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ABSTRACT

Background For many patients with kidney failure, the cause and underlying defect remain unknown. Here,
we describe a novel mechanism of a genetic order characterized by renal Fanconi syndrome and kidney failure.

Methods We clinically and genetically characterized members of five families with autosomal dominant renal
Fanconi syndrome and kidney failure. We performed genome-wide linkage analysis, sequencing, and expression
studies in kidney biopsy specimens and renal cells along with knockout mouse studies and evaluations of mito-
chondrial morphology and function. Structural studies examined the effects of recognized mutations.

Results The renal disease in these patients resulted from monoallelic mutations in the gene encoding glycine amidi-
notransferase (GATM), a renal proximal tubular enzyme in the creatine biosynthetic pathway that is otherwise associ-
ated with a recessive disorder of creatine deficiency. In silico analysis showed that the particular GATM mutations,
identified in 28 members of the five families, create an additional interaction interface within the GATM protein and
likely cause the linear aggregation of GATM observed in patient biopsy specimens and cultured proximal tubule cells.
GATM aggregates-containing mitochondria were elongated and associated with increased ROS production, activation
of the NLRP3 inflammasome, enhanced expression of the profibrotic cytokine IL-18, and increased cell death.

Conclusions In this novel genetic disorder, fully penetrant heterozygous missense mutations in GATM
trigger intramitochondrial fibrillary deposition of GATM and lead to elongated and abnormal mitochon-
dria. We speculate that this renal proximal tubular mitochondrial pathology initiates a response from the
inflammasome, with subsequent development of kidney fibrosis.
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CKD is a worldwide health problem, and it comprises heteroge-
neous disorders affecting kidney structure and function.! The un-
derlying pathogenesis is complex and in many patients, involves
genetic predisposition.

Here, we describe in five extended families a novel form of
autosomal dominant kidney disease. The disease is character-
ized by renal tubular Fanconi syndrome early in life followed by
progression to renal glomerular failure in middle adulthood.
All of our patients show monoallelic mutations in the gene
glycine amidinotransferase (GATM) that create an additional
protein-protein interaction surface at which the protein mul-
timerizes, leading to large mitochondrial protein aggregates.
The appearance of these aggregates was paralleled by increased
production of reactive oxygen species (ROS), inflammatory
signals, cell death, and renal fibrosis. This new disease expands
the gamut of etiologies of tubuloglomerular disease.

METHODS

Full details of the methods can be found in Supplemental
Material.

Patients

Members of two families were admitted to the National Insti-
tutes of Health Clinical Center and enrolled in clinical protocol
1-HG-0106 or 76-HG-0238. Three additional families were
evaluated in Cambridge, Oxford, and London. All participat-
ing individuals or their parents gave written informed consent.
All investigations, including genetic studies, were approved by
the respective institutional review boards and conducted ac-
cording to the principles of the Declaration of Helsinki.

The diagnosis of renal Fanconi syndrome and kidney failure
was established by routine laboratory investigations of urine
andblood samples. Clinical details concerning four of these five
families have been published previously.>-10 Kidney samples
were acquired from two affected individuals. One patient was
biopsied at age 21 years old; another patient died at age of 65
years old due to ESRD, and the kidney was studied at autopsy.
Electron microscopic studies and histologic staining were per-
formed using established procedures.!! One affected adult and
one unaffected adult underwent brain 'H-NMR spectroscopy
using standard diagnostic procedures.!?

Genetic Studies

We previously linked the locus for this trait in an extended
United States family (Figure 1A, family 1) to a region on chro-
mosome 15q.!3 To prove linkage to the same locus, we
performed additional linkage studies in our other families
showing the same trait. To this end, DNA was isolated from
whole blood using standard procedures, and it was genotyped
with 2000 highly polymorphic STS markers by deCODE Ge-
netics (Iceland) for families 3-5 or commercially avail-
able single-nucleotide polymorphism chips (Affymetrix) for
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Significance Statement

This manuscript describes a novel mechanism of renal tubular
damage and CKD involving the formation of unique intra-
mitochondrial protein aggregates. The disease results from mon-
oallelic mutations in the gene encoding glycine amidinotransferase
(GATM), a proximal tubular enzyme in the creatine biosynthetic
pathway. All disease-related GATM mutations create an additional
interaction interface within the GATM protein, promoting its linear
aggregation. Aggregate-containing mitochondria in proximal tu-
bular cells are associated with elevated production of reactive ox-
ygen species, initiation of an inflammatory response, and increased
cell death. These data establish a link between intramitochondrial

GATM aggregates, renal Fanconi syndrome, and CKD.

family 2 (Figure 1A). Multipoint parametric linkage analysis
was performed using established procedures for families
2-5.11 Initial gene discovery was performed by either targeted
capture and next generation sequencing (The Eastern
Sequence and Informatics Hub, University of Cambridge,
Cambridge, United Kingdom) or whole-exome sequencing
(SeqWright, Inc., Houston, TX) in six affected individuals
from four of our families. Recognized sequence variants
within the linked region were examined for segregation
in all available affected and unaffected family members and
confirmed by Sanger sequencing. Observed novel sequence
variants were assessed for uniqueness and evolutionary con-
servation in various species. Public databases (dbSNP, 1000
Genomes, and exome database) were also interrogated.

Renal Proximal Tubular Cell Model and Kidney Imaging
A permanently transfected, inducible renal proximal tubular
cell line derived from LLC-PKI1 cells was created for each
patient GATM mutation using recombinant technology.
LLC-PK1 cells are an established model, and they reliably ex-
press many properties of the renal proximal tubule.!! For in
situ immunolabeling, subcellular studies, metabolic studies,
expression studies, and electron microscopy, cells and tissues
were prepared and investigated using established procedures
(for information on antibodies, please see Supplemental Table
1). Specifically, the renal and intracellular localization of
GATM was studied. Changes in expression of relevant genes
were studied using established real time PCR technology (for
primer sequences, please see Supplemental Table 2).

Gatm Knockout Mice

All animal experiments were performed according to the
guidelines for the care and use of laboratory animals published
by the US National Institutes of Health, and they were approved
by the local councils for animal care according to the German
law for animal care. We previously generated Gatm knockout
mice to study the biochemical function of this mitochondrial
protein.'# Mutant mice were viable, and they were without
detectable gross phenotypic defects but dystrophic. Urinary
metabolites were assessed in knockout and control mice using
established analytic procedures.
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Figure 1. Pedigrees of families with autosomal dominant renal
Fanconi syndrome and kidney failure and kidney specimens with
signs of renal fibrosis. (A) Pedigrees of families with renal Fanconi
syndrome and kidney failure. Squares indicate men, and circles
indicate women. A black symbol indicates that the person is af-
fected; deceased individuals are drawn with a diagonal line
through the symbol. An asterisk indicates that the person con-
tributed to linkage and sequencing studies. Note the de novo
"appearance” of the disease in family 4. (B) Multipoint parametric
linkage analysis for families 3-5 for chromosome 15. The y axis
shows the logarithm (base 10) of odds (LOD) score, and the x axis
gives the genetic distance in centimorgan. Note significant
linkage (LOD score >3) in the region of 40-60 cM. (C) Masson-
Goldner staining of a postmortem kidney specimen from a pa-
tient with renal Fanconi and kidney failure. Connective tissue is
stained light green. This specimen shows the highly fibrotic
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Structural Studies

To test the hypothesis of mutation-mediated aggregation of
GATM, we performed molecular dynamics simulations on the
wild-type monomer and the four mutants. Modeling of pos-
sible protein-protein interaction surfaces (GRAMM-X; vakser.
bioinformatics.ku.edu/resources/gramm/grammx/) started
with the structure of the wild-type monomer (Protein Data
Bank ID code 1JDW).

Statistical Methods

Data are presented as the mean+SEM, and they were analyzed
using one-way ANOVA or t test if not specified otherwise. For
all analyses, if not stated otherwise, a P value of 0.05 was ac-
cepted to indicate statistical significance. Statistical analysis
was performed using GraphPad Prism 5, OriginPro, and
SPSS software.

RESULTS

Clinical Studies

All affected individuals from five extended families (Figure 1A)
exhibited an autosomal dominant form of CKD. During child-
hood, all patients developed a renal Fanconi syndrome with
glucosuria, hyperphosphaturia, generalized hyperaminoacidu-
ria, low molecular weight proteinuria, and metabolic
acidosis but without debilitating rickets or bone deformities.
As an example, at age 18 months old, the youngest affected child
studied exhibited laboratory findings typical of renal Fanconi
syndrome but no glomerular compromise (Supplemental
Table 3). During late adolescence or adulthood, increased
plasma creatinine became apparent, and patients developed
renal fibrosis and kidney failure, with the need for trans-
plant or dialysis in the third to sixth decade of life. A graph
illustrating the decline in kidney function in relation to age

terminal kidney morphology of the disease. The cortex is shrunken
and contains very few proximal tubules. Most glomeruli as well as
the tubules are atrophic and fibrotic (upper left corner), and some
appear intact (lower right corner). Scale bar, 50 um. (D) Immuno-
fluorescence of same specimen as in C. a-Smooth muscle actin (a
marker for myofibroblasts) is red, and nuclei are blue. The Bowman
capsule of the glomerulus contains myofibroblasts (red), which
suggests that the kidney damage is not restricted to proximal tu-
bules during the final stage of the disease. Scale bar, 20 um. (E)
Immunofluorescence of same specimen as in C. Glycine amidino-
transferase (GATM) is green, a-smooth muscle actin (a marker for
myofibroblasts) is red, and nuclei are blue. The picture shows a
proximal tubule with GATM-positive epithelium (asterisk). Several
layers of myofibroblasts (arrowhead) surround the tubule. Scale
bar, 20 um. (F) Electron microscopy of same specimen asin C. Most
tubules show an extremely thick basal membrane containing my-
ofibroblasts (arrowhead). Tubular epithelium is marked by an as-
terisk. Scale bar, 7 um.
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Figure 2. Mutant GATM proteins form intramitochondrial filaments due to a mutation-induced additional interaction site that allows
linear aggregation of GATM dimers. (A) Electron microscopy of a proximal tubular cell from a patient’s biopsy showing giant mito-
chondria with deposits (arrows). Scale bar, 1 um. (B) Glycine amidinotransferase (GATM) immunogold electron microscopy of a
proximal tubular cell with an enlarged, filament-containing mitochondrion from a patient’s biopsy. Asterisk indicates proximal tubule
brush border membrane. Scale bar, 2 um. (C) Higher magnification of B (white square). Note the packed linear deposits with 6-nm
GATM-specific gold particles attached (arrowheads). Scale bar, 200 nm. (D) Immunofluorescence of LLC-PK1 renal proximal tubular
cells with induced expression (3 days) of wild-type GATM (green). Normal mitochondria are in red (Mitotracker), and nuclei are in blue.
Scale bar, 20 um. (E) Immunofluorescence of LLC-PK1 cells with induced expression (3 days) of mutant GATM (T336A; green) and
abnormal mitochondria (red). Nuclei are in blue. Scale bar, 20 um. (F) Immunofluorescence of LLC-PK1 cells with induced expression (9
weeks) of mutant GATM (green) causing large deposits. Nucleus is in blue. Scale bar, 10 um. (G) Electron microscopy of an LLC-PK1 cell
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is shown in Supplemental Figure 1. Premature deaths due to
compromised glomerular kidney function occurred in several
families. No extrarenal clinical findings were noted.

Genetic Analyses

In all six affected individuals initially studied, sequencing of all
genes within the linked locus on chromosome 15 (Figure 1B)
showed mutations in a single gene identified as GATM encod-
ing the “glycine amidinotransferase.” Subsequent sequencing
of all 28 clinically affected individuals showed that each had
one heterozygous missense mutation in GATM. We identified
four previously unreported heterozygous missense mutations
of evolutionary conserved amino acid residues in GATM
(c.958C>T, p.P320S; c.1006A>G, p.T336A; c.1007C>T, p.
T3361; ¢.1022C>T, p.P341L) (Supplemental Figure 2). In
each family, one variant segregated with the disorder and
was fully penetrant. None of the unaffected family members
carried any of these GATM mutations. One family showed a de
novo heterozygous mutation in affected offspring confirmed
by haplotype analysis, which was passed on to the next gener-
ation (Figure 1A, family 4).

Histologic Examinations

Patients’ biopsies showed the morphologic correlate of kidney
fibrosis on routine staining (Figure 1, C-F, Supplemental Figure
3). In normal kidneys, GATM was found in mitochondria of
proximal tubules, particularly in the early segments (Supplemental
Figure 4).15 In a patient’s kidney biopsy, electron microscopy
and GATM-specific immunogold labeling of renal proximal
tubules revealed drastically enlarged mitochondria containing
pathologic GATM protein aggregates (Figure 2, A—C).

To further explore the pathophysiologic mechanisms of
this particular mitochondrial phenotype, we overexpressed
wild-type or mutant GATM in a renal proximal tubule cell
line, LLC-PK1 (Supplemental Figure 5). Normal mitochon-
drial morphology was observed in cells expressing wild-type
GATM, but abnormal and elongated mitochondria were
observed in the cells expressing the GATM T336A mutant
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(Figure 2, D-F, Supplemental Figure 6). Similar findings
were present in cells transfected with GATM mutants T336I,
P341L, and P320S (Supplemental Figure 7). Immunogold
electron microscopy of cells overexpressing mutant GATM
showed drastically enlarged mitochondria containing GATM-
positive fibrillary aggregates, similar to the deposits observed in
proximal tubules of patients’ biopsies (Figure 2, G-I).

Structural Studies

We performed in silico structural studies of GATM, which con-
tains ten x-ray crystallographic structures in the Protein Data
Bank.!6 The 423-amino acid GATM protein is built around a
central core formed by five antiparallel B-sheets (B1-B5) dis-
posed around a fivefold axis of symmetry. Such a structure is
potentially prone to protein-protein aggregation due to the pres-
ence of the five solvent-exposed B-sheets. In addition to the
domain of fivefold symmetry, the GATM protein hosts one ad-
ditional domain composed of four a-helices and a B-hairpin
involved in formation of the wild-type dimer. Assembly of the
physiologic GATM dimer involves the two facing 3-sheets (B2)
disposed in parallel with an angle of approximately 45° with
respect to each other, harboring the catalytic enzymatic activity
domain (Figure 2, J and K).

The four disease-related mutations involve three amino
acids conserved through evolution (Supplemental Figure 2)
(i.e., Pro320, Pro341, and Thr336). All three are located on the
surface around sheet B4, which is located opposite to the B2
surface (Figure 2, K and L). Thus, these mutations could im-
pair the proper folding of the B4 surface. In fact, structure
simulations of these four GATM mutants predicted increased
mobility of the same region for each of them, predisposing the
mutated B4 region to form an additional interaction site. Spe-
cifically, the presence of two opposite dimerization surfaces,
B2 and B4, would support the formation of linear multimers,
with each mutant GATM monomer linked to two protein
partners by two dimerization interfaces (i.e., the existing
“physiological” B2—-B2 and the “de novo” pathologic B4-B4
interface) (Figure 2M).

overexpressing the T336A mutant. Within the mitochondrial matrix, GATM filaments were aligned in aparallel manner (arrowheads). Cristae
are marked by arrows. Scale bar, 500 nm. (H) Immunogold electron microscopy of mutant GATM (T336A) in LLC-PK1 cells. Intra-
mitochondrial gold particles attached to linear long aggregates (arrowheads) indicate that GATM comprises these deposits. Scale bar, 100
nm. (I) Electron microscopy of LLC-PK1 cells overexpressing the P341L mutant in LLC-PK1 cells. A GATM filament appears to prevent
mitochondrial fission (arrow). Scale bar, 500 nm. (J) Wild-type GATM in two orientations rotated by 90° around the horizontal axis colored by
secondary structures: yellow B-sheets, green loops, and red a-helices. In the left orientation, the fivefold symmetry with the five B-sheets
B1-B5 is visible. In the right orientation, the B-hairpin involved in wild-type homodimer formation becomes visible. (K) The wild-type
homodimer is stabilized by interaction of B-sheets B2. (L) Mutated GATM. Surface of the B4 module (green) shows the mutated amino
acids in red. Remainder of GATM is blue. Localization of all observed mutations (p.P320S, p.T336A, p.T336l, and p.P341L) on the same
surface leads to the appearance of a novel additional interaction site. (M) Proposed disease mechanism in which the creation of an ad-
ditional mutation-related novel interaction site in the B4 module can lead to aggregation of GATM multimers instead of the physiologic
homodimer; B2 denotes physiologic interaction site forming enzymatically active GATM. B4 denotes additional interaction site opposite
the B2 module mediating longitudinal GATM aggregation. Monomers carrying the mutation are shown in green and cyan, respectively.
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Figure 3. Intramitochondrial filaments of mutant GATM escape degradation and are associated with increased ROS production and
activation of the NLRP3 inflammasome. (A-D) LLC-PK1 cells, induced with tetracycline for 2 weeks, overexpressed wild-type glycine
amidinotransferase (GATM). Induction was discontinued to stop further overexpression. GATM was immunolabeled immediately after
(A) discontinuing tetracycline or (B) 4, (C) 6, and (D) 8 weeks. At week 4, the GATM signal (green) was very faint, and at week 6, GATM
was no longer detected. Nuclei are in blue. Scale bar, 20 um. (E-H) Protocol is the same as in A-D but with LLC-PK1 cells over-
expressing the T336A mutant. Within 8 weeks, the cells were not able to degrade GATM deposits and giant mitochondria. Scale bar,
20 pm. (l) Live cell imaging of mitochondrial reactive oxygen species (ROS) production in LLC-PK1 cells overexpressing wild-type
GATM (n=6) or the T336A mutant (n=6). ROS production rate was measured with the ROS cell-permeant dye CellROX Deep Red. The
slopes of the linear regression curves were significantly different (analysis of covariance; P<0.01). (J and K) Real time PCR in LLC-PK1
vector control cells (vector), cells overexpressing wild-type GATM (wild type), and the T336A mutant (T336A); n=20 dishes for each
group (mean=SEM). Values were normalized to B-actin mRNA expression. (J) Real time PCR of the inflammasome component NLRP3.
*Significantly different from vector control cells (ANOVA; Bonferroni test; P<<0.001); *significantly different from wild-type GATM-
expressing cells (P<0.001). (K) Real time PCR of the profibrotic cytokine IL-18. *Significantly different from vector control cells (ANOVA;
Bonferroni test; P<<0.001); #significantly different from wild-type GATM-expressing cells (P<0.001). (L) IL-18 ELISA in total cell lysates of
LLC-PK1 cells overexpressing wild-type GATM (n=3) or the T336A mutant (n=3). Data were normalized to total protein content.
*Qverexpression of the T336A mutant led to increased IL-18 synthesis (unpaired; two-sided t test; P=0.001).

Gatm™'~ Mouse Studies

We used Gatm ™'~ mice to determine whether mitochondrial
GATM haploinsufficiency (i.e., decreased GATM activity) was
likely to have caused our families’ renal Fanconi syndrome.

trigger a pathologic cascade inside and outside the proximal
tubules, resulting in our patients’ signs and symptoms.

Intramitochondrial Deposits Impair Mitochondrial

No aminoaciduria or glucosuria was observed in these mice
(Supplemental Figure 8), indicating that lack of Gatm did not
significantly affect renal proximal tubular function. Rather, we
propose that mutant GATM proteins within mitochondria

1854 Journal of the American Society of Nephrology

Degradation and Elicit an Inflammatory Response

In anext set of experiments, we investigated mitochondrial turn-
over in cells overexpressing mutant GATM. Electron micro-
graphs of these cells indicated that the fibrillary GATM deposits

J Am Soc Nephrol 29: 1849-1858, 2018
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Figure 4. Expression of mutant GATM in epithelial cells results in
enhanced transcription of fibronectin and smooth muscle actin
and increases the rate of cell death. Dietary creatine supple-
mentation can be used to suppress GATM expression. (A and B)
Real time PCR in LLC-PK1 vector control cells (vector), cells
overexpressing wild-type glycine amidinotransferase (GATM;
wild type), and the T336A mutant (T336A); n=20 dishes for each
group (mean *£SEM). Values were normalized to B-actin expres-
sion. (A) Real time PCR of fibronectin 1 (FN1). Values of vector
control cells were not different from wild-type GATM-expressing
cells (P=0.05). *Significantly different from vector control cells
(ANOVA; Bonferroni test; P<<0.001); #significantly different from
wild-type GATM-expressing cells (P=0.003). (B) Real time PCR of
a-smooth muscle actin 2 (ACTA2). *Significantly different from
vector control cells (ANOVA; Bonferroni test; P<<0.001); #signifi-
cantly different from wild-type GATM-expressing cells (P<0.001).
(C) Lactate dehydrogenase (LDH) release as a measure of cell
death in LLC-PK1 cells overexpressing wild-type GATM (n=3) or
the T336A mutant (n=3). After induction (3 weeks), the cell me-
dium remained unchanged, and samples were taken on days 2-4.
ANOVA with post hoc t tests corrected for multiple testing by the
Bonferroni method; P values were 0.004 (day 2), <0.0001 (day 3),
and <0.0001 (day 4). *Significantly different from wild-type
GATM-expressing cells. (D) Cell death in LLC-PK1 cells over-
expressing the T336A mutant (induced for 7 weeks). The remains
of a dead cell with giant mitochondria (green). The nucleus (red)
is fragmented (arrows), indicating cell death. Scale bar, 10 um. (E
and F) Effect of oral creatine supplementation on Gatm expres-
sion. Wild-type mice were supplemented with 1% creatine in
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might impair mitochondrial fission and thus, mitochondrial
degradation (Figure 2I). Indeed, overexpression of mutant
GATM led to a reduced mitochondrial turnover rate in our
cell model. This was evidenced by the presence of GATM-pos-
itive enlarged mitochondria even 8 weeks after induction of
GATM T336A expression was discontinued (Figure 3, A—H).

Furthermore, we explored possible links between mito-
chondrial GATM protein deposits and pathways inducing tu-
bular damage and renal fibrosis. The mitochondrial phenotype
in our cell model was associated with an increased production
of ROS (Figure 3I). Excess ROS generation leads to oxidative
stress and triggers—in concert with other factors—the in-
flammasome.!7-20 In fact, LLC-PK1 cells carrying mitochon-
drial GATM deposits showed significantly elevated mRNA
expression of both the inflammasome component NLRP3
and IL-18, a cytokine known to promote renal fibrosis (Figure
3,Jand K).21:22 L-18 protein was also elevated as measured by
ELISA (Figure 3L). Moreover, those cells exhibited increased
fibronectin and smooth muscle actin mRNA levels (Figure 4, A
and B) as well as an increased rate of cell death (Figure 4, C and
D). These findings strongly suggest that mitochondrial GATM
aggregates led to activation of components of the inflamma-
some and release of profibrotic factors, thereby providing a
plausible pathogenic link between heterozygous GATM mu-
tations, kidney fibrosis, and renal failure.

Potential Treatment

Because mutant GATM protein resulted in pathogenic intra-
mitochondrial deposits in renal proximal tubular cells, we
investigated means to reduce GATM production. GATM ex-
pression was reported to be negatively feedback regulated by
creatine in rats,?? and therefore, we supplemented wild-type
mice with 1% creatine in their drinking water for 1 week. This
protocol reduced renal GATM mRNA expression by 27%
and GATM protein by 58% (Figure 4, E and F, Supplemental
Figure 9), corroborating previous findings.?> Hence, creatine
supplementation could serve as an intervention to suppress
the endogenous production of mutated GATM protein and
retard the formation of deleterious mitochondrial deposits.

DISCUSSION

CKD affects 8%-16% of the adult population and comprises
heterogeneous disorders of unknown etiology affecting kidney
structure and function.!>#2> Here, we provide genetic, histo-
logic, cell biologic, and structural evidence for the association
between monoallelic GATM mutations and a genetic disorder

their drinking water (n=4) for 1 week; control mice received tap
water (n=4). *Significantly different from untreated mice. Renal
Gatm mRNA and protein expression were determined using (E)
real time PCR and (F) Western blot. Creatine supplementation led
to a reduction of mRNA and protein expression (unpaired, two-
sided t tests; P=0.01 and P=0.03, respectively). Values are nor-
malized to B-actin mRNA or total protein expression.
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characterized by renal Fanconi syndrome and progressive
kidney failure.

GATM encodes the mitochondrial enzyme “glycine amidino-
transferase” (“r-arginine:glycine amidinotransferase,” which is
also known as AGAT), which catalyzes the transfer of a guani-
dino group from L-arginine to glycine, resulting in guanidino-
acetic acid, the immediate precursor of creatine.!®26:27 GATM is
expressed most prominently in kidney, liver, pancreas, and
brain. Recessive loss-of-function mutations of GATM result in
“cerebral creatine deficiency syndrome,” a rare inborn error of
creatine synthesis characterized by severe neurologic impair-
ment.1228 A Gatm™’~ mouse model also showed neurologic
symptoms caused by creatine deficiency'# but normal kidney
function (Supplemental Figure 8). In contrast to patients with
“cerebral creatine deficiency syndrome,” none of our pa-
tients showed extrarenal symptoms. The one patient studied
by brain "H-NMR spectroscopy had a normal creatine peak
(Supplemental Figure 10), indicating that the disorder in our
patients was not related to creatine deficiency.

Histologic examinations of patients’ kidney biopsies
revealed a dramatic mitochondrial phenotype associated
with GATM mutations. Mitochondria of proximal tubular
cells were drastically enlarged and filled with filament-like de-
posits. This phenotype was also observed in an LLC-PK1 cell
model overexpressing GATM mutants. Immunogold studies
on a patient biopsy and LLC-PK1 cells showed that these de-
posits were composed of mutant GATM protein, and in silico
structural studies provided an explanation. Heterozygous
GATM mutations in a particular region of the enzyme led to
the creation of an additional de novo interaction surface,
causing intramitochondrial “multimeric” aggregation. This
functional effect of the mutations was in line with the domi-
nant inheritance of the disease.

Mitochondrial fission results in smaller mitochondria and
thereby, facilitates removal and degradation of aged mitochondria
by mitophagy.?® Intramitochondrial aggregates of mutant GATM
apparently impaired mitochondrial division, leading to patho-
logically enlarged and aged mitochondria that could no longer be
removed by mitophagy. In our LLC-PK1 cell model, mitochon-
dria with GATM deposits were still present even 8 weeks after
GATM mRNA expression was discontinued. The long persis-
tence of deposits contrasted with the physiologic turnover rate
of mitochondria, which was estimated to be 2—4 weeks.?® These
data suggest that the long fibrillary deposits of mutant GATM,
once aggregated, escape cellular degradation, prevent mitochon-
drial fission, and lead to enlarged, aged mitochondria.

Aged mitochondria as well as nondegradable deposits and
crystalline structures are known to trigger an inflammatory
response and activate the NLRP3 inflammasome.!7-18:30-33 In
agreement with these reports, the appearance of mutant GATM
aggregates in our cell model was paralleled by enhanced inflam-
matory markers: NLRP3 and its downstream signaling molecule
IL-18 were strongly elevated. We also found evidence of increased
ROS production in mutated cells. Mitochondria are a major
source of intracellular ROS, and excess ROS generation is known
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to lead to oxidative stress and trigger the inflammasome as
well.3435 In addition, overexpression of mutant GATM led to an
increased rate of cell death and enhanced expression of the fibrosis
marker fibronectin and smooth muscle actin. In line with this
profound in vitro cytopathologic phenotype, immunofluores-
cence studies in kidney biopsies from our patients revealed signif-
icant interstitial fibrosis with myofibroblasts surrounding renal
tubules and thickening of tubular basement membranes,
eventually leading to kidney failure.20-21,33

Taken together, we provide evidence that intramitochon-
drial aggregates consisting of mutated GATM protein are caus-
ative for an autosomal dominant form of renal Fanconi
syndrome and CKD. This finding expands the spectrum of
disorders associated with pathologic protein aggregates. The
disease also illustrates the critical role that mitochondria can
play in initiating devastating profibrotic signaling cascades.
This may have implications for understanding the pathophys-
iology of CKD. An association of genetic variation in the GATM
gene with plasma creatinine levels was previously suggested by
genome-wide association studies.36-38

Cohorts of patients with kidney failure or renal insufficiency
deserve up to date genetic diagnostic procedures, with attention to
de novo mutations. Sequencing of GATM should be considered in
patients with kidney failure, particularly adults with or without
familial occurrence. Moreover, kidney biopsies that do not yield a
diagnosis on the basis of standard histology should be considered
for ultrastructural analysis, with consideration of tubular pathol-
ogy rather than an evaluation limited to the glomerulus and in-
terstitium. Finally, for patients with autosomal dominant GATM
mutations, only 50% of the GATM protein is abnormal, and
biosynthesis of creatine is negatively feedback regulated by
its product.?? Hence, creatine supplementation could serve
as a pharmacologic intervention to suppress the endogenous
production of mutated GATM protein, which triggers the
cascade, leading ultimately to kidney fibrosis and failure.
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