles of all syntaxin family members using
publicly available single-nucleus RNA-sequencing data from
human kidneys.*">** This analysis revealed that although several
syntaxins are expressed, STX3 showed the most prominent and
specific expression in PT segments (Supplementary Figure S1).

o

Other syntaxins expressed in the PT, such as STX7 and STXS,
are known to be primarily involved in endosome-to-lysosome
trafficking and early endosomal regulation, respectively,
rather than apical plasma membrane organization.”** On the
basis of this specific expression pattern, we prioritized syntaxin
3 for further investigation.

Although syntaxin 3 has been shown to localize to the
apical membrane of PTECs in mouse kidneys, its distribution
in human kidney tissues remains poorly characterized.”'* To
address this, we examined the localization of syntaxin 3 in
kidney biopsy samples from patients with minor glomerular
abnormalities and in kidney sections from WT mice using
immunofluorescence staining. In human samples, syntaxin 3
colocalized with Lotus tetragonolobus lectin, a marker of the
apical brush border of PTECs (Figure 1a). Similarly, syntaxin
3 exhibited strong apical localization in the PTECs of WT
mouse kidney sections (Figure 1b). To more definitively
establish its PTEC-specific expression within the kidney
cortex, we performed dual-immunofluorescence staining
with markers for different tubular segments. This analysis
revealed that syntaxin 3 expression is distinct from the distal
tubule marker calbindin-D28k and the cortical collecting
duct marker aquaporin-2 (Supplementary Figure S2).

Patients with MVID carrying STX3 mutations exhibit Fanconi
syndrome features

We analyzed blood and urine samples from 2 patients with
MVID carrying distinct loss-of-function STX3 mutations
(Table 1). Patient 1 had a duplication mutation leading to a
frameshift,'>'*** whereas patient 2 had a splice site muta-
tion. Structural modeling predicts that both mutations result
in severely truncated proteins lacking the essential SNARE
and transmembrane domains, leading to a complete loss of
function (Supplementary Figure S3).

Both patients presented with features consistent with
Fanconi syndrome, although the specific manifestations
varied. Patient 1 exhibited hypokalemia, hypophosphatemia,
and urinary loss of phosphorus, glucose, low-molecular-
weight proteins, and uric acid. In contrast, patient 2 pre-
sented with decreased plasma bicarbonate levels and gener-
alized aminoaciduria (Tables 1 and 2). This phenotypic
heterogeneity likely reflects a complex interplay of factors,
including the different nature of the mutations, the patients’
age, disease progression, and the influence of concurrent
treatments, such as parenteral nutrition.

Although some blood abnormalities could be attributed to
the primary intestinal dysfunction, the presence of specific

|

Figure 1 | (continued) magnifications. Individual staining for syntaxin 3 and Lotus tetragonolobus lectin (LTL) are shown in grayscale, whereas
merged images display syntaxin 3 in red and LTL in green. (b) Immunofluorescence staining of wild-type (WT) mouse kidney tissue. Individual
staining for syntaxin 3 and phalloidin shown in grayscale; merged images display syntaxin 3 in red and phalloidin in green. (c) Schematic
illustration of the breeding strategy to generate PTEC-specific Stx3-cKO mice. Ndrg1-Cre® " mice were crossed with Stx3"" mice. Black triangles
represent the loxP sites flanking exons 7 and 8 (gray rectangles) of the Stx3 gene. Cre-mediated recombination results in the deletion of these
exons in Stx3-cKO mice. (d) Western blot analysis of syntaxin 3 expression in the kidney cortex of control (Cont) and Stx3-cKO mice 1, 2, and 6
months after induction. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as loading control. (e) Immunofluorescence staining of
Cont and Stx3-cKO mouse kidney tissue 2 months after induction, following the same staining pattern as (b). (a,b,e) Bars = 100 um (low
magpnification) and 20 pm (high magnification). Images are representative of 3 independent experiments. To optimize viewing of this image,
please see the online version of this article at www.kidney-international.org.
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Table 1| Clinical and laboratory characteristics of patients
with MVID carrying STX3 mutations

Table 2| Urinary amino acid analysis in a patient with MVID
(patient 2)

Characteristic Patient 1 Patient 2  Reference
Demographics and genetics
Sex Male Male NA
Age, yr 10 3 NA
Mutation site of STX3 ¢.372_373dup c¢.115-2A>G NA
Treatment On PPN On TPN NA
Serum tests
Sodium, mEq/I 137 136 135-145
Potassium, mEq/I 35 4.2 3.5-5.1
Chloride, mEg/I 106 103 98-107
Calcium, mg/dl NA 9.3 8.6-11.5
Phosphorus, mg/dl 2.8 4.7 3.3-5.6
Magnesium, mg/dl 2.2 NA NA
Creatinine, mg/d| 0.41 0.14 0.26-0.42
Urea nitrogen, mg/dI 11.4 21.6 7.8-22.7
eGFR, ml/min per 1.73 m? 112 242 NA
Uric acid, mg/dl 1.3 2.7 3.4-7.6
Glucose, mg/dl 74 76 65-100
Total protein, g/dI 7.1 7.8 6.0-8.0
Albumin, g/dl 34 4.5 3.8-5.4
Blood gas analysis
pH 7.38 7.37 7.35-7.45
HCO;5~, mmol/I NA 19.0 22.0-29.0
Urinary tests
Sodium, mmol/I 108 21 NA
Potassium, mmol/I 48 99 NA
Chloride, mmol/I 68 86 NA
Calcium, mg/dl 7 18 NA
Phosphorus, mg/dl 91 193 NA
Creatinine, mg/d| 11 70 NA
Uric acid, mg/dl 16 118 NA
Glucose, mg/dl 26 NA NA
Protein, mg/dl 129 47 NA
Albumin, mg/dI 8 NA NA
o.1-Microglobulin, mg/I 187 NA NA
f32-Microglobulin, mg/I 46 NA NA
Vitamin D-binding >0.6" NA NA
protein, mg/I
Retinol-binding >3.3° NA NA
protein 4, mg/I
Fractional excretion, %
Phosphorus 121.13 8.21 NA
Uric acid 45.87 8.72 NA

eGFR, estimated glomerular filtration rate; MVID, microvillus inclusion disease; NA,
not available; PPN, peripheral parenteral nutrition; TPN, total parenteral nutrition.

#Values above the upper detection limit.

This table presents the demographic, genetic, and laboratory data of 2 patients with
MVID caused by STX3 mutations. Patient 1 presented with gastrointestinal
dysfunction, growth retardation, metabolic abnormalities, mild hemostatic disor-
ders, and severe retinal dysfunction. Patient age was reported at the time of data
collection. The reference ranges shown are from the institution of patient 2.

urinary abnormalities in both cases provided clear evidence
of kidney PT dysfunction. We obtained data from 2 addi-
tional patients; however, they were excluded from this
analysis because of severe dehydration or poor general
condition. Despite the clinical differences between patients 1

1092

Concentration, Reference,
Amino acid pmol/g creatinine pmol/g creatinine
Alanine 1411 290-1020
a-Aminoadipic acid 391 0-30
a-Aminobutyric acid 125 0-50
Arginine 180 0-80
Asparagine 164 0-270
Aspartic acid 386 10-40
B-Alanine 655 0-40
B-Aminoisobutyric acid 854 0-1550
Citrulline Not detected 0-50
Cystathionine Not detected 0-10
Cystine 644 40-130
Y-Aminobutyric acid 223 0-110
Glutamic acid 348 0-90
Glutamine 1589 370-2090
Glycine 4127 980-2880
Histidine 2887 600-2250
Homocystine 104 0-100
Hydroxyproline Not detected 0-110
Isoleucine Not detected 0-50
Leucine 385 20-160
Lysine 817 90-410
Methionine 206 10-190
1-Methyl-histidine 292 0-350
3-Methyl-histidine 389 180-520
Ornithine 851 0-60
Phenylalanine 455 50-190
Phosphoethanolamine 1478 0-70
Phosphoserine 323 0-300
Proline Not detected 0-80
Serine 2348 280-830
Taurine 13,125 110-1770
Threonine 880 90-420
Tryptophane 408 0-20
Tyrosine 450 90-270
Valine 238 20-180

MVID, microvillus inclusion disease.

This table presents the urinary amino acid profile of patient 2.

and 2, these findings indicate that a functional loss of syn-
taxin 3 contributes to the development of Fanconi syndrome

in humans.

Generation of PT-specific Stx3 knockout mice

The Stx3 gene in mice codes for 4 different splice forms
(Stx3a, Stx3b, Stx3c, and Stx3d), with Stx3a being the only
isoform expressed in kidney tissues.”” We generated mice
with floxed Stx3 alleles (Stx3™") in which exons 7 and 8,
common to Stx3a, Stx3b, and Stx3c splice forms, were
flanked by loxP sites (Supplementary Figure S4A). Systemic
knockout was achieved through 2 different alleles: the tar-
geted allele containing the neomycin cassette before flippase
recognition target-mediated removal (Stx3"¢°"°), and
the Cre-recombined allele generated by crossing with

Kidney International (2025) 108, 1088-1104
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Figure 2| Stx3 conditional knockout (Stx3-cKO) mice develop a Fanconi syndrome phenotype. (a) Urinary excretion of phosphorus,

calcium, magnesium, glucose, and albumin in control (Cont) and Stx3-cKO mice 1, 2, and 6 months after induction (n = 5 per group at each
time point; *P < 0.05 using Student t test for phosphorus, calcium, magnesium, and albumin, P < 0.05 using Mann-Whitney U test for

glucose). (b) Left: Western blot analysis of urinary vitamin D-binding protein and retinol-binding protein. Urine samples were loaded after
normalization to urinary creatinine levels. Right: Quantification of urinary protein levels (n = 4 per group at each time point; *P < 0.05 using
Student t test). (c) Serum levels of creatinine (Cr), urea nitrogen, phosphorus, calcium, magnesium, and glucose in Cont and Stx3-cKO mice
over time (n = 5 per group at each time point; *P < 0.05 using Student t test). (d) Blood gas parameters (pH, CO,, and HCO3™) 2 months after
induction (n = 5 per group; *P < 0.05 using Student t test). All quantitative results are presented as a scatterplot with mean + SD, except for

urinary glucose with median =+ interquartile range.
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Table 3| Comparison of urinary amino acid concentrations in
Cont and Stx3-cKO mice

Cont mice, Stx3-cKO
pmol/g mice, pmol/g
creatinine creatinine

Amino acid (n = 5) (n = 5) P value
Alanine 328 + 42 1718 £ 1197  <0.05
a-Aminoadipic acid 179 + 49 713 £ 380 <0.05
a-Aminobutyric acid 79 £ 32 132 £ 36 <0.05
Arginine 557 £ 120 884 + 493 0.187
Asparagine 337 £ 76 640 + 313 0.069
Aspartic acid 134 £ 42 180 + 38 0.106
B-Alanine 507 £ 115 539 + 59 0.598
B-Aminoisobutyric acid 253 + 56 216 + 23 0.207
Carnosine 37 £17 86 + 51 0.073
Citrulline 120 £ 14 1699 + 1906 0.101
Cystathionine 194 £ 66 512 + 237 <0.05
Cystine 195 £ 92 1610 + 1184 <0.05
Ethanolamine 3740 £+ 210 2948 + 188 <0.05
Y-Aminobutyric acid 359 + 231 344 £ 61 0.891
Glutamic acid 270 + 42 1119 + 286 <0.05
Glutamine 1089 + 208 12,303 + 11,678 0.064
Glycine 1098 £ 125 7594 £ 6609 0.059
Histidine 205 £ 72 2387 + 2086 <0.05
Homocystine 67 + 97 49 + 67 0.739
Hydroxy-lysine 436 + 421 411 + 395 0.927
Hydroxyproline 48 + 47 337 + 214 <0.05
Isoleucine 130 £+ 28 538 + 421 0.063
Leucine 573 £ 80 2801 + 2217 0.055
Lysine 244 + 45 468 + 226 0.061
Methionine 253 £ 77 1769 £ 1316  <0.05
1-Methyl-histidine 676 £+ 134 786 + 107 0.191
3-Methyl-histidine 451 £ 103 569 + 127 0.144
Ornithine 460 + 75 682 + 329 0.181
Phenylalanine 97 £+ 25 246 + 181 0.102
Phosphoethanolamine 362 £ 222 481 + 174 0.373
Proline 44 + 28 222 £ 109 <0.05
Sarcosine 0 176 + 173 0.053
Serine 291 £ 90 1979 £ 1547 <0.05
Taurine 69,558 + 10,868 58,474 + 7468 0.097
Threonine 529 £ 121 5995 + 5450 0.055
Tryptophane 29 + 17 100 + 79 0.087
Tyrosine 166 £ 32 1280 + 1147 0.062
Valine 209 + 42 860 + 660 0.059

Cont, control; Stx3-cKO, Stx3 conditional knockout.

This table presents the urinary amino acid profiles of Cont and Stx3-cKO mice 2
months after induction (n = 5 per group). The number of undetected samples was 1
for yy-aminobutyric acid (1 Cont), 6 for homocystine (3 Cont), 4 for hydroxy-lysine (2
Cont), 2 for hydroxyproline (2 Cont), 1 for proline (1 Cont), and 5 for sarcosine (5
Cont). Data are given as mean + SD. P values were calculated using unpaired
Student t tests.

cytomegalovirus-Cre mice (Stx3~'7). When we examined
the embryo on embryonic day 8.5, systemic knockout em-
bryos (Stx3"¢°/"*°) were smaller than the heterozygotes lit-
termates  (Stx3°¢°'™) (Supplementary Figure S4B). No
systemic knockout (Stx3™'~ or Stx3"°™°) pups were
observed at postnatal day 0 (Supplementary Figure S4C).
Thus, systemic deletion of Stx3 leads to embryonic lethality.
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Next, Stx3"" mice were crossed with mice expressing
tamoxifen-inducible Cre recombinase under the control of
the Ndrgl promoter (Ndrgl“"**"?'*) to generate PT-specific
Stx3-cKO (Figure 1lc and Supplementary Figure S5A).
Tamoxifen treatment of the resulting offspring (Stx3"%
Ndrg1“**®T?/*) ‘induced Cre-mediated recombination and
deletion of Stx3, specifically in PTECs (Stx3-cKO group).
Stx3"Ndrg1“FRT+ mice treated with corn oil alone
served as the control (Cont group). Western blot analysis and
immunofluorescence staining confirmed the successful and
PTEC-specific depletion of Stx3 in Stx3-cKO mice (Figure 1d
and e and Supplementary Figure S5B-D). Stx3-cKO mice
showed no significant differences in food intake or body
weight compared with Cont mice (Supplementary
Figure S5E).

Stx3-cKO mice develop the Fanconi syndrome phenotype
Analysis of urine and serum parameters in Cont and Stx3-
cKO mice 1, 2, and 6 months after induction revealed a
Fanconi syndrome phenotype in Stx3-cKO mice. These mice
exhibited significantly increased urinary excretion of phos-
phorus, glucose, and albumin compared with Cont mice at
all time points, except for the urinary excretion of phos-
phorus 1 month after induction (Figure 2a). Urinary calcium
and magnesium levels were not different between the 2
groups. Western blot analysis of urine samples showed a
marked increase in low-molecular-weight protein excretion
in Stx3-cKO mice (Figure 2b). Additionally, Stx3-cKO mice
displayed increased urinary amino acid excretion (Table 3).
Serum analysis showed no significant differences in most
parameters between Cont and Stx3-cKO mice, except for
calcium levels 1 month after induction (Figure 2c), suggest-
ing compensatory homeostatic mechanisms. However, Stx3-
cKO mice exhibited significant decreases in blood pH and
bicarbonate (HCO; ) levels, with decreased carbon dioxide
(CO,) levels (Figure 2d), indicating metabolic acidosis,
another feature of Fanconi syndrome.

PTECs in Stx3-cKO mice show specific apical trafficking
defects without signs of mitochondrial or lysosomal
dysfunction
Morphologic analysis of PTECs from Stx3-cKO mice
revealed significant structural changes primarily at the apical
pole. Periodic acid-Schiff staining revealed brush border
atrophy (Figure 3a and b). Transmission electron microscopy
analysis provided a detailed quantification of these ultra-
structural changes. Specifically, Stx3-cKO mice showed a
significant reduction in both microvilli length and number,
whereas overall cell height and the number of basolateral
interdigitations were unaffected, indicating the structural
defect was confined to the apical region (Table 4). Concur-
rently, there was a marked increase in the number of sub-
apical vesicles, along with the presence of ectopic brush
borders (Figure 3¢ and Table 4).

Given that other forms of Fanconi syndrome are known
to arise from distinct cellular pathologies—such as primary
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Figure 3| Stx3 conditional knockout (Stx3-cKO) mice exhibit brush border atrophy and microvillus inclusions in proximal tubule
(PT) epithelial cells (PTECs). (a) Periodic acid-Schiff-stained kidney sections from control (Cont) and Stx3-cKO mice 1, 2, and 6 months after
induction. White boxes in low-magnification images (top) indicate areas shown at high magnification (bottom). Bars = 100 um (low
magnification) and 20 pm (high magnification). (b) Quantification of the brush border area per tubule perimeter (n = 3 per group; *P < 0.05
using Student ttest). (c) Transmission electron microscopy images of PTECs 1 month after induction. White squares in low-magnification
images (left) are enlarged on the right. In Stx3-cKO mice, accumulation of vesicles (white arrowheads) and ectopic brush borders (black
arrowheads) were observed. Bars = 20 um (low magnification) and 5 pum (high magnification). (d) Picrosirius red-stained kidney s