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Summary
Focal segmental glomerulosclerosis (FSGS) is the main pathology underlying steroid-resistant nephrotic syndrome (SRNS) and a leading

cause of chronic kidney disease. Monogenic forms of pediatric SRNS are predominantly caused by recessive mutations, while the contri-

bution of de novo variants (DNVs) to this trait is poorly understood. Using exome sequencing (ES) in a proband with FSGS/SRNS, devel-

opmental delay, and epilepsy, we discovered a nonsense DNV in TRIM8, which encodes the E3 ubiquitin ligase tripartite motif contain-

ing 8. To establish whether TRIM8 variants represent a cause of FSGS, we aggregated exome/genome-sequencing data for 2,501 pediatric

FSGS/SRNS-affected individuals and 48,556 control subjects, detecting eight heterozygous TRIM8 truncating variants in affected subjects

but none in control subjects (p ¼ 3.28 3 10�11). In all six cases with available parental DNA, we demonstrated de novo inheritance

(p ¼ 2.21 3 10�15). Reverse phenotyping revealed neurodevelopmental disease in all eight families. We next analyzed ES from 9,067

individuals with epilepsy, yielding three additional families with truncating TRIM8 variants. Clinical review revealed FSGS in all. All

TRIM8 variants cause protein truncation clustering within the last exon between residues 390 and 487 of the 551 amino acid protein,

indicating a correlation between this syndrome and loss of the TRIM8 C-terminal region. Wild-type TRIM8 overexpressed in immortal-

ized human podocytes and neuronal cells localized to nuclear bodies, while constructs harboring patient-specific variants mislocalized

diffusely to the nucleoplasm. Co-localization studies demonstrated that Gemini and Cajal bodies frequently abut a TRIM8 nuclear body.

Truncating TRIM8 DNVs cause a neuro-renal syndrome via aberrant TRIM8 localization, implicating nuclear bodies in FSGS and devel-

opmental brain disease.
Nephrotic syndrome (NS [MIM: PS256300]) is the second

leading cause of chronic kidney disease in the first three de-

cades of life.1 Children with NS manifest with edema and

severe proteinuria, which arise from podocyte foot process

effacement within the glomerular filtration barrier.2,3 Pa-

tients with steroid-resistant nephrotic syndrome (SRNS)
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invariably progress to end-stage renal disease (ESRD) and

frequently have focal segmental glomerulosclerosis (FSGS

[MIM: PS603278]) on renal biopsy.1,2,4,5 In 11%–45% of

childrenwith FSGS/SRNS, pathogenic variants can be iden-

tified in one of 59 known monogenic disease genes.6–12

While these Mendelian etiologies predominantly exhibit
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recessive modes of inheritance in 44/59 disease genes or

dominant vertical inheritance with incomplete penetrance

inmuch of the remainder,9 the contribution of de novo var-

iants (DNVs) to NS is mostly unknown.

Monogenic NS genes are predominantly expressed in

the glomerular podocyte.2,3,11,13 Their encoded proteins

coalesce into molecular pathways, which are essential for

podocyte development or homeostasis and impaired by

patient mutations.2–4,11,13 Nucleoporins have been impli-

cated in genetic forms of NS,14–18 thus suggesting that

nuclear maintenance and homeostasis are key in the

pathobiology of nephrotic syndrome. Nuclear bodies,

which are defined sites within the nucleus for biochemical

reactions and gene regulation, have not been linked to NS

to date.19–22

We started from the observation of an individual with a

rarely observed clinical presentation. The index subject

was a male child (case UC-023-1) of Asian ancestry with

syndromic NS (Tables 1 and S1; Figures 1A–1C). He devel-

oped seizures at 2 years of life. At age 4 years, he developed

NS that was resistant to steroid therapy. Renal biopsy re-

vealed FSGS by light microscopy and electron microscopy

(Figures 1A and 1B). Notably, electron microscopy showed

extensive foot process effacement and distinctive alter-

ations of the glomerular basement membrane (GBM),

including thinning, lamellation, and blebbing (Figure 1B).

To identify the genetic cause of NS and, potentially, his

epileptic encephalopathy, we performed parent-proband

trio-based exome sequencing (ES). Evaluation of ES variant

data under both dominant and recessive models did not

reveal a causative variant in any gene from a curated list

of 625 genes known to be associated to Mendelian kidney

diseases,24 which include 59 monogenic NS disease genes9
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and 20 glomerulonephritis disease genes.9 This suggested

that the syndromic phenotype of this individual was likely

caused by a variant in a gene not previously implicated in

known Mendelian forms of kidney disease. Under a domi-

nant de novoMendelian genetic hypothesis, we identified a

heterozygous nonsense variant (c.1375C>T [p.Gln459*])

in TRIM8 (MIM: 606125) in subject UC-023-1, while his

unaffected parents were wild type at this position (Table 1;

Figures 1C and S1). The results were confirmed using CLIA-

certified genome sequencing (GS), which also excluded

pathogenic structural variants. TRIM8 encodes a 551

amino acid tripartite E3 ubiquitin ligase, which regulates

NF-kB, interferon, and STAT signaling pathways in cancer

and the immune system25–30 (Figure 1C). The variant

was deemed deleterious and likely to be causal because

(1) the variant is predicted to cause protein truncation,

because the resulting mRNA transcript is likely to escape

nonsense-mediated decay as it resides in the last exon;

(2) it is exceedingly rare and, in fact, absent from the

Genome Aggregation Database (gnomAD) population,

which contains ES or GS data from 141,456 adults who

are not known to have severe pediatric disease;31,32 and

(3) the TRIM8 locus exhibits high loss-of-function (LoF)

intolerance (gnomAD probability for loss-of-function

intolerance [pLI] 0.99; loss-of-function observed/expected

upper bound fraction [LOEUF] 0.26), meaning LoF alleles

are not frequently observed relative to gene size and ex-

pected mutation rate.31

To determine whether TRIM8 DNVs are a monogenic

cause of NS and establish whether NS and developmental

delay/epilepsy are allelic in these cases, we aggregated

and analyzed ES or GS from a cohort of 60,114 subjects,

including 2,501 SRNS/FSGS-affected individuals, 48,556
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Table 1. Heterozygous truncating variants in TRIM8 in 12 families with nephrotic syndrome and neurologic disease

Nucleotide changea
Amino acid
changea

Exon
(seg) Sex

Ethnic
origin

Renal disease
onset (y)

ESRD
onset (y) Renal disease

DD
onset (y)

Epilepsy
onset (y) Neuro disease

Nephrotic syndrome

S1666 c.1163delT p.Phe388Serfs*2 6 (MW) F European 2.2 3 SRNS; Bx FSGS; Tx Age 7.5; Tx Rej 2.2 4.5 epilepsy, GDD, mild CC atrophy

F827 c.1231C>T p.Gln411* 6 (DN) M Turkish 4.5 4.8 SRNS; Bx FSGS; Tx Age 5; No Rej 1 2.5 epilepsy, GDD, cerebral atrophy

A4582 c.1240C>T p.Gln414* 6 (DN) F German Birth 1.1 SRNS; Bx DMS; Tx Age 4.9; No Rej <1 2 epilepsy, GDD, cerebral atrophy,
hypotonia

FSGSGE126 c.1333C>T p.Gln445* 6 (DN) F Italian 13.7 19.7 SRNS; Bx FSGS 1.5 1.5 epilepsy, posterior fossa
dilatation and cerebral atrophy,
spastic dystonic quadriplegia

UC-023-1 (Index) c.1375C>T p.Gln459* 6 (DN) M Korean 4 5 SRNS; Bx FSGS; Tx Age 7; No Rej <1 2 epilepsy, GDD, autism

HN-F65 c.1375C>T p.Gln459* 6 (DN) M German 7.9 9.8 (CKD3) HTN; NRP; SR; Bx FSGS 2.5 2.5 epilepsy, GDD, secondary
microcephaly

B1117b c.1380T>A p.Tyr460* 6 (DN#) M Hispanic 2.5 >5 SRNS; Bx FSGS <1 2.5 epilepsy, GDD

B3883 c.1380T>G p.Tyr460* 6 (ND) F Middle
Eastern

6 8 (CKD2) NRP; Bx FSGS 0.5 1.5 epilepsy, GDD, CCB atrophy,
hypotonia

FG-FAc c.1461C>G p.Tyr487* 6 (DN) M Irish/
Hispanic

6 14 SRNS; Bx FSGS; Tx Age 14; No Rej 1.5 NA mild GDD, Tourette’s
syndrome-like symptoms,
autism spectrum

Epilepsy

RAP027 c.1201_1202delGGInsTA p.Gly401* 6 (DN) F European/
South Asian

3 5 SRNS; Bx DMS 1 3 GDD, seizures, mild CC atrophy

DUKEPIMIK01 c.1267C>T p.Gln423* 6 (DN) M African
American

11 12 NS; Bx FSGS; Tx Age 12.5 0.5 2 epilepsy, GDD

UDN171252 c.1375C>T p.Gln459* 6 (DN) F European 3 5 NS; Bx FSGS <1 2.5 epilepsy, GDD, mesial temporal
sclerosis

Abbreviations: Bx, biopsy; CC, cerebral and cerebellar; CCB, cerebral, cerebellar and brainstem; CKD2, chronic kidney disease stage 2; CKD3, chronic kidney disease stage 3; DD, developmental delay; DMS, diffuse mesangial
sclerosis; DN, de novo; ESRD, end-stage renal disease; F, female; FSGS, focal segmental glomerulosclerosis; GDD, global developmental delay; HTN, hypertension; M, male; MW, mother wild-type but paternal DNA not
available; NA, not applicable; ND, no data; NRP, nephrotic-range proteinuria; NS, nephrotic syndrome; Rej, rejection; Seg, segregation; SR, steroid resistant; SRNS, steroid-resistant nephrotic syndrome; Tx, transplant;
y, years.
aPosition change corresponds to TRIM8 transcript GenBank: NM_030912 and TRIM8 protein GenBank: NP_112174.2.
bThis patient was independently recruited and reported23 while the current manuscript was in preparation.
cFG-FA corresponds to a pair of monozygotic twins (genetically confirmed) who share the same TRIM8 variant and a nearly identical phenotype.
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Figure 1. Truncating TRIM8 mutations identified in 12 families with nephrotic syndrome and neurologic disease
(A) Periodic acid Schiff (PAS) staining of paraffin sections of kidney cortex from a renal biopsy of the index case subject UC-023-1 was
performed. A representative glomerulus shows a lesion of focal segmental glomerulosclerosis with segmental obliteration of capillary
lumina by extracellular matrix accompanied by loss of overlying podocytes and broad adhesions to Bowman’s capsule (PAS, scale
bar: 100 mm).
(B) Ultrastructural analysis of kidney tissue from a renal biopsy of the index case UC-023-1 was performed by transmission electron mi-
croscopy. A low-power view (left, 2,5003) of the glomerular capillaries shows patent lumina and unremarkable mesangium. There is
nearly complete (>90%) effacement of the podocyte foot processes with microvillous transformation of the podocyte cytoplasm. A
higher-power view (middle, 6,3003) shows a glomerular capillary with thinning and irregularities of the glomerular basement mem-
brane as well as marked foot process effacement with microvillous change. There are no immune-type electron dense deposits. In the
highest-power view (right, 16,0003), two adjacent glomerular capillaries show thinning (124–131 nm) of their glomerular basement

(legend continued on next page)
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control subjects, and 9,057 individuals with a broad diag-

nosis of epilepsy. First, we queried for truncating TRIM8

variants in ES/GS data from 2,501 pediatric nephrosis sub-

jects (defined as SRNS or nephrotic-range proteinuria with

biopsy-proven FSGS) and from 48,556 control subjects

(Table 2). The control subjects were children or adults

without NS or related kidney disease, as determined by a

clinical nephrologist and/or available clinical data.33 We

identified heterozygous truncating TRIM8 variants in

eight unrelated probands but no variants in control sub-

jects, demonstrating statistically significant overrepresen-

tation in affected individuals (two-sided Fisher’s exact

p ¼ 3.28 3 10�11; OR ¼ inf, CI 33.2-inf) and, thereby, es-

tablishing TRIM8 truncating variants as amonogenic cause

of NS (Tables 1 and 2; Figures 1C and S1). Accordingly, all

TRIM8 variants were absent from the gnomAD (N ¼
141,456 individuals). Furthermore, variant data from all

cases did not reveal pathogenic variants in known NS dis-

ease genes. Importantly, segregation analysis confirmed

de novo inheritance of TRIM8 variants in all six families

with available parental DNA (p ¼ 2.21 3 10�15) (Table 1,

Figure S1). Post hoc review of the clinical data demonstrated

that all eight NS-affected individuals also had presented

with developmental delay and seven of eight developed

epilepsy (Tables 1, S1), strongly indicating that the renal

and neurodevelopmental phenotypes are not coincidental

but indeed caused by pathogenic variants in the same

gene.

To confirm this hypothesis, we analyzed ES data for

TRIM8 truncating variants from 9,057 individuals with a

broad diagnosis of epilepsy, aggregated from multiple in-

vestigators and consortia and hosted at the genetic ware-

house at the Institute for Genomic Medicine (IGM) at

Columbia University (see supplemental material and

methods). We identified three additional subjects with het-

erozygous de novo truncating TRIM8 variants and with

complete clinical data available to interrogate for kidney

disease (Tables 1 and 2; Figures 1B and S1). Strikingly, clin-

ical chart review and reverse phenotyping revealed that

nephrotic syndrome arose in all three individuals after

the diagnosis of epilepsy/developmental delay (Tables 1

and S1). Altogether, these findings establish that de novo

truncating TRIM8 variants are the genetic basis of a

neuro-renal syndrome in children characterized by early-
membranes accompanied by textural irregularities with focal mild l
600 nm in right.
(C) Coding exon (upper bar) and protein domain (lower bar) structu
zygousmutations identified in nine subjects. B1, B-box domain 1; B2,
signal; RING, ring finger domain. #This patient was independently
preparation.
(D) Renal biopsy was performed in subject B3883 at age 8 years. Ultra
diffuse podocyte foot process effacement (red arrows) and thin glom
(E) Renal ultrasound (RUS) is shown for subject A4582 at 2.75 years, d
ney after progression to ESRD.
(F) Brainmagnetic resonance imaging is shown for subject A4582 at 2
show deep sulci, atrophied gyri, and thin corpus callosum (top left)
bellum preserved (top right). T2 flare axial image of A4582 (bottom le
signal intensity. T1 axial image of B3883 shows increased ventricle s

The A
onset developmental delay with epileptic encephalopathy

and FSGS and distinctive glomerular basement membrane

alterations.

Phenotypic evaluation of all 12 individuals revealed a

common natural history in individuals with TRIM8 vari-

ants. They all exhibited early-onset developmental delay

(onset <1 to 2.5 years) and 11/12 developed epilepsy

(onset <1 to 4.5 years) (Tables 1 and S1). All individuals

developed NS with variable age of onset (onset birth to

13.7 years) but generally delayed compared to the onset

of neurologic disease (Tables 1 and S1). Only one monozy-

gotic twin pair did not develop epilepsy (FG-FA) and had a

relatively mild developmental brain phenotype. Brain at-

rophy was observed in six of eight individuals with avail-

able imaging (Tables 1 and S1; Figure 1F). SRNS developed

in 8 of 12 subjects (Tables 1 and S1). FSGS was observed in

10 of 12 biopsies, whereas diffuse mesangial sclerosis was

noted in RAP027 and in A4582 (Tables 1 and S1; Figures

1D and 1E). Five subjects underwent renal transplantation;

follow-up studies showed that none of them developed

clinical or pathological FSGS recurrence with up to 24 years

of follow up, and one individual (S1666) developed rejec-

tion at 8 years (Tables 1 and S1).

These specific phenotypes suggested a strong correlation

with patient genotypes. All 12 TRIM8 variants cause

truncation between amino acids 390 and 487, which is

C-terminal to a nuclear localization signal (NLS) (Table 1,

Figure 1C). Because all variants reside within the last

exon, the mRNA transcripts are predicted to escape

nonsense-mediated decay.34,35 In addition, we interro-

gated TRIM8 LoF variants in gnomAD and identified 7 het-

erozygous truncating variants out of 141,456 subjects.

These gnomAD variants were identified in subjects ranging

from ages 30 to 75 years and are spatially distinct from

TRIM8 subject variants, causing truncation prior to the

NLS or farther C-terminal than the cluster of variants we

identified (amino acids 390–487) (Figure S3). This supports

a cluster effect for TRIM8 variants, in which earlier or later

TRIM8 truncating events are less likely to cause the full

neuro-renal syndrome and suggests that TRIM8 subject

variants do not cause disease through haploinsufficiency.

Furthermore, we observed the same recurrent variant

(c.1375C>T [p.Gln459*]) in three independent subjects,

who were confirmed to be unrelated by genome-wide
amellation (arrowhead). Scale bars: 4 mm in left, 1 mm in middle,

res of TRIM8 are shown with arrows indicating position of hetero-
B-box domain 2; CC, coiled-coil domain; NLS, nuclear localization
recruited and published, while the current manuscript was in

structural findings by electron microscopy (EM) at 3,0003 include
erular basement membranes. Scale bar: 6 mm.
emonstrating a hyperechogenic and atrophied (4.68 cm) right kid-

.75 years and B3883 at 6 years of life. T2 transverse images of A4582
and atrophy of corpus callosum, pons and midbrain, while cere-
ft) shows atrophied white matter and hyperintense periventricular
ize and sulcal spaces.
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Table 2. Heterozygous truncating TRIM8 variants discovered in 2,501 FSGS/SRNS-affected individuals and 48,556 control subjects

Cohort
TRIM8þ NS
subjects (n)

Total pediatric
NS subjects (n)

TRIM8þ control
subjects (n)

Total control
subjects (n) OR (95% CI) p value

CUIMC 1 369 0 19,533 Inf (1.36 - Inf) 1.85 3 10�2

BCH 4 1,382 0 660 Inf (0.31 - Inf) 3.16 3 10�1

BIDMC 1 220 0 363 Inf (0.04 – inf) 3.77 3 10�1

TUMG 1 89 0 15,000 Inf (4.37 - Inf) 5.83 3 10�3

NephroS 1 441 0 13,000a Inf (0.77 - Inf) 3.21 3 10�2

Total 8 2,501 0 48,556 Inf (33.20 - Inf) 3.28 3 10�11

Abbreviations: BCH, Boston Children’s Hospital; CI, confidence interval; BIDMC, Beth Israel Deaconess Medical Center; CUIMC, Columbia University Irving Med-
ical Center; Inf, infinity; N, number; NephroS, National Study of Nephrotic Syndrome; NS, nephrotic syndrome; TUMG, Technical University Munich in Germany;
WES, whole exome sequencing; WGS, whole genome sequencing.
aControl subjects from WGS of UK Biobank participants.33
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analysis for hidden relatedness and principal component

analysis for ancestry. Two additional affected individuals

harbor p.Tyr460* variants, arising from two different

nucleotide changes at the same position (Table 1). Recur-

rent de novo truncating variants affecting the same nucleo-

tide are exceedingly rare events. The observation of three

of such variants (in the case of c.1375C>T [p.Gln459*])

would have a probability below 0.943 10�18, even if we as-

sume we had conducted ES in trios from all 60,114 subjects

studied here. This further supports a hotspot effect for

TRIM8 DNVs causing the clinical syndrome of FSGS and

developmental brain disease.

To assess the biological role of TRIM8 in renal disease, we

interrogated published single-cell RNA sequencing

(scRNA-seq) datasets for its endogenous expression in

mammalian kidneys. Consistent with prior literature,27

we observed that TRIM8/Trim8 mRNA is predominantly

expressed in podocytes in scRNA-seq data from two inde-

pendent human fetal kidney studies,36,37 mouse fetal kid-

ney,38 and adult mouse glomeruli39 (Figures 2A, S4A, and

S4B). By immunohistochemistry, we determined that

TRIM8 protein localized to the renal cortex and, particu-

larly, glomerular podocytes of adult human kidneys

(Figure 2B). Of note, we also observed that TRIM8 staining

localized to discrete nuclear foci, especially within prox-

imal tubular epithelium (Figure S4C). Overall, these find-

ings indicate that TRIM8 is expressed in podocytes, sug-

gesting its variants may cause a primary podocytopathy.

To assess the molecular consequence of TRIM8 case-asso-

ciated variants on its protein localization, we performed

transient overexpression of N-terminally GFP-tagged

cDNA constructs modeling the wild-type allele and two in-

dependent TRIM8 variants (p.Gln411* and p.Gln459*) in

an immortalized human podocyte cell line. These two var-

iants are representative of our described allelic series,

which truncate the C terminus of the protein. This region

is not well conserved across human TRIM paralogs in

contrast to the N-terminal region, which contains the

well-conserved tripartite domains (Figure S5). Immunoflu-

orescence (IF) and confocal microscopy showed that wild-

type TRIM8 localized to discrete nuclear bodies (NBs) in
6 The American Journal of Human Genetics 108, 1–11, February 4, 20
94% of transfected nuclei (Figures 2C, 2D, and S6), consis-

tent with the literature.27 Expression of MYC-tagged wild-

type TRIM8 demonstrated similar localization to nuclear

bodies (Figure S8A). In contrast, TRIM8 bearing the case-

associated variants p.Gln411* or p.Gln459* mis-localized

diffusely to the nucleoplasm in transfected cells (Figures

2C, 2D, and S6). This pattern of localization of GFP-tagged

wild-type and case-associated variant TRIM8 constructs

was confirmed in immortalized mouse podocytes and the

neural BE(2)-M17 cell line (Figures S8B and S8C). To deter-

mine the identity of TRIM8 NBs, we co-stained for estab-

lished markers of Gemin bodies, Cajal bodies, PML bodies,

cleavage bodies, or nuclear speckles but did not observe co-

localization with wild-type TRIM8. However, we found

that 72.5% of endogenous SMN1-positive Gemini bodies

and 56.4% of p80 Coilin-positive Cajal bodies abutted a

TRIM8 NB by confocal microscopy (Figures 2E and 2F).

These findings suggest that TRIM8 can aggregate into NB

that are likely disrupted by variants that truncate in a crit-

ical region from amino acid 390–487.

It still remained unclear whether TRIM8 variants cause

disease by haploinsufficiency, dominant-negative, gain-

of-function, or toxic effects. To explore this question indi-

rectly, we simultaneously targeted TRIM8 orthologs in

zebrafish (79% and 78% similarity to trim8a [GenBank:

NP_001265783.1] and trim8b [GenBank: NP_001135847.

1], respectively) via CRISPR-Cas9 single-guide RNAs

(sgRNAs) that target N-terminal regions likely to induce

nonsense-mediated decay (exon 5 and 3, respectively;

Figure S7A). After determining high targeting efficiency us-

ing heteroduplex analysis in F0 mosaic mutants (�100%;

Figures S7B–S7E), we simultaneously disrupted both genes

and assessed (1) gross morphology indicative of renal func-

tion impairment, which include pericardial and periorbital

edema and (2) glomerular filtration defects using dextran-

FITC conjugates according to our established procedures.40

Double F0 mosaic mutants showed no significant lethality

and no gross morphological anomalies (n ¼ 30–45 larvae/

experiment, repeated twice) and did not display any

detectable increase in proteinuria when compared to

gRNA alone injected larval batches (n ¼ 21–25 larvae/
21



Figure 2. TRIM8 is expressed in podocytes of mammalian kidneys and localizes to nuclear bodies
(A) TRIM8 mRNA (z-score) was predominantly expressed by podocytes (red arrows) from single-cell mRNA sequencing data.26,28,29 In
human fetal kidneys from 12 to 19 weeks gestation (left), TRIM8 expression was highest in the mature podocyte cluster, marked by
expression of NPHS1, NPHS2, SYNPO, and WT1, relative to other developmental cell-type and nephron segment clusters. Trim8 expres-
sion in E14.5mouse kidneys (middle) was, similarly, highest in the podocyte cluster (Nphs1,Nphs2, Synpo,Wt1) with lower expression in
one cap mesenchyme cluster and two tubular segment clusters. In adult mouse glomeruli (right), Trim8 mRNA was predominantly ex-
pressed in podocytes relative to other clusters. CAPMES, cap mesenchyme; CNT DIST, distal connecting tubule; COLL DUCT, collecting
duct; CORT CD, cortical collecting duct; CORT STRO, cortical stroma; DIST COM, distal comma shaped body; EARL PODO, early podo-
cyte; ENDO, endothelium; IMM, immune cells; LOH, Loop of Henle; LOH DIST, distal Loop of Henle; MAT PODO, mature podocyte;
MED CD, medullary collecting duct; MED STRO, medullary stroma; NEPH PROG, nephron progenitor; NEPH STRO, nephrogenic
stroma; PAR EPI, parietal epithelial cell; PODO, podocyte; PRETAGG, pretubular aggregate; PROX TUB; proximal tubule; RBC, red blood
cells; SS Body, mid S-shaped body; STRO, stroma; TUB, tubule; URET TIP, ureteric tip.

(legend continued on next page)
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condition, repeated; Figures S7F and S7G). These findings

argue against the possibility that TRIM8 variants cause ep-

ilepsy and nephrotic syndrome through loss-of-function

mechanisms (haploinsufficiency or dominant-negative ef-

fects) and support our genetic and cell-based studies that

implicate gain-of-function or toxic effects.

In summary, beginning with the observation of a rare

clinical presentation, we show that de novo truncating var-

iants in TRIM8 cause a neuro-renal syndrome through the

analysis of genomic sequencing of 60,114 subjects from

world-wide cohorts (Table 2). We detected a genotype-

phenotype correlation between C-terminally truncating

TRIM8 variants and syndromic nephrotic syndrome, in

which variants clustered within a restricted region of the

TRIM8C terminus (Figure 1C, Table 1). At the cellular level,

we found that case-associated variants disrupt TRIM8 local-

ization to nuclear bodies, which might associate proxi-

mally to Gemini and Cajal bodies. Our combined in vitro

data suggest nuclear sub-compartments as candidates in

NS pathogenesis.

TRIM8 variants cause a unique subgroup of syndromic

nephrotic syndrome. All subjects were diagnosed with

renal disease after (10/12) or at the time of (2/12) the devel-

opment of neurologic disease. Previous case reports have

described truncating DNVs in TRIM8 in a total of eight

children with developmental delay and epilepsy, but

only three of these subjects were described to have

nephrotic syndrome (Figure S2),23,41–43 which left it un-

solved whether the renal disease was associated to TRIM8

variants or just coincidental. The early ascertainment of

these cases is also consistent with our observation that

renal disease presents later in the course of these patients

and may not have been apparent yet at the time of

these reports. This underscores the importance of estab-

lishing a molecular genetic diagnosis in TRIM8 affected

subjects with neurologic manifestations and should

prompt clinicians to screen immediately for features of

nephrosis.

While 44 of 59 known NS disease genes exhibit recessive

modes of inheritance9 and the remainder 15 mostly cause

dominantly inherited forms of FSGS with age of onset later
(B) Immunohistochemistry of adult human kidney tissue demonstra
cytoplasm, of individual glomerular podocytes (arrowheads). There
50 mm.
(C) A human podocyte cell line was transfected with N-terminal GFP
patient variants c.1375C>T and c.1231C>T. Cells were imaged by c
and DAPI localization are shown, revealing that wild-type TRIM8 lo
exhibit pan-nuclear staining overlapping with DAPI signal. Scale bar
(D) The presence of TRIM8 NBs in (C) is determined from the sum of
itive cells with NB localization versus those with pan-nuclear stainin
(94/100). In contrast, mutated TRIM8 localized diffusely to the nu
c.1375C>T and c.1231C>T constructs, respectively.
(E) A human podocyte cell line was transfected withN-terminal GFP-t
for endogenous Gemini bodymarker SMN1 (top) or Cajal bodymarke
abut a GFP-TRIM8 NB (white arrow). Representative images are show
(F) The percentage of endogenous SMN1-positive Gemini bodies or
nuclear body, as in (E), is determined from the sum of three indepen
fected cells) and 56.4% of Cajal bodies (57/101 NB in 21 transfected
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in adolescence or adulthood, the contribution of de novo

variants to pediatric NS is poorly understood. This may

reflect ascertainment bias due to the genetic approaches

employed previously to discover these etiologies, mostly

in consanguineous families. Our approach of combining

trio-ES/GS with large cohort analysis to validate TRIM8

DNVs offers a useful framework to be applied for SRNS-

affected individuals lacking a molecular diagnosis to

potentially discover causative de novo variants and/or sup-

port a rare genetic finding. This is especially critical as de

novo variants are increasing in prevalence in society in as-

sociation with advanced paternal age.44–46

TRIM8 disease-associated variants are restricted to the

last exon (Figures 1C and S2).23,41–43 Combining our find-

ings with previous reports showed that four individuals

from distinct ethnic backgrounds share the identical

variant at position c.1375 and two share nonsense variants

at position c.1380 (Figure S2).23,41 This observation sug-

gests that this region is a recurrent germline variant hot-

spot (Figure S2, Table 1), as has been demonstrated for

other rare dominant monogenic causes of syndromic epi-

lepsy47 and nephrotic syndrome.48

The mechanisms by which TRIM8 variants cause disease

are likely complex. While LoF intolerance metrics for

TRIM8 support haploinsufficiency, the presence of

adult gnomAD subjects with earlier truncating events

(Figure S3) do not support this genetic mechanism for

this severe neuro-renal syndrome caused by C-terminal

TRIM8 variants. Moreover, these metrics are not always

definitive, as there are other examples of de novo variants

causing disease through a gain-of-function mechanism

despite strong LoF intolerance at the locus.49 Alternatively,

TRIM8 variants may cause dominant-negative loss-of-func-

tion of the wild-type allele, given that TRIM8 can dimerize

through its coiled-coil domain27 and that we observe that

C-terminal case-associated variants cause TRIM8mis-local-

ization (Figures 2C, 2D, and S6). However, the absence of a

phenotype in trim8a/trim8b knockout models supports the

hypothesis that human variants cause disease through

gain-of-function or toxic effects, as do the absence of re-

ported neurologic and renal phenotypes in other TRIM8
tes immunoreactivity for TRIM8 within the nuclei, as well as the
is also staining of the adjacent tubular epithelial cells. Scale bar:

-tagged wild-type TRIM8 or TRIM8 mutant constructs based on NS
onfocal microscopy. Representative images of GFP-tagged protein
calizes to nuclear bodies (NBs) (red arrows) while patient mutants
s: 7 mm.
three independent experiments, as the percentage of 100 GFP-pos-
g. Wild-type TRIM8 localized to NBs in 94% of GFP-positive cells
cleoplasm in 100% (100/100) and 99% (99/100) of cells for the

aggedwild-type TRIM8. IF and confocalmicroscopywas performed
r p80 Coilin (p80, bottom), demonstrating these bodies frequently
n. Scale bars: 7 mm.

p80 Coilin-positive Cajal bodies that are abutted by a GFP-TRIM8
dent experiments. 72.5% of Gemini bodies (58/80 NB in 38 trans-
cells) abutted a TRIM8 NB.
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loss-of-function zebrafish30 and mouse29,50 models. Still,

caution is warranted in translating such observations

from zebrafish to human because there are established

compensatory mechanisms for truncating variants in

Danio rerio that may confound these results.51 Further

studies employing knock-in models and mammalian or-

ganisms are warranted to delineate the precise mechanism

of human TRIM8 variants.

Based on our findings (Figures 2C–2F, S4C, and S6),

TRIM8 may play a critical role in nuclear bodies that

are abrogated by disease-associated variants. The precise

identity of these NB is not known, although Gemini and

Cajal bodies can associate proximally to them (Figures

2E and 2F) and have broad functions in snRNP biogenesis,

histone mRNA processing, and telomere mainte-

nance.19–22 Furthermore, our findings suggest that the

C-terminal TRIM8 variants may impair the normal

condensation of TRIM8 protein into liquid droplets,

although it remains unclear how the C-terminal region

regulates liquid-liquid phase separation,52–54 thus posing

intriguing questions and opening a new avenue of research

in renal diseases. It will be critical to understand the

cellular role of endogenous TRIM8 in these NBs and how

its functions are impacted by disease-associated variants

introduced in podocytes.

In conclusion, we provide insight into the genetic and

molecular etiology of a neuro-renal syndrome caused by

a cluster of de novo variants in TRIM8, which reveal a yet

unexplored mechanism of cellular pathogenesis in SRNS,

FSGS, and developmental brain disease.
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