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Accepted for publication

June 29, 2023. Chronic kidney disease (CKD) is characterized by the accumulation of uremic toxins and renal tubular

damage. Tryptophan-derived uremic toxins [indoxyl sulfate (IS) and kynurenine (Kyn)] are well-charac-
terized tubulotoxins. Emerging evidence suggests that transmembrane and immunoglobulin domain-
containing 1 (TMIGD1) protects tubular cells and promotes survival. However, the direct molecular
mechanism(s) underlying how these two opposing pathways crosstalk remains unknown. We posited that
IS and Kyn mediate tubular toxicity through TMIGD1 and the loss of TMIGD1 augments tubular injury.
Results from the current study showed that IS and Kyn suppressed TMIGD1 transcription in tubular cells in
a dose-dependent manner. The wild-type CCAAT enhancer-binding protein B (C/EBPB) enhanced, whereas
a dominant-negative C/EBP suppressed, TMIGD1 promoter activity. IS down-regulated C/EBP in primary
human renal tubular cells. The adenine-induced CKD, unilateral ureteric obstruction, and deoxy-
corticosterone acetate salt unilateral nephrectomy models showed reduced TMIGD1 expression in the renal
tubules, which correlated with C/EBPf expression. C/EBP levels negatively correlated with the IS and Kyn
levels. Inactivation of TMIGD1 in mice significantly lowered acetylated tubulin, decreased tubular cell
proliferation, caused severe tubular damage, and worsened renal function. Thus, the current results
demonstrate that TMIGD1 protects renal tubular cells from renal injury in different models of CKD and
uncovers a novel mechanism of tubulotoxicity of tryptophan-based uremic toxins. (Am J Pathol 2023,
193: 1501—1516; https://doi.org/10.1016/j.ajpath.2023.06.018)
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the world’s population and 40 million adult Americans. It
possesses an astronomical health care and economic
burden.'” Patients with CKD experience a relentless dete-
rioration of renal function, culminating in end-stage kidney
disease in a process mainly driven by the loss of functional
renal tubular mass. Despite the importance of tubular cell
protection, the current management of patients with CKD
has few agents that directly protect renal tubular epithelial
cells (RTECs).
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CKD is uniquely characterized by the retention of uremic
solutes,” which are retained from the early stages of
CKD,* © and their levels substantially increase with the
progression of CKD. The protein-bound nature of some
uremic toxins precludes clearance by hemodialysis. A
wealth of epidemiologic studies have demonstrated the as-
sociation of protein-bound uremic toxins with systemic
complications of patients with CKD. These studies are
supported by work in preclinical models, demonstrating
their causal association with cardiovascular diseases; and as
a result, protein-bound uremic toxins are now considered
emerging therapeutic targets.” Epidemiologic studies have
shown a correlation between the levels of uremic toxins,
especially indolic solutes [indoxyl sulfate (IS) and indoxyl
acetate (IA)], and the progression of CKD, suggesting their
possible tubulotoxic effects.” © However, little is known
about the tubulotoxicity of tryptophan metabolites.

We have previously identified transmembrane and
immunoglobulin domain containing 1 (TMIGD1).%’
TMIGD1 is predominantly expressed in the cytosol and
membrane of RTECs’ and also detected in the mitochon-
dria.'” TMIGD1 protects RTECs from cell injury in
response to oxidative stress and nutritional deprivation.”’
Further probing of a rodent CKD model showed down-
regulation of TMIGD1 mRNA in kidneys,” suggesting a
renoprotective function for TMIGD1.”'" We therefore
investigated a possible crosstalk between the uremic tubu-
lotoxin solutes and the renoprotective function of TMIGD1
pathway in CKD.

Materials and Methods

TMIGD1 Heterozygous and Homozygous Knockout
Models

Development and characterization of whole body homozy-
gous TMIGD1 KO mice were previously described.’
TMIGD1 heterozygous mice were generated at the Nanj-
ing BioMedical Research Institute of Nanjing University
(Nanjing, China) on a C57BL/6J background. Mice used in
this study were bred and maintained at Boston University
Medical Center (Boston, MA) after approval from the
Institutional Animal Care and Use Committee. The
following primers were used for genotyping of TMIGDI1
mice: forward primer, 5'-CCCTATATCCTCAGGCTCTG-
3, and reverse primer, 5-CGTTCAGCACTACTG-
TAACGGAC-3'’

Adenine-Induced CKD Model

To evaluate the expression of TMIGDI1 in an adenine-
induced model of chronic kidney disease, a group of 12-
week—old male and female C57BL/6J mice (n = 4) was fed
a normal diet (Teklad Global 18% Protein Rodent Diet;
Envigo, Indianapolis, IN) supplemented with 0.2% adenine
(Research Diets, New Brunswick, NJ) for 14 days.
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Unilateral Ureteric Obstruction Model

A group of 12-week—old C57BL/6 and TMIGD1 KO mice
underwent laparotomy and left ureter ligation proximal to
the urinary bladder. A group of mice was harvested at 1, 2,
and 3 weeks after the procedure, and both obstructed
(ligated) and unobstructed kidneys were isolated. The kid-
neys were sectioned through the hilum along the vertical
axis. Sections were then processed, paraffin embedded, and
sectioned for staining.

DOCA-Salt and Unilateral Nephrectomy Model

A group of 12-week—old C57BL/6 and TMIGD1 KO mice
underwent laparotomy and left kidney resection, followed
by deoxycorticosterone acetate (DOCA) salt pellet implan-
tation. Animals were harvested 6 weeks after the procedure,
and the remaining kidney was sectioned through the hilum
along the vertical axis. Sections were then processed,
paraffin embedded, and sectioned for staining.

TMIGD1 Promoter-Reporter Assay

HEK293T cells were transfected with TMIGD1-luciferase
reporter construct, as described previously.'” Cells were
treated with different compounds after 24 hours of trans-
fection. Luciferase assays were performed after 24 hours of
treatment using the Dual-Luciferase kit (Promega, Madison,
WI), and luciferase values were normalized to protein
content, determined by the Bradford assay (Bio-Rad, Her-
cules, CA). A detailed method is described elsewhere.’

Cell Culture, Reagents, and Immunoblotting

The primary RTECs (Lonza, Lexington, MA; number CC-
2556) were cultured in REGM Renal Epithelial Cell Growth
Medium (Lonza), along with the growth BulletKit (Lonza),
10% fetal bovine serum, and 10% streptomycin, and incu-
bated in a humidified atmosphere of 5% CO, at 37°C.
BUMPT and HEK293T cells were grown in Dulbecco’s
modified Eagle’s medium + 10% fetal bovine serum and
1% penicillin and streptomycin. Cells were incubated with
IS (Sigma-Aldrich, St. Louis, MO; I3875) or IA (Sigma-
Aldrich; 13500) and dimethyl sulfoxide (Sigma, St. Louis,
MO) as control. Immunoblots were performed as described
previously. "'

IF, Antibodies, and Image Quantification

For immunofluorescence (IF) staining, tissue was harvested,
sectioned (5 pum thick), and fixed in formaldehyde or
paraformaldehyde, using conventional procedures. Rabbit
polyclonal anti-TMIGD1 antibody was used at 1:100 dilu-
tion and incubated overnight at 4°C, which was made
against a peptide that corresponded to 20 amino acids in the
extracellular domain of TMIGDI, as described.® The
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authors used rabbit anti—CCAAT enhancer-binding protein
B (C/EBPB) antibody from Cell Signaling (Danvers, MA;
catalog number 3087) at 1:1000 dilution (for immunoblot-
ting) and 1:50 dilution (for IF), incubated overnight at 4°C.
Acetyl-o-tubulin (Lys40; Cell Signaling; 5335) at 1:100
dilution, proliferating cell nuclear antigen (PCNA; Cell
Signaling; 13110) at 1:200 dilution, and Ki-67 (Cell
Signaling; 9449) at 1:100 dilution were used for IF. The
secondary antibodies consisted of Alex Fluor 488, 594, and
647 (Molecular Probes, Eugene, OR) at 1:250 dilution for
45 minutes at room temperature. For Western blot analyses,
the authors used the following antibodies: TMIGDI1
(1:1000), glyceraldehyde-3-phosphate dehydrogenase (Cell
Signaling; 2118S; 1:5000), kidney-specific (Ksp) cadherin
(Novus Biologicals, Centennial, CO; NBP2-45157): 1:1000,
N-cadherin (Novus Biologicals; NBP1-48309; 1:1000), and
C/EBPB (Cell Signaling; 30825S).

For image quantification on IF, the entire slide was
scanned by a motorized stage system using the Nikon
(Melville, NY) NIS Elements software version 5.30.05 at
the Boston University School of Medicine Imaging core.
The images were processed in Imagel software version 1.53
(NIH, Bethesda, MD; https://imagej.nih.gov/nih-image, last
accessed June 13, 2023), where the signal was converted to
grayscale, the number and intensity of pixels were analyzed
as integrated density using the plugin Fiji, and the region of
interest was defined. The integrated density of all the images
was normalized to their area. Image quantification was
quantitated using ImageJ software.

Renal Function Evaluation

Renal function was assessed on terminal plasma from all
mice by measuring blood urea nitrogen (BUN). BUN was
determined by following manufacturer’s protocol using a
Quantichrom Urea Assay Kit (DIUR-100) from Bioassay
Systems (Hayward, CA). Absorbance was measured using a
Quant 96-well plate reader (Bio-Tek Instruments, Inc,
Winooski, VT). Samples were analyzed in duplicate, with
the average BUN determined.

Chemical reagents are included in Supplemental Table S1.

All these compounds were dissolved in dimethyl
sulfoxide.

Nuclear Subcellular Fractionation

Cells were dounce (Kontes, Vineland, NJ) homogenized in
cytosol lysis buffer (250 mmol/L sucrose, 10 mmol/L
HEPES, pH 7.4, 2.5 mmol/L MgCl,, 0.5 mmol/L. EDTA,
100 pmol/L. NazVO,, 100 pmol/L. phenylmethylsulfonyl
fluoride, and complete protease inhibitor; Roche, Marl-
borough, MA). After two centrifugations at 1000 x g for 10
minutes at 4°C, the anucleated supernatant was centrifuged
at 100,000 x g at 4°C for 30 minutes. The supernatant was
removed. The nuclear pellet from the first spin was resus-
pended in nuclear lysis buffer (50 mmol/L. HEPES, pH 7.4,
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50 mmol/L. KCl, 300 mmol/LL NaCl, 0.1 mmol/LL EDTA,
100 pmol/L NazVO,, 100 pmol/L phenylmethylsulfonyl
fluoride, and complete protease inhibitor; Roche) and fol-
lowed by three cycles of freeze and thaw. The nuclear
fraction was cleared by centrifugation.

Histologic Analysis and Quantification of Renal Tubular
Damage

Hematoxylin and eosin and Masson trichrome stains were
performed on the slide in the Histopathology Core at Boston
University Medical Center. The slides were evaluated by a
pathologist (M.B.) blinded to the sample identity. By using
a semiquantitative interstitial fibrosis and tubular atrophy
(IFTA) scoring method on periodic acid—Schiff—stained
sections, tubular atrophy, dilatation, casts, interstitial
inflammation, and fibrosis were used as parameters of
interstitial damage. IFTA grade O indicates no changes;
grade 1, lesions involving <25% of the field; grade 2, le-
sions affecting 25% to 50% of the field; grade 3, lesions
affecting 50% to 75% of the field; and grade 4, lesions
involving >75% of the field.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8
(GraphPad Software, San Diego, CA) or SAS version 9.3
(SAS Institute, Cary, NC). A two-tailed r-test was per-
formed for group comparisons. For multiple groups, overall
group comparison was first examined using analysis of
variance. With the rejection of the null hypothesis, post hoc
analysis using Bonferroni correction or pairwise compari-
sons with Tukey multiple-comparison procedure were per-
formed for in vitro and in vivo studies. Linear regression
was performed to correlate two parameters. P < 0.05 was
considered statistically significant.

Results

The authors first examined whether IS regulates TMIGD1
transcription in renal tubular cells. To this effect, primary
human proximal tubular epithelial cells were treated with
different concentrations of IS, corresponding to levels seen
in patients at different stages of CKD. The TMIGDI
mRNA was reduced in a dose-dependent manner by IS
(Figure 1A). In the same cell lysates, the IS-treated cells
showed approximately 50% suppression of TMIGD1 pro-
tein (Figure 1, B and C). Other cell membrane proteins (N-
cadherin and Ksp-cadherin) were examined in response to
IS treatment (Supplemental Figure S1). Prevalidated Bos-
ton University mouse proximal tubular epithelial cells
(BUMPT)'?'* were treated with the indicated concentra-
tions of IS, and lysates were probed for Ksp-cadherin,
N-cadherin, and TMIGDI1. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) served as a loading control.
Ksp-cadherin expression was up-regulated by 50% to 80%
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in cells treated with 10 to 50 umol/L IS, and the levels follows a bimodal pattern of alteration in response to IS,
reduced by 60% with 100 pmol/L IS. No changes in N- which is different from that of TMIGDI1. However, at
cadherin were noticed with IS. TMIGD1 expression was higher levels of IS, both Ksp-cadherin and TMIGDI1 un-
down-regulated with increasing concentration of IS in derwent similar changes, whereas N-cadherin remained

BUMPT cells. These data suggest that Ksp-cadherin unaltered with IS.
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The transcriptional regulation of TMIGD1 by IS was
assessed next. The TMIGD1 promoter contains four
CCAAT boxes,” which are known to bind to CCAAT/
enhancer binding family of transcriptional factors [C/EPB;
alias liver-enriched transcriptional activator protein (LAP)]
(Figure 1D). C/EPB family has 11 transcription factor
members, of which C/EPBp is expressed in kidneys.'” The
authors posited that C/EPBf regulates the TMIGDI1 tran-
scription in RTECs. A promoter-reporter construct of
TMIGD1 was generated for this purpose (Figure 1D). This
construct contained a 5’-flanking noncoding region of 1241
bp upstream of the transcription start site in the human
TMIGD]1 gene with four CCAAT boxes and was tethered to
luciferase reporter (Figure 1D). To examine the effect of C/
EPB, wild-type C/EPBf and a dominant-negative C/EPBf3
(without the transcription of the DNA-binding domain) were
co-expressed in HEK293T cells. TMIGDI transcription was
up-regulated by wild-type C/EPBf and down-regulated by
dominant-negative CEPBf (Figure 1E). Additionally,
co-expression of dominant-negative C/EPBP along with
wild-type C/EPB@ significantly reduced the TMIGD1 tran-
scription. These data suggest that C/EPBP regulates
TMIGDI1 transcription.

Whether IS regulated TMIGDI1 transcription through C/
EPBf was examined next. First, HEK293T cells expressing
TMIGD1-luciferase reporter construct were exposed to a
titrated concentration of IS (Figure 1F). IS suppressed
TMIGDI! transcription in a dose-dependent manner. Second,

the TMIGD1-luciferase reporter construct with wild-type and
dominant-negative C/EPBP were co-expressed, and the cells
were exposed to IS. TMIGDI transcription was down-regu-
lated in the presence of wild-type C/EPBf, which was abro-
gated in the presence of dominant-negative C/EPBf
(Figure 1G and Supplemental Figure S2). These results suggest
that IS regulates TMIGD1 transcription through C/EPBS.

Because IS suppresses TMIGDI1 transcription and C/
EPBp mediates this effect, the authors hypothesized that IS
down-regulates the expression of C/EPBf. Primary human
proximal RTECs were treated with increasing concentra-
tions of IS and probed for C/EPBf. IS down-regulated C/
EPBB levels in a dose-dependent manner (Figure 1H). The
densitometry analysis revealed nearly a 50% reduction in C/
EPBp expression when cells were exposed to IS concen-
trations of >25 pumol/L (Figure 1I) compared with dimethyl
sulfoxide—treated cells. Collectively, the data described
suggest that IS suppresses TMIGDI transcription by down-
regulating C/EPBf expression in RTECs.

IS is a metabolite of the amino acid tryptophan. Trypto-
phan follows two distinct pathways of degradation.'® A vast
proportion of tryptophan is absorbed in the liver and is
converted to kynurenine (Kyn). Kyn is further modified to
kynurenic acid, quinolinic acid, xanthurenic acid, and an-
thranilic acid. A small proportion of dietary tryptophan is
degraded by the gut microbiome to form indole. On ab-
sorption in the portal circulation, indole undergoes further
transformation into IS and IA.

Figure 1  Indoxyl sulfate (IS) regulates TMIGD1 transcription through CCAAT enhancer-binding protein B (C/EBPB) and down-regulates C/EBPB protein
levels. A: Early-passage primary human renal cortical epithelial cells were treated for 24 hours with an increasing concentration of IS. Cells treated with
dimethyl sulfoxide (DMSO0) served as control. Real-time PCR measured the fold of TMIGD1 expression and normalized it with controls. The t-test was applied to
compare different groups. P values are given for DMSO-treated cells (IS, 0.0 umol/L) compared with IS, 25, 50, and 100 pmol/L. B: Early-passage primary
human renal cortical epithelial cells were treated for 24 hours with a titrated concentration of IS. The cell lysis was probed for TMIGD1. Heat shock protein 90
(HSP90) served as the marker for the loading control. Cells treated with DMSO served as control. Representative images from three independent experiments
are shown. C: Densitometry analysis of TMIGD1 normalized to HSP90 levels from three independent experiments was performed, and the average of three
experiments is shown. Analysis of variance (ANOVA) with Welch correction was used to compare all four groups, which showed P = 0.001. The t-test was
applied to compare different groups. P values are given for DMSO-treated cells (IS, 0.0 pmol/L) compared with IS, 25, 50, and 100 pmol/L. D: A schematic of
TMIGD1 promoter-luciferase construct. A truncated TMIGD1 promoter with Spel restriction site (—1241 to —595 bp) upstream of the TMIGD1 start site (black
angled arrow) was cloned upstream of an internal ribosomal entry site and tethered to a luciferase reporter system. E: HEK293T cells expressing TMIGD1
promoter-luciferase reporter (TMIGD1 luc) were transiently transfected with Flag-tagged wild-type (WT) C/EBPB or hemagglutinin (HA)-tagged dominant-
negative (DN) C/EBPB plasmids. The cells were harvested, and lysates were subjected to Promega dual-luciferase assay and normalized to protein content
[relative luciferase unit (RLU)]. A scatterplot of two independent experiments done in triplicate is shown. The line within each group corresponds to the
median value. ANOVA with Welch correction was used to compare all four groups, which showed P < 0.001. Groups were further compared using t-test, and
post hoc Bonferroni correction was made for multiple comparisons. P values are given for TMIGD1 luc compared with WT C/EBP and DN C/EBP. P value is also
given for WT C/EBPp alone compared with WT C/EBPB + DN C/EBPB. Expression of WT and DN C/EBPB are shown in Supplemental Figure S2. F: HEK293T cells
expressing TMIGD1 luc were treated with a titrated concentration of IS, and luciferase assay was performed as above. A scatterplot of two independent
experiments performed in triplicates is shown. The line within each group corresponds to the median value. ANOVA with Welch correction was used to compare
all four groups, which showed P < 0.001. Groups were further compared using t-test. Compared with the control vector, TMIGD1 luc (treated with DMSO)
showed a significant increase in the luciferase activity (P < 0.001). Groups were further compared using t-test, and post hoc Bonferroni correction was made
for multiple comparisons. Compared with DMSO, IS, 25 pmol/L (P < 0.05), and IS, 50 and 100 pumol/L (P < 0.001). A linear regression analysis showed
R? = 0.71and P < 0.001. G: HEK293T cells co-expressing TMIGD1 luc with WT C/EBPB or DN C/EBPB were treated with increasing concentration of IS or DMSO
(labeled as IS, 0.0 umol/L) and the luciferase activity was performed. Averages of six replicates are shown. Compared with WT C/EBP treated with DMSO (IS,
0.0 umol/L), all the concentrations of IS suppressed TMIGD1 luciferase activity. Compared with WT C/EBPB with no IS, DN C/EBP suppressed TMIGD1 luc
activity (P < 0.01). P values are given for DN C/EBPB compared with cells expressing WT C/EBPB and treated with IS, 50 and 100 umol/L. H: Early-passage
primary human renal cortical epithelial cells were treated with increasing concentrations of IS and lysed. Actin served as a loading control. Cells treated with
DMSO served as control. Representative images from three independent experiments are shown. I: Densitometry analysis of C/EBPB normalized to actin levels
from three independent experiments was performed, and the average of the three experiments are shown. ANOVA with Welch correction was used to compare
all four groups, which showed P < 0.01. The t-test was applied to compare different groups. P values are given for DMSO-treated cells (IS, 0.0 pmol/L)
compared with IS, 25, 50, and 100 umol/L. Error bars indicate SEM (A, C, G, and I). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 2  TMIGD1 expression is down-regulated in mice with adenine-induced chronic kidney disease. A: A group of male and female C57BL/6 mice was
exposed to a 0.2% adenine diet for 4 weeks. The group on a normal diet served as controls. Paraffin-embedded kidney sections were stained with hematoxylin
and eosin (H&E), and images are shown at indicated magnification. Representative images from one mouse per group are shown. B: Paraffin-embedded kidney
sections were stained with modified Masson trichrome stain, and images are shown at indicated magnification. Representative images from one mouse per
group are shown. C: Interstitial fibrosis and tubular atrophy (IFTA) scores were determined for each mouse (average of two kidneys/mouse) in a manner
blinded to the group. The t-test was performed. D: Blood urea nitrogen (BUN) levels in mice at the end of the experiment are shown. The line corresponds to
the median. Groups were compared using the t-test. E: Kidneys harvested from the above mice were stained with TMIGD1 antibody followed by Alexa Fluor
secondary antibody. DAPI stained nuclei. Representative images of kidneys from six mice are shown. Insets: The apical expression of TMIGD1 from renal
tubular cells. F: TMIGD1 expression was quantified using integrated density with ImageJ software version 1.53t, and the expression was measured in each
tubule, demarcated as a region of interest and normalized to the surface area of a tubule. Three randomly selected images per mouse were analyzed. The line
corresponds to the median value in each group. The groups were compared using t-test. G: The kidney lysates of mice harvested at the end of experiments were
probed for TMIGD1, and actin served as a loading control. A representative image from the TMIGD1 band from an individual mouse from each group is shown.
H: Densitometry analysis of the TMIGD1 band normalized to actin was performed for each mouse. The line represents the median. The groups were compared
using t-test. N = 6 (A, C, and F, mice on adenine diet and normal diet). ***P < 0.001. Scale bars: 50 um (A and B, top panels); 10 um (A and B, bottom
panels); 100 pm (E). Original magnifications: <100 (A and B, top panels); x40 (A and B, bottom panels); x200 (E).
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Figure 3  Down-regulation of CCAAT enhancer-binding protein B (C/EBPB) in mice with adenine-induced chronic kidney disease, which correlates with the
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kidney obtained from both the groups of mice. For each mouse, five high-power fields in each mouse per group in controls and mice exposed to a 0.2% adenine
diet were analyzed. D: Serum IS levels in mice at the end of the experiment are shown. Groups were compared using the t-test. E: Serum Kyn levels in mice are
shown. Groups were compared using the t-test. F: Ten randomly selected high-power fields of kidney tissues per mouse on an adenine diet and normal diet
were used to estimate TMIGD1 expression as integrated density normalized to the surface area. The integrated density readings were averaged per mouse and
correlated with the IS levels. R2 = 0.827; P = 0.0119. G: The integrated density readings of TMIGD1 were correlated with the Kyn levels. R? = 0.653;
P = 0.051. H: Average numbers of tubular cells with nuclear C/EBP per 10 images per mouse were used for this analysis. A linear regression was performed.
R? = 0.78; P = 0.0001. I: A linear correlation analysis was performed between IS levels and TMIGD1 expression, as estimated by the intensity density
normalized to the area from mice on an adenine diet. R = 0.55; P = 0.0511. N = 6 per group (B, C, and F). *P < 0.05, **P < 0.01. Scale bar = 100 um (A).
Original magnification, x100 (A).
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Given the structural similarities of IS and other trypto-
phan metabolites, the authors hypothesized that tryptophan
metabolites might similarly down-regulate TMIGDI1 tran-
scription. To this effect, HEK293T cells expressing
TMIGDI1 luciferase construct were exposed to physiologi-
cally relevant concentrations of Kyn, kynurenic acid, qui-
nolinic acid, xanthurenic acid, anthranilic acid, and IA, and
the luciferase signal was measured. The results showed that
Kyn, kynurenic acid, and quinolinic acid had a dose-
dependent down-regulation of TMIGDI1 transcription
(Supplemental Figure S3, A—C). However, the results did
not show a dose-dependent down-regulation with anthra-
nilic acid, xanthurenic acid, and IA treatments
(Supplemental Figure S3, D—F). These findings were
further validated in Kyn-treated cells using real-time RT-
PCR. The results demonstrated a dose-dependent suppres-
sion of TMIGD1 mRNA in cells treated with Kyn at levels
corresponding to patients with CKD (Supplemental
Figure S3G). These results suggest that the suppressive ef-
fect on TMIGDI transcription is not limited to IS but is also
shared by some tryptophan metabolites.

These tryptophan-based uremic solutes are known to
accumulate during CKD. Therefore, the authors posited that
TMIGD1 expression would be suppressed in the renal tubules
and that it would correlate with the levels of these uremic
solutes. To explore this hypothesis, TMIGD1 expression was
examined in different models of CKD. The adenine-induced
CKD model is characterized by profound tubulointerstitial
fibrosis inflicted by the deposition of 2,8-dihydroxy-adenine.
This model is characterized by the retention of uremic toxins
and recapitulates several manifestations of uremia, including
osteodystrophy, uremic cachexia, and a hyper-thrombotic
milieu.'"""'® A group of 8- to 12-week—old male and female
C57BL/6 mice were exposed to a 0.2% adenine diet for 4
weeks. Hematoxylin and eosin—stained renal tissue showed
prominent tubular dilatation, loss of tubular epithelial cells
and brush border of proximal tubular epithelial cells, tubular
cell atrophy, dilatation of tubules, and intraluminal casts,
along with interstitial inflammation mice with adenine diet on
hematoxylin and eosin staining (Figure 2A). Masson tri-
chrome staining showed tubulointerstitial fibrosis in the
adenine-exposed mice compared with controls (Figure 2B).
IFTA is considered the universal pathologic characteristic
implicated in the progression of CKD, irrespective of un-
derlying causes.'’ The IFTA grading showed a fourfold in-
crease in the IFTA scores in the adenine-exposed mice
compared with controls (Figure 2C). BUN doubled in mice
on an adenine diet compared with those on a normal diet
(Figure 2D).

TMIGD1 was expressed in the cytosol and membrane of
tubular cells in both the proximal and distal renal tubular
epithelial cells (Supplemental Figure S4A), as indicated by
immunofluorescence staining. Initial analysis suggested
suppression of TMIGDI in the intact tubules of mice with
an adenine diet compared with that in controls (Figure 2E).
Therefore, its expression in normally appearing tubules was
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quantified and presented as integrated density using ImagelJ
software. Integrated density represents a combination of
intensity and number of pixels for a prespecified region of
interest and normalizes to the surface area (in microme-
ters) 29 (Figure 2F). Because a decrease in the number of
intact tubules with CKD can also result in a reduced
expression of tubular proteins, the levels of TMIGD1 were
normalized to intact tubules. As a result, compared with
controls, a 3.6-fold reduction in normalized TMIGDI1
expression was noted in the kidneys of mice exposed to an
adenine diet. This finding was further confirmed in the renal
lysates of mice in both groups (Figure 2, G and H), which
showed a 2.5-fold suppression in TMIGDI levels in mice on
an adenine diet compared with those on a normal diet.
Kidney whole cell lysates for Ksp-cadherin and N-cadherin
were examined. A 40% to 60% down-regulation of both
Ksp-cadherin and N-cadherin was observed in the kidneys
of mice exposed to adenine diet compared with those
exposed to normal diet (Supplemental Figure S4, B—E).
Mice with adenine-induced CKD have IS levels of 75 to 100
umol/L,21 which was corroborated by the results in BUMPT
cells (Supplemental Figure S1). N-cadherin was strikingly
down-regulated in the adenine diet model. These data may
suggest that N-cadherin in renal tubule is regulated by
mechanisms or metabolites independent of IS.

The levels of C/EBPB in the kidneys of control and
adenine-exposed mice were congruent with that of
TMIGD1. C/EBPp was predominantly located in the nuclei
of RTECsS in the mice on a normal diet. Its expression was
reduced and was observed in the cytosol in mice on an
adenine diet (Figure 3A). This observation was further
quantitated by counting the number of tubular cells positive
for nuclear C/EBPp. Five randomly obtained high-power
field images from each mouse kidney were analyzed, and
a few cells with nuclear C/EBPf were counted in a blinded
manner. In mice on a normal diet, 9.4 + 5.9 cells/high-
power field had nuclear C/EBP, compared with 0 to 2
cells/high-power field in renal tubules of mice on an adenine
diet (Figure 3B). The integrated density of C/EBPf
normalized to intact renal tubules showed threefold reduc-
tion of kidneys of mice on adenine diet compared with those
on a normal diet (Figure 3C).

Metabolomics analysis showed a significant increase of
IS and Kyn levels in mice on an adenine diet (Figure 3, D
and E). Correlation analysis showed that blood levels of IS
and Kyn negatively correlated with TMIGDI1 expression
[R*> = 0.827 (P = 0.0119) and R* = 0.653 (P = 0.051),
respectively] (Figure 3, F and G). IS levels negatively
correlated with nuclear C/EBPf (linear correlation coeffi-
cient > = 0.78; P = 0.0001) (Figure 3H). Finally,
TMIGD1 expression correlated positively with nuclear C/
EBPB (linear correlation coefficient R> = 0.55;
P = 0.0511) (Figure 3I). Collectively, these results suggest
that TMIGD1 expression correlates with C/EBPP in the
renal tubules and that IS and Kyn levels negatively correlate
with the expressions of C/EBPB and TMIGDI1 in RTECs.
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Figure 4  Global TMIGD1 knockout (KO) mice demonstrate more kidney injury in the adenine-induced chronic kidney disease model. A: A schema to
generate TMIGD1 KO mice. B: Genotyping of TMIGD1 wild-type, heterozygous (+/—), and homozygous KO mice (—/—) is shown. C: A group of female TMIGD1
KO mice and littermate wild-type mice (controls) was subjected to a 0.2% adenine diet for 4 weeks. Kidneys harvested at the end of the experiment were
weighed and presented as the ratio of kidney weight (KW)/total body weight (BW). The t-test was performed. D: Representative images of hematoxylin and
eosin (H&E)—stained paraffin-embedded kidney sections from each mouse at two magnifications are shown. E: Representative images of modified Masson
trichrome-stained paraffin-embedded kidney sections from each mouse at two magnifications are shown. Yellow asterisks depict the fibrotic area stained
blue. F: Interstitial fibrosis and tubular atrophy (IFTA) score was measured for kidneys from each mouse per group in a manner blinded to the group. The t-test
was performed. G: Serum blood urea nitrogen (BUN) values from each group exposed to an adenine diet for 3 weeks are shown. The t-test was performed. H:
Serum creatinine values from each group exposed to an adenine diet for 3 weeks are shown. The t-test was performed. I: Serum indoxyl sulfate (IS) values from
each group exposed to an adenine diet for 3 weeks are shown. The t-test was performed. N = 10 mice per group (C—E). *P < 0.05, **P < 0.01. Scale bars: 100
um (D and E, top panels); 25 um (D and E, bottom panels). Original magnifications: x100 (D and E, top panels); x40 (D and E, bottom panels). UTR,
untranslated region.
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Next, the relationships in the above paragraph were
confirmed in other CKD models. Unilateral ureteral
obstruction (UUO) is a well-established model of
obstructive nephropathy.'” From a group of 24 female
C57B16 mice, six mice were harvested per week for 3
weeks, and six more mice were reserved as sham-operated
controls. The numbers of cells with nuclear C/EBP[3 and C/
EBPB levels were quantified in the kidneys of mice using
IF (Supplemental Figure S5A). A strong negative correla-
tion was noted between weeks of UUO and the number of
renal tubular cells with nuclear C/EBPJ (R2 = 048;
P = 0.007) (Supplemental Figure S5B) and TMIGDI
levels in the intact tubular cells (R2 = 041; P = 0.01)
(Supplemental Figure S5C). Similar findings were noted in
the DOCA-salt nephrectomy model, an established model
of hypertensive nephropathy. Ten female C57Bl6 mice
underwent unilateral nephrectomy and DOCA-salt im-
plantation, whereas five sham-operated mice served as
controls. The number of renal tubular cells with nuclear C/
EBPB and TMIGDI1 expression was significantly reduced
in DOCA-salt nephrectomy mice compared with controls
(Supplemental Figure S5, D—F).

All of the models in the previous paragraph indicate a
reduction in TMIGD1 expression in the renal tubules of
mice with CKD and its strong inverse correlation with IS
and Kyn. These results suggest an association between
TMIGDI1 and renal tubular damage. To establish causality,
a global TMIGD1 KO mouse line was generated and these
mice were subjected to CKD, hypothesizing that TMIGD1
loss would exacerbate renal tubular damage and worsen
renal function.

The homozygous global TMIGD1 '~ mice were gener-
ated via clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas 9 system (Figure 4A). CRISPR-Cas
9—mediated loss of TMIGD1 was confirmed by real-time
quantitative PCR (Figure 4B). TMIGD1 KO mice on a
C57BL6 background are viable and fertile, and pups
display no abnormality at the baseline. Kidney sections of
TMIGD1™~ mice showed no evidence of change
compared with wild-type littermates. A group of
TMIGD1 '~ mice was subjected to a 0.2% adenine-
induced CKD model for 4 weeks. Cohoused wild-type
littermates served as controls. TMIGD1 /= mice had
lower kidney weight compared with TMIGD1™* mice, as
represented by a ratio between the kidney and total body
weight, suggestive of a loss of functional kidney mass
(Figure 4C). The kidney sections from these mice showed
higher tubular atrophy, dilated tubules, and glomerulo-
sclerosis compared with the wild-type controls
(Figure 4D). Masson trichrome stain showed fibrosis in the
perivascular and medullary regions in TMIGDI1 ™'~ mice
(Figure 4E). A 1.5-fold increase in the IFTA score was
noted in TMIGDI1 '~ kidneys compared with controls
(Figure 4F). BUN and creatinine had increased by 40% to
50% in TMIGD1 "~ mice. Average BUN was 60 mg/dL in
the TMIGD1 ™" mice versus 78 mg/dL in the TMIGD1 '~
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mice (Figure 4G). Average creatinine levels in the
TMIGD1 """ mice were 1.4 mg/dL, which increased to 1.6
mg/dL in the TMIGD1 "~ mice (Figure 4H). Furthermore,
the average level of IS increased to 82 pumol/L compared
with 65 pmol/L in the TMIGD1 """ mice (Figure 4I). On
adenine diet, TMIGD1"~ mice showed greater tubular
atrophy and fibrosis compared with wild-type littermates
on adenine diet (Supplemental Figure S6).

TMIGD1 '~ mice subjected to two different animal
models recapitulated similar findings as the adenine-
induced CKD model. A group of 8- to 12-week—old fe-
male C57Bl6 TMIGD1™" and TMIGD1 '~ mice was
subjected to the UUO model. Five mice were harvested at
baseline and weekly to the third week after UUO. Both
TMIGD1 ™" and TMIGD1 /'~ mice showed increased
fibrosis in the remaining kidney with the UUO model,
which was apparent in the second week (Figure 5A).
TMIGD1 /" kidney showed an atrophied cortex by the
third week. The IFTA score increased in the second and
third weeks in TMIGD1 ™~ mice compared with
TMIGD1 ™" mice (Figure 5B). Similarly, BUN increased
by 32% to 40% in TMIGDI1 '~ mice in the second and
third weeks (Figure 5C). The DOCA-salt unilateral ne-
phrectomy model is a well-established model of hyper-
tensive renal disease with loss of functional nephron
mass.'” In the DOCA-salt unilateral nephrectomy model,
TMIGD1 '~ mice kidneys showed greater tubular atrophy
and interstitial fibrosis (Figure 5D). The IFTA score
increased in the control kidneys from 2.5 to 3.8 in the
TMIGD1 "~ mice with the DOCA-salt nephrectomy model
(Figure 5E). BUN showed a similar trend and increased
from 27 to 40 mg/dL (Figure 5F). Collectively, this set of
data shows that TMIGD1 '~ mice have greater tubular
damage and worse renal function than TMIGD1"* mice.

Potential mechanism of TMIGD1 regulating tubular sur-
vival was examined further. Previous work has shown that
TMIGD1 regulates acetylation of tubulin,”® which is
necessary for spindle formation during mitosis of cellular
proliferation.*** The authors hypothesized that loss of
TMIGD1 will reduce acetylated tubulin levels and
tubular cell proliferation. To investigate this hypothesis,
TMIGD1 "~ and TMIGD1™~ mice were subjected to a
0.2% adenine diet for 2 weeks to induce renal tubular
damage and proliferation of cells. TMIGD1 ™ mice on an
adenine diet and mice on normal diet served as controls
(Figure 6A). In the normal diet group, no change in acety-
lated tubulin expression was noted between three groups
(Supplemental Figure S7). On an adenine diet, TMIGD1 "
mice had prominently acetylated tubulin in proximal tubular
cells. Compared with this control, TMIGD1 '~ and
TMIGD1 "~ mice had lower expression of acetylated
tubulin levels in proximal tubular cells. Integrated density
analysis revealed that, compared with TMIGD1 ™" mice,
TMIGD!1""~ and TMIGD1 "~ mice showed 22% and 90%
reduction in the expression of acetylated tubulin, respec-
tively (Figure 6B).
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Figure 5 TMIGD1 knockout mice demonstrate greater tubular injury in unilateral ureteral obstruction (UUO) and deoxycorticosterone acetate (DOCA)
nephrectomy chronic kidney disease models. A: A group of 15 C57BL/6 TMIGD1 ™/~ mice and 15 TMIGD*/* littermates were subjected to the UUO model, of
which five mice were harvested every week. Sham-operated mice served as controls. Kidneys stained with modified Masson trichrome stain are shown.
B: Interstitial fibrosis and tubular atrophy (IFTA) score was measured for kidneys from each mouse per group in a manner blinded to the group. Analysis of
variance (ANOVA) was performed to compare all the groups (P = 0.001). Groups were compared using an independent t-test. P values are shown after 2
and 3 weeks. C: Serum blood urea nitrogen (BUN) values from each group are shown. ANOVA was performed to compare all the groups (P = 0.006). Groups
were compared using an independent t-test. P values are shown after 2 and 3 weeks. D: A group of five C57BL/6 TMIGD1 ™/~ mice and 15 TMIGD™/*
littermates were subjected to unilateral nephrectomy and DOCA-salt table implantation model. Representative images of kidneys stained with hematoxylin
and eosin (H&E) and modified Masson trichrome stain from each group are shown. E: IFTA score was measured for kidneys from each mouse per group in a
manner blinded to the group. Groups were compared using the t-test. F: Serum BUN values from each group are shown. Groups were compared using the
t-test. N = 5 per group (A, sham-operated mice). *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars = 25 um (A and D). Original magnification, x40
(A and D).
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Figure 6  TMIGD1 knockout reduces acetylated tubulin and cell proliferation. A: Kidneys harvested from the indicated groups of mice on a 0.2% adenine
diet for 2 weeks were stained with acetylated tubulin antibody. DAPI stained nuclei. Representative images from kidneys from five mice per group are shown.
Bottom: Tubular cells with acetylated tubulin. B: Normalized integrated density of acetylated tubulin obtained from three groups of mice. Three high-power
fields in each mouse per group were analyzed. A linear regression was performed. R = 0.71; and P = 0.004. C: Kidneys harvested from the indicated groups
of mice on a 0.2% adenine diet for 2 weeks were stained with proliferating cell nuclear antigen (PCNA). DAPI stained nuclei. Representative images from
kidneys from five mice per group are shown. D: Normalized integrated density of PCNA obtained from three groups of mice. Two random fields in each mouse
per group were analyzed. A linear regression was performed. R? = 0.83; P < 0.001. E: Kidneys harvested from the indicated mice in the adenine group were
stained with PCNA. DAPI stained nuclei. Images of medulla are shown. Representative images from kidneys from five mice per group are shown. Insets: PCNA-
positive tubular cells. F: Normalized integrated density of PCNA obtained from three groups of mice. Two random fields in each mouse per group were analyzed.
A linear regression was performed. R? = 0.68; and P = 0.010. N = 5 mice per group (B, D, and F). Scale bars: 100 um (A and E, bottom panels); 50 um (C
and E, top panels). Original magnifications: x100 (A and E, bottom panels); x40 (C, cortex, and E, top panels).
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Proposed model of uremic solutes—CCAAT enhancer-binding protein 8 (C/EBPB)—TMIGD1 axis for renal tubular cell protection. In normal renal

function, C/EBPB increases the transcription of TMIGD1 in the renal tubular cells. With tubular damage, accumulation of a set of tryptophan metabolites
reduces the expression of C/EBPB, which, in turn, suppresses TMIGD1 levels in tubules. Along with our previous work, these data suggest that down-regulation
of TMIGD1 in the uremic milieu further compromises tubular cell survival. CKD, chronic kidney disease; IS, indoxyl sulfate; Kyn, kynurenine.

PCNA and Ki-67, well-established cell proliferation
markers, were examined further in both the cortex and
medulla. These regions were examined separately as
differences were noted in cell proliferation markers in
between the cortex and medulla. In the adenine diet
group, TMIGD1 ™/~ and TMIGD1"~ mice showed lower
PCNA in the cortex compared with TMIGD1"" mice
(Figure 6, C and D). The tubular cell proliferation in the
medulla was lower than in the cortex. A similar reduction
in PCNA expression was noted in the medulla of
TMIGD1 /= and TMIGD1"~ mice compared with the
controls, with TMIGD1 ™~ mice showing minimal PCNA
expression (Figure 6, D—F). Ki-67 expression pattern was
like that of PCNA in TMIGD1**, TMIGD1'~, and
TMIGD1™~ mice on adenine diet (Supplemental
Figure S8). These results suggest that loss of TMIGDI1
reduces acetylated tubules and compromises tubular cell
proliferation.
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Discussion

This work demonstrates the down-regulation of TMIGDI1
expression in different CKD models. This effect is, in part,
driven by the accumulated tryptophan-derived uremic toxins,
such as IS and Kyn. This event suppresses C/EBPB-mediated
TMIGDI1 transcription in the renal tubular epithelial cells.
The study demonstrated that the in vivo significance of
TMIGDI1. TMIGD1 KO mice show greater renal tubular
damage and worse renal function in different CKD models.
Loss of TMIGDI1 decreased acetylated tubulin expression
and tubular cell proliferation. Combined with previous
work,” the data support an IS-CCAAT/EBPB-TMIGDI axis
in renal tubules and a model of IS- and Kyn-induced tubu-
lotoxicity (Figure 7). These data suggest that CKD (from an
inciting cause) results in the accumulation of uremic toxins,
such as IS and Kyn. Higher levels of IS and Kyn suppress the
C/EBPB-TMIGDI1 axis, compromising renal tubular cell
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survival and perpetuating the decline of renal function. These
results also suggest that the down-regulation of TMIGDI
expression in the renal tubules in CKD model is not due to
reduction in renal tubular mass but rather that TMIGD1
down-regulation contributes to renal tubular loss.

The normal kidney contains post-mitotic quiescent renal
tubular cells in the Go phase with a low turnover.”* The
proliferation of renal tubular cells is essential for the regen-
eration of renal tubules after an insult. Renal tubular cells
undergo several processes to regenerate tubules, including
dedifferentiation, proliferation, and redifferentiation, to ac-
quire the tubular cell phenotype.”* Mitotic spindle assembly
is critical for cell division.”” Previous work has shown that
TMIGDI1 binds to the ezrin, radixin, and moesin family
proteins in renal tubular epithelial cells (namely, moesin and
ezrin).””> Moesin primarily interacts with TMIGDI via its N-
terminal domain. Loss of moesin impairs the TMIGDI1-
mediated acetylation of a-tubulin and F-actin and mitotic
spindle organization. Loss of TMIGD1 regulation of lysine
40 acetylation (K40) of microtubules, mitotic spindle for-
mation, and cell proliferation is likely to be one of the
mechanisms driving renal tubular damage in CKD models.

A dichotomy in the function of TMIGD1 exists. In von
Hippel—Lindau null renal proximal tubular epithelial cells,
TMIGD1 stimulates phosphorylation of p38 mitogen-activated
protein kinases (MAPK) and induces the expression of p21
cyclin-dependent kinase inhibitor 1 and p27 cyclin-dependent
kinase inhibitor 1B.” These events attribute to the tumor sup-
pressor function of TMIGD1, suggesting that TMIGD1 may
have different roles in normal versus transformed renal tubular
epithelial cells with the loss of tumor suppressor.

TMIGD1 has been shown to protect renal tubules against
oxidative stress and nutrient deprivation.® Several studies
have demonstrated that the uremic milieu is highly oxida-
tive,”® and IS induces oxidative stress in different cells.>’ >’
Therefore, it stands to reason that pro-oxidative uremic
solutes target TIMGDI1 and suppress its expression. Indoxyl
sulfate is a decomposition product of tryptophan by intes-
tinal bacteria and liver metabolism. IS is associated with
different pathologic processes in renal tubules, such as
oxidative stress, inflammation, epithelial-to-mesenchymal
transition, and apoptosis of renal tubular cells.”’ > How-
ever, the mediators of these effects remain incompletely
understood. This work supports the notion that down-
regulation of TMIGD1 is one of the mediators of IS-induced
tubulotoxicity (Figure 7). Moreover, this work expands
TMIGD1 transcriptional regulation by other tryptophan
metabolites, such as IA, Kyn, and kynurenic acid, possibly
due to shared structural elements with IS, such as indole and
cyclopentane rings. This work proposes a potential role of
other tryptophan metabolites in tubular toxicity.

The C/EBP proteins, a family of transcription factors,
bind to nonsymmetric DNA sequences in the promoter/
enhancer regions to regulate various functions, such as cell
cycle, inflammation, metabolism, and host immune re-
sponses. C/EBP members are linked to renal diseases. Xie

1514

et al*° described that fibrosis in the UUO model is charac-
terized by the down-regulation of tubulointerstitial nephritis
antigen in the obstructed kidney. C/EBPf binds to the
tubulointerstitial nephritis antigen promoter to regulate its
expression. Duitman et al’’ demonstrated that C/EBPS
deficiency increased renal fibrotic response, enhanced
tubular injury, increased collagen deposition in the inter-
stitial area, and produced a higher expression of trans-
forming growth factor-B in the UUO model. The current
work adds to these previous reports and links TMIGD1 and
uremic solutes to C/EBP biology.

This work has limitations. Cell division may be oriented
longitudinal (apical-basal) or perpendicular to it in tu-
bules.” Further work is needed to examine the TMIGD1
regulation of mitotic spindles in renal tubules after injury
and the mechanism of down-regulation of C/EBPJ by ure-
mic toxins. This study focused on CKD models in female
mice. The current models do not investigate the role of
TMIGDI1 in the transition from acute kidney injury to CKD
in both sexes.

In conclusion, the current work demonstrated the reno-
protective role of TMIGD]1 in various CKD models and
uncovered a mechanism of tubulotoxicity by tryptophan-
derived uremic toxins. This work supports further explora-
tion of TMIGDI1 as a potential therapeutic target to protect
renal tubules in CKD.
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