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Bi-allelic LoF NRROS Variants Impairing Active TGF-b1
Delivery Cause a Severe Infantile-Onset Neuro
degenerative Condition with Intracranial Calcification

Xiaomin Dong,1,2,10 Natalie B. Tan,1,2,3,10 Katherine B. Howell,1,2,4 Sabina Barresi,5
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Negative regulator of reactive oxygen species (NRROS) is a leucine-rich repeat-containing protein that uniquely associates with latent

transforming growth factor beta-1 (TGF- b1) and anchors it on the cell surface; this anchoring is required for activation of TGF-b1 in

macrophages and microglia. We report six individuals from four families with bi-allelic variants in NRROS. All affected individuals

had neurodegenerative disease with refractory epilepsy, developmental regression, and reduced white matter volume with delayed

myelination. The clinical course in affected individuals began with normal development or mild developmental delay, and the onset

of seizures occurred within the first year of life, followed by developmental regression. Intracranial calcification was detected in three

individuals. The phenotypic features in affected individuals are consistent with those observed in the Nrros knockout mouse, and

they overlap with those seen in the human condition associated with TGF-b1 deficiency. The disease-causing NRROS variants involve

two significant functional NRROS domains. These variants result in aberrant NRROS proteins with impaired ability to anchor latent

TGF-b1 on the cell surface. Using confocal microscopy in HEK293T cells, we demonstrate that wild-type and mutant NRROS proteins

co-localize with latent TGF-b1 intracellularly. However, using flow cytometry, we show that our mutant NRROS proteins fail to anchor

latent TGF-b1 at the cell surface in comparison to wild-type NRROS. Moreover, wild-type NRROS rescues the defect of our disease-asso-

ciated mutants in presenting latent TGF-b1 to the cell surface. Taken together, our findings suggest that loss of NRROS function causes a

severe childhood-onset neurodegenerative condition with features suggestive of a disordered response to inflammation.
NRROS (MIM: 615322) encodes a transmembrane protein

with leucine-rich repeat domains that influence transform-

ing growth factor beta-1 (TGF-b1) signaling and other pro-

teins associated with innate immunity.1,2 As a negative

regulator, negative regulator of reactive oxygen species

(NRROS) has been found to inhibit reactive oxygen species

(ROS) production.3,4 NRROS is also implicated in osteo-

clast and neural cell differentiation during development,

with reports of an essential role in microglial develop-

ment.4,5 TGF-b1 is encoded by the gene TGFB1 (MIM:

190180) and initially processed as biologically inactive

latent TGF-b1, and the release of active TGF-b1 is depen-

dent upon binding partners of latent TGF-b1.2 NRROS

has recently been identified as a novel binding partner of

latent TGF-b1.2 The specific binding of NRROS with latent

TGF-b1 releases active TGF-b1 for the activation of TGF-b

signaling in myeloid leukemia cells and THP-1 mono-

cytes.2,6 Activation of TGF-b1 is essential in the central

nervous system (CNS).2 Increased neural cell death andmi-

crogliosis have been observed inmice deficient in TGF-b1.7

Similarly, Nrros knockout mice develop paraparesis with

demyelination, with noted loss of microglia and axons.2
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The underlying cause of abnormalities in Nrros knockout

mice is thought to be reduced activation of TGF-b1 in mi-

croglia. Therefore, these observations suggest that the TGF-

b signaling pathway plays an important role in CNS

development, and that aberrant NRROS function could

be detrimental to neuronal function.2,7,8

We report six individuals from four families with rare bi-

allelic germline variants in the NRROS gene (Table 1 and

Supplemental Notes). Development in the first year of life

ranged from normal to moderate global developmental

delay. All affected individuals were hypotonic early in life,

and five later developed hypertonia that was predominantly

peripheral. All had seizure onset before age one year, and the

first seizure type included febrile seizures, infantile spasms,

focal seizures, and myoclonic seizures. All had a severe

and progressive developmental regression following seizure

onset. Seizures were refractory to multiple antiseizure med-

ications in all, and typically occurred at frequencies of mul-

tiple seizures daily or multiple seizures hourly. Five affected

individuals have encountered problems with recurrent aspi-

ration, and all have required enteral feeding. The older chil-

dren in this cohort (II:3 in Family 3, II:2 in Family 4) require
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Table 1. Clinical Features and NRROS Variants of Affected Individuals

Family 1 1 1 2 3 4

Pedigree ID II:2 II:3 II:4 II:2 II:3 II:2

Gene Variant

NRROS, g. (GRCh37/hg19) chr3:196388493GC > G,
homozygous

chr3:196388493GC > G,
homozygous

chr3:196388493GC > G,
homozygous

chr3:196388493GC > G,
homozygous

chr3:196388157TG > T,
homozygous

variant 1 (paternal):
chr3:196388701AC > A
variant 2 (maternal):
chr3:196381439T > C

NRROS, c. (RefSeq NM_198565.1) c.1981delC c.1981delC c.1981delC c.1981delC c.1644delG variant 1: c.190delC
variant 2: c.29T > C

NRROS, p. (RefSeq NP_940967.1) p.Leu661Serfs*97 p.Leu661Serfs*97 p.Leu661Serfs*97 p.Leu661Serfs*97 p.Thr549Profs*82 variant 1: p.Leu64Trpfs*81
variant 2:
p.Leu10Pro

Age at onset of symptoms 7 months 10 months 9 months birth 12 months 6 months

Age at death 4 years and 2 months 3 years and 3 months still alive at 20 months 2 years and 2 months still alive at 9 years
and 3 months

still alive at 4 years
and 6 months

Gender female male female female male male

Neurology

Hypotonia (axial) yes yes yes yes yes yes

Hypertonia (limb) not known yes yes yes yes yes

Seizures refractory focal seizures
from 17 months

refractory focal seizures
from 12 months, later
development of epileptic
spasms

epilepsy onset with
febrile illness
at 9 months

refractory infantile spasms,
myoclonic and clonic seizures
from 12 months

refractory epilepsy with
tonic-clonic seizures,
onset with febrile
illness at 12 months

refractory epilepsy
with myoclonic seizures
and complex partial
seizures, onset at 10 months

Developmental delay (DD) mild-moderate DD to
one year, then regression

mild-moderate DD to
one year, then regression

normal development to
9 months, then rapid
regression following
seizure onset

mild DD in first year of life,
then regression

normal development
to 12 months, then
rapid regression
following seizure onset

mild DD to 12 months,
then rapid regression
with worsening of seizures

Brain MRI findings (age) marked reduction of white
matter volume, delayed
myelination, thin corpus
callosum (17 months)

marked reduction of
white matter volume,
delayed myelination,
thin corpus callosum
(17 months)

diffuse global white matter
loss (9 months)

cerebral atrophy and delayed
myelination (12 months)

cortical/gray matter
atrophy, marked
reduction of white
matter volume, delayed
myelination, corpus
callosum hypoplasia
(19 months)

severe cerebral and
moderate cerebellar
atrophy, periventricular
leukomalacia, mild
hypomyelination
(16 months)

Cranial CT findings (age) not performed not performed multiple scattered
punctate calcifications
in the periventricular,
deep and subcortical
white matter of both
cerebral hemispheres
(9 months)

not performed sparse calcic and
punctate-like
hyperdensities
in subcortical and
periventricular
areas (12 months)

small calcifications near
gray-white matter
junction in parietal
regions (16 months)
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Figure 1. Brain MRI and CT for Affected
Individuals with Bi-allelic NRROS Variants
(A, B, and C) Computed tomography (CT)
brain imaging shows punctate calcification
in subcortical and periventricular white
matter (long arrow).
(D,E,andF)T2-weightedaxialmagnetic reso-
nance imaging (MRI) brain imaging shows
increased extra-axial spaces, reduced white
matter volume, and delayed myelination.
(G, H, and I) Sagittal MRI brain imaging
shows diffusely thin corpus callosum
(short arrow).
Brain imaging of affected Individual II:4 in
Family 1 (A, D, G) at age nine months;
affected Individual II:3 in Family 3 (B, E, H)
at ages 18 months (CT) and 19 months
(MRI); and affected Individual II:2 in Family
4 (C, F, I) at age 16 months.
ventilatory support via tracheostomy. All individuals are

non-dysmorphic. Brain magnetic resonance imaging

(MRI) performed at nine to 19 months revealed marked ce-

rebral atrophy and delayed myelination in all individuals,

and it revealed corpus callosum hypoplasia in half. For all

the individuals who had cranial computed tomography

(CT) scans (three out of six), this imaging modality identi-

fied multiple sparse punctate calcifications of the cerebral

white matter (Figure 1). Extensive investigations for other

internal organ malformations were not pursued owing to

a lack of suggestive clinical symptoms. Three individuals

died between two and four years of age. The eldest surviving

child is nine years old.

All procedures in this study were approved by and

carried out in accordance with the ethical standards of

the Human Ethics Committee of the Royal Children’s

Hospital, Melbourne, Victoria, Australia (HREC36291C)

and the Ethics Committee of the Ospedale Pediatrico

Bambino Gesù, Rome, Italy (1702_OPBG_2018). Affected

individuals were recruited into Institutional Undiagnosed

Diseases Programs for pediatric affected individuals with

presumed ‘‘orphan’’ Mendelian disorders and subse-

quently put together through Matchmaker Exchange.9

Saliva or blood samples from the affected individuals and

their family members were collected for genomic DNA

extraction after written informed consent was given.

Whole-exome sequencing (WES) and data analyses were

conducted for four individuals at Victorian Clinical Ge-
The American Journal of Human
netics Services (VCGS) in Australia

(Families 1 and 2), for one individual

at Ospedale Pediatrico Bambino Gesù

in Italy (Family 3), and for one indi-

vidual at Baylor College of Medicine

in the United States (Family 4) (see

Supplemental Material and Methods

for details). Owing to the severity of

refractory seizures for individuals II:2

and II:3 of Family 1 (Figure S1A), these

individuals were initially enrolled in
an epilepsy research study which did not identify a diag-

nosis in any known epilepsy genes via exome sequencing.

Further research analysis of these two individuals identi-

fied the same homozygous deletion variant in NRROS, Re-

fSeq accession number NM_198565.1, c.1981delC

(p.Leu661Serfs*97). The same homozygous variant was

then identified in another child of Iraqi background, II:2

of Family 2 (Figure S1B), who had research exome

sequencing performed in order to investigate develop-

mental regression and epilepsy. All three children were of

Iraqi background and receiving care at the same tertiary pe-

diatric institution. While the families do not report that

their two families are related, they are presumed to be

distantly related due to the overlap of their family

histories, with ancestry originating from the same town

in Iraq, and the identification of two overlapping regions

of homozygosity on SNP microarray on chromosome

3q29 of 2.2 and 2.8 megabases, respectively. The more

distal region of homozygosity on 3q29 contains theNRROS

gene. Subsequently, another child, II:4, was born to the

parents of Family 1, and in the context of seizures devel-

oping at nine months of age, II:4 was tested for the familial

NRROS variant and was also found to be homozygous for

the familial NRROS frameshift variant. The remaining

two individuals, II:3 of Family 3 (Figure S1C) and II:2 of

Family 4 (Figure S1D), were identified via Matchmaker

Exchange.9 Individual II:3 of Family 3 had been enrolled

in the Undiagnosed Patients Program at the Ospedale
Genetics 106, 559–569, April 2, 2020 561



Figure 2. NRROS Gene, Protein Domain
Structure, and Location of the Reported
NRROS Variants
(A) Schematic diagram depicting the loca-
tions of variants identified in the NRROS
gene. The gene structure information was
obtained from the University of California
Santa Cruz (UCSC) Genome Browser data-
base.11 The coding sequence (CDS; black),
untranslated region (UTR; red), and intron
(gray) are indicated.
(B) Schematic diagram depicting the loca-
tions of variants in wild-type NRROS pro-
tein. Protein structure was derived using
Pfam. Signal peptide (SP; orange), four
leucine-rich repeat (LRR) domains (green),
and transmembrane segment (TM; blue)
are indicated. Alignment of the NRROS
signal peptide domain across multiple spe-
cies indicates that the missense variant
p.Leu10Pro affects a conserved amino acid
residue. Multiple sequence alignment was
performed using Clustal Omega16 with
reference to sequences forXenopus tropicalis
(RefSeq accession number NP_001231915.
1), Bos taurus (RefSeq NP_001029563.1),
Homo sapiens (RefSeq NP_940967.1), Rattus
norvegicus (RefSeq NP_001020166.1), and
Mus musculus (RefSeq NP_666181.2).
(C) Three-dimensional modeling of wild-
type NRROS. For the transmembrane
domain (TMD) in wild-type NRROS, the
first amino acid of the domain (AA 650) is
highlighted in red and the last amino acid
(AA 674) is highlighted in green.
(D–I) Schematic diagrams depicting the
predicted domain structure and three-
dimensional modeling of NRROS variants
p.Leu661Serfs*97 (D and E), p.Thr549Profs*
82 (F andG), and p.Leu64Trpfs*81 (H and I).
(J) Three-dimensional modeling of NRROS
variant p.Leu10Pro.
The NRROS TMD is indicated in blue, SP
domain is labeled in orange, and frame-
shift changes are shown in brown (B to J).
For the frameshift changes in mutant
NRROS proteins, the first amino acids
affected are colored in red and the last
amino acids affected are colored in green

(E, G, and I). The amino acid affected is colored in red in the missense NRROS variant p.Leu10Pro. All colored amino acids are shown
in a space-fill model.
Pediatrico Bambino Gesù, Rome, Italy. A recessive trait was

suspected owing to the clinical features documented in his

sibling, who died at the age of four years due to a molecu-

larly unclassified severe epileptic encephalopathy. The ho-

mozygous frameshift variant in NRROS (c.1644delG

[p.Thr549Profs*82]) emerged as the only excellent candi-

date variant underlying the trait. Parents in all four fam-

ilies were heterozygous for the NRROS variants

(Figure S1). Clinically unaffected siblings were either ho-

mozygous for the wild-type NRROS sequence or heterozy-

gous carriers for an NRROS variant (Figure S1).

As listed in the University of California Santa Cruz

(UCSC) Genome Browser and the Pfam database,10,11 the

NRROS gene has three exons, and the encoded protein in-

cludes a signal peptide (SP) domain (1–28 amino acids),
562 The American Journal of Human Genetics 106, 559–569, April 2,
four leucine-rich repeat (LRR) domains, and a transmem-

brane (TM) segment (Figures 2A and 2B). In silicomodeling

of wild-type and mutant NRROS proteins was performed

using I-TASSER Suite.12 Modeling prediction of wild-type

NRROS shows that the transmembrane domain (TMD;

blue) lies between leucine at position 650 (red) and

phenylalanine at position 674 (green) (Figures 2C). The

homozygous NRROS frameshift variant identified in Fam-

ilies 1 and 2 (p.Leu661Serfs*97) is predicted to result in

substitution of leucine with serine at position 661 and cre-

ation of a new reading frame that results in termination af-

ter a divergent stretch of 97 residues. The resulting poly-

peptide lacks a relevant portion of the TMD (Figures 2D

and 2E). The homozygous NRROS frameshift variant iden-

tified in Family 3 (p.Thr549Profs*82) is predicted to result
2020



Figure 3. Co-localization of Latent TGF-b1 with Wild-Type or Mutant Hemagglutinin (HA)-tagged NRROS as Visualized by Confocal
Microscopy
Confocal microscopy analysis of HEK293T cells co-transfected with a TGFB1 expression vector and either an empty pcDNA3 vector or
vectors encoding for wild-type or mutant NRROS-HA. Following transfection, cells were fixed for immunofluorescence staining with
anti-HA (red) and anti-latent-TGF-b1 (green) antibodies. DAPI (blue) was used for nuclear staining. Scale bar: 10 mm. Data are represen-
tative of two independent experiments.
in a premature termination at position 629, with predicted

loss of the entire TMD (Figures 2F and 2G). The affected in-

dividual from Family 4 (II:2) is compound heterozygous

for two NRROS variants: one frameshift and one missense

variant. The frameshift variant (p.Leu64Trpfs*81) is pre-

dicted to generate a severely truncated NRROS protein of

only 143 amino acids (Figure 2H), lacking all four LRRs

and the TMD (Figures 2H and 2I). The missense variant

(p.Leu10Pro) is predicted to result in the substitution of

Leu10 (RefSeq NP_940967.1), a conserved residue that lies

within the highly conserved SP domain (Figures 2B and

2J), and to affect proper protein sorting. The in silico pre-

diction tool SignalP 5.013 was used to characterize signal

peptide domains present in wild-type and missense

mutant NRROS proteins. For the SP domain in wild-type

NRROS, the probability score of being functional was pre-

dicted at 0.6559 (out of one), with a predicted cleavage site

after glycine at position 18. This is consistent with UniProt

protein database14 information and with previously pub-

lished literature15 that reports a predicted signal peptide

cleavage site in wild-type NRROS between amino acid

positions 18 and 19. In contrast, the missense variant

p.Leu10Pro was predicted to dramatically impact the SP

domain’s functionality (0.1256), and this suggests a

loss-of-function related to defective intracellular

transport and impaired secretion of the mutant protein

(Figure S2).
The Ame
NRROS is a membrane protein and has been found to

localize on the endoplasmic reticulum (ER) and cell

surface.2,3 We examined the localization of mutant NRROS

proteins by designing constructs bearing wild-type or

representative NRROS variants (p.Leu661Serfs*97 and

p.Thr549Profs*82) that carry a human influenza hemag-

glutinin (HA) at the C terminus.Western blot analysis indi-

cated that all of the HA-tagged NRROS proteins had the ex-

pected molecular weights (Figure S3). To examine proper

localization of NRROS at the ER membrane, we transfected

HEK293T cells with each of the NRROS expression vectors

and we performed immunostaining with anti-HA and

anti-calnexin antibodies. Both wild-type and mutant

NRROS were found to co-localize with the ER marker cal-

nexin in a similar manner (Figure S4).

Wild-type NRROS has been observed to play an impor-

tant role in TGF-b signaling in myeloid cells via interaction

with latent TGF-b1.2 To investigate this interaction, we

transfected HEK293T cells with a TGFB1 expression vector

encoding for latent TGF-b1, together with NRROS expres-

sion vectors encoding for wild-type andmutant HA-tagged

NRROS proteins. Using confocal microscopy, we observed

the co-localization of latent TGF-b1 with wild-type and

mutant HA-tagged NRROS within cells following intracel-

lular staining, indicating that latent TGF-b1 interacts

with both wild-type NRROS and mutant NRROS proteins

(Figure 3). Notably, we observed the formation of latent
rican Journal of Human Genetics 106, 559–569, April 2, 2020 563



TGF-b1-positive aggregates upon the expression of TGFB1

alone or with mutant NRROS, suggesting that proper

folding and/or transportation of latent TGF-b1 might

require wild-type NRROS (see magnified images in

Figure 3).

Two proteins, leucine-rich repeat-containing protein 32

(LRRC32) and NRROS, bind and anchor latent TGF-b1 to

the cell surface for TGF-b1 activation.2,17 They both

contain a transmembrane domain and LRRs with approxi-

mately 35% sequence homology.17 Twenty-eight of 56 res-

idues in LRRC32 involved in disulfide-mediated tethering

of latent TGF-b1 are found to be conserved in the NRROS

protein.17 Recently, a homozygous stop-gain variant in

LRRC32 (MIM: 137207) has been reported in association

with a multisystem disorder with developmental delay.18

The three affected individuals from two families were

reported to have cleft palate, proliferative retinopathy,

and developmental delay. The stop-gain variant was pre-

dicted to result in a truncated LRRC32 protein that lacks

the transmembrane domain, the same consequence as

was predicted for our frameshift NRROS variants. The

phenotype reported by Harel et al.18 differs significantly

from that of our cohort and might be explained by the

differing tissue levels for LRRC32 and NRROS. While

NRROS protein levels are high in myeloid cells, including

microglia, LRRC32 is expressed at a very low level.2 To

analyze the influence of mutant NRROS proteins in

anchoring latent TGF-b1 to the cell surface, we performed

flow cytometry. Upon co-expression of TGFB1 with wild-

type or mutant HA-taggedNRROS, HEK293Tcells were sub-

jected to both cell surface and intracellular staining for

flow cytometry analysis. Co-transfection of the TGFB1

expression vector together with wild-type or mutant

NRROS vectors led to a similar percentage of HEK293T cells

with intracellular latent TGF-b1, as well as those with

double positive intracellular staining by anti-human LAP

(TGF-b1) and anti-HA antibodies (Figures 4A and 4B and

Figure S5A). Co-transfection of HEK293T cells with the

TGFB1 expression vector and the empty pcDNA3 vector

resulted in approximately 6% of living cells with surface

staining of latent TGF-b1. In contrast, approximately

21% of living cells demonstrated cell-surface-latent TGF-

b1 when overexpressing TGFB1 along with wild-type

NRROS, implying that wild-type NRROS can deliver more

latent TGF-b1 to the cell surface in addition to endogenous

NRROS in HEK293T cells (Figure 4C and Figure S5B).

Remarkably, an extremely small number of cells showed

cell surface staining of latent TGF-b1 upon co-overexpres-

sion of TGFB1 with each of the two disease-associated

NRROS variants, suggesting that mutant NRROS may

sequester latent TGF-b1 intracellularly or affect proper

folding of latent TGF-b1, thus impairing the presentation

of latent TGF-b1 on the cell surface (Figure 4C and

Figure S5B).

In Nrros knockout mouse models, heterozygous mice

were healthy, whereas homozygous Nrros knockout mice

showed impaired motor function and neurodegeneration
564 The American Journal of Human Genetics 106, 559–569, April 2,
with abnormal microglial development and microglio-

sis.2,5 In this study, heterozygous carriers for NRROS vari-

ants were unaffected, as well. Thus, we hypothesized that

wild-type NRROS can rescue the mutant NRROS-mediated

depletion of latent TGF-b1 on the cell surface. Wild-type

and mutant NRROS were distinguished by fusing a

MYC tag to the wild-type NRROS construct (Figure S3).

Intracellular staining showed that similar proportions of

cells were positive for both latent TGF-b1 and HA-tag stain-

ing upon co-expression of TGFB1 and HA-tagged mutant

NRROS, with or without wild-type MYC-tagged NRROS

(Figure 4D and Figure S6A). Moreover, a comparable num-

ber of cells were positive for the intracellular MYC-tag or

latent TGF-b1 staining upon co-expression of wild-type

MYC-tagged NRROS and TGFB1, with or without mutant

HA-tagged NRROS (Figure 4E and Figures S6A, S6B and

S7A). Overexpression of wild-type NRROS with TGFB1

and mutant NRROS succeeded in presenting latent TGF-

b1 to the cell surface, in comparison to the empty pcDNA3

vector (Figure 4F and Figure S6C). The rescued presentation

of cell-surface-latent TGF-b1 occurred at a level largely

achieved by cells expressing only wild-type NRROS and

TGFB1 (Figure 4F and Figure S6C).

In the present study, the two NRROS frameshift variants

(p.Leu661Serfs*97 and p.Thr549Profs*82) retain all of the

conserved residues required for the interaction of NRROS

with latent TGF-b1. Due to partial or complete loss of the

TMD, these mutant NRROS proteins fail to present latent

TGF-b1 to the cell surface. The third NRROS frameshift

variant, p.Leu64Trpfs*81, is not only predicted to fail to

anchor latent TGF-b1 to the cell surface due to the loss of

the TMD, but also predicted to be unable to bind to latent

TGF-b1 due to the complete loss of the conserved residues

that interact with latent TGF-b1. Genetic variants that

affect signal peptide domains have been found to disrupt

cellular localization and protein function, and these vari-

ants are often missense in nature.19 The NRROS missense

variant p.Leu10Pro lies within the signal peptide domain

of NRROS and is predicted to affect protein transport

(Figure S2). The amino acid substitutions of leucine to pro-

line in the SPs of other proteins often affect protein local-

ization and secretion.20–22 In this study, the individual

harboring this missense variant was found to be a com-

pound heterozygote with the NRROS frameshift variant

p.Leu64Trpfs*81. He presents with similar phenotypic fea-

tures to those of the remaining individuals studied, all of

whom had homozygous frameshift variants that have

demonstrated reduced capacity to deliver latent TGF-b1

to the cell surface. Segregation testing of this affected indi-

vidual revealed bi-allelic inheritance of the compound het-

erozygous variants from clinically unaffected carrier par-

ents. Thus, the missense variant, when in compound

heterozygous state with anotherNRROS frameshift variant,

is predicted to result in impaired NRROS-mediated

transport of latent TGF-b1.

In summary, the reported frameshift and missense vari-

ants are predicted to impact proper targeting of NRROS
2020



Figure 4. Flow Cytometry Analysis of Intracellular and Cell Surface Staining of Latent TGF-b1 Influenced by Mutant NRROS Alone or
Together with Wild-Type NRROS in HEK293T Cells after Transfection
(A) The percentage of total cells with intracellular staining for both hemagglutinin (HA)-tagged and latent TGF-b1 after transfection with
different vectors for indicated proteins.
(B) The percentage of total cells with intracellular staining for latent TGF-b1.
(C) The percentage of living cells with latent TGF-b1 staining on the cell surface.
(D) The percentage of total cells with intracellular staining for both HA-tagged and latent TGF-b1.
(E) The percentage of total cells with intracellular staining for latent TGF-b1.
(F) The percentage of living cells with latent TGF-b1 staining on the cell surface.
Data are presented as the mean5 standard deviation of three independent experiments (n ¼ 3), and a one-way ANOVA analysis with a
Tukey’s post hoc honestly significant difference (HSD) test was performed to calculate p values. **p < 0.01, ****p < 0.0001. ns—not sig-
nificant, e—the empty vector, t—the vector encoding latent TGF-b1, W—the vector encoding wild-type NRROS-HA, V1—the vector en-
coding HA-tagged mutant NRROS p.Leu661Serfs*97, V2—the vector encoding HA-tagged mutant NRROS p.Thr549Profs*82, M—the
vector encoding wild-type NRROS-MYC, þ—along with, —̂250 ng plasmid DNA, #—200 ng plasmid DNA.
and impair the ability to anchor latent TGF-b1 on the cell

surface, which is required for activation of TGF-b1

signaling.We have shown that wild-type NRROS can trans-

port latent TGF-b1 to the cell surface (Figure 5A), while dis-

ease-causing NRROS mutants have impaired ability to

anchor latent TGF-b1 to the cell surface (Figure 5B).
The Ame
Significantly, wild-type NRROS can rescue mutant

NRROS-mediated depletion of latent TGF-b1 at the cell

surface.

We postulate that aberrant NRROS protein has an

impaired ability to anchor latent TGF-b1 on the cell sur-

face, resulting in perturbed bioavailability of active TGF-b
rican Journal of Human Genetics 106, 559–569, April 2, 2020 565



Figure 5. A Model of Latent TGF-b1 Presentation on the Cell
Surface, Mediated by Wild-Type NRROS or Mutant NRROS with
an Absent Transmembrane Domain
(A)Wild-type NRROS directs intracellular synthesis and processing
of latent TGF-b1 to the cell surface, where it is then subject to
integrin-dependent release of active TGF-b1.
(B) NRROS variants with an impaired or missing transmembrane
domain fail to anchor NRROS-latent TGF-b1 complexes on the
cell surface, resulting in failure to release active TGF-b1, which
in turn leads to defective TGF-b1 signaling.
leading to dysregulated TGF-b signaling. The neurologic

phenotype in the reported individuals is similar to that

seen in individuals with bi-allelic TGFB1 loss-of-function

variants.23 The overlapping features include cortical

atrophy, delayed myelination, corpus callosum hypopla-

sia, developmental regression, and refractory epilepsy.

The experimental findings by Kotlarz and colleagues sug-

gest that perturbed bioavailability of TGF-b1 may be the

underlying pathomechanism for affected individuals

with bi-allelic variants in TGFB1,23 which is a similar

pathology hypothesized here for the individuals with bi-

allelic variants inNRROS. Several binding partners of latent

TGF-b1 mediate the activation of TGF-b signaling, and

these include latent transforming growth factor b binding

proteins (LTBPs), LRRC32, and NRROS.2 The phenotypes

associated with dysregulated TGF-b signaling will likely

differ depending on the defective binding partner involved

owing to differential tissue levels of these proteins. Protein

levels of LTBPs and LRRC32 are very low in microglia, as

opposed to NRROS.2 Thus, the phenotype associated

with aberrant NRROS function might be expected to be

more pronounced in the CNS than are disorders associated

with deficiencies of other latent TGF-b1 binding partners.

Following CNS infection or injury, microglial cells are

activated and recruited to come to pathogens or injured

cells to mediate phagocytosis and release of substances

such as pro-inflammatory cytokines.24 Notably, TGF-b1

plays important roles in the survival of neural cells and in-

hibition of inducedmicroglial activation and associated in-

flammatory cytokine production.25,26 Although ordinarily

there is a small amount of TGF-b1 in healthy adult neural

cells, it can be rapidly upregulated to protect neuronal cells

against brain injury in response to neuronal insults such as
566 The American Journal of Human Genetics 106, 559–569, April 2,
inflammatorymolecules and oxidative products, especially

in microglia.8,27,28 We propose that a lack of functional

NRROS protein may result in uncontrolled microglial acti-

vation owing to the loss of TGF-b1 inhibitory activity,

because mutant NRROS has an impaired ability to anchor

latent TGF-b1 to the cell surface and thus has impaired

release of active TGF-b1. In theory, unchecked activation

of microglia could lead to microgliosis, chronic neuroin-

flammatory responses, elevated ROS production, and

neuronal cell death. In support of this theory, cerebrospi-

nal fluid (CSF) testing for Individual II:4 from Family 1 de-

tected elevated CSF neopterin, which is suggestive of CNS

inflammation. Similarly, one of the affected individuals re-

ported by Kotlarz and colleagues23 had CSF testing that

identified oligoclonal IgG bands and increased levels of

the interleukin IL-1b, which is also suggestive of a neuroin-

flammatory process. In addition, all affected individuals in

this report exhibited a reduction of white matter volume

over time, and this reduction may be secondary to

neuronal cell death. Taken together, these results suggest

that neuroinflammation and neuronal cell death are

features of the downstream effect of insufficient TGF-b1

activation caused by NRROS variants. Our proposed patho-

mechanism in NRROS deficiency differs from that of

the chronic neuroinflammation implicated in other

neurodegenerative conditions such as Alzheimer’s disease,

Parkinson’s disease, and frontotemporal dementia. In

these adult-onset neurodegenerative conditions, it is

thought that the continual activation of microglia is medi-

ated by insidious exposure to proinflammatory stimuli,

such as amyloid-beta plaques in Alzheimer’s disease.29

Intracranial calcification (ICC) was identified in three of

the six individuals in this study. ICC refers to calcification

within the cranial cavity, which is generally accepted to

mean the brain parenchyma or its vasculature.30 There are

several hypotheses to explain calcium deposition in the

brain; these hypotheses include abnormal calcium meta-

bolism,31 microangiopathy,32 and inflammation.33 ICC has

not yet been examined inNrros knockoutmice. ICC is associ-

ated with a highly heterogeneous clinical presentation, the

major categories of which include physiologic, dystrophic,

and congenital disorders and infectious, vascular, neoplastic,

metabolic/endocrine, inflammatory, and toxic diseases.34

Normal age-related physiological calcification is thought to

occur largely in the pineal gland and choroid plexus, and

even so, it rarely occurs within the first two decades of life.

Thus, ICC manifesting in childhood can be considered to

be pathological. Evaluation of affected individual age along

with localization of calcification is paramount when consid-

ering thedifferential diagnosis of pathologic ICC. ICCcan be

associated with dystrophic processes such as ischemic injury

secondary to stroke. Several congenital infections manifest

with ICC; these include cytomegalovirus, herpes simplex

virus, toxoplasmosis, rubella, Zika virus, and HIV. Vascular

calcifications can be seen in the context of atherosclerotic

lesions and vascular malformations such as cavernous

angiomas and arteriovenous malformations. The presence
2020



anddistribution of calcification in brainneoplasms is impor-

tant for delineating intracranial tumors.Metabolic andendo-

crine disorders affecting calcium homeostasis may lead to

intracranial calciumdeposition, as has been seenwith hypo-

parathyroidism,hyperparathyroidism, andhypothyroidism.

Inflammatory conditions such as systemic lupus erythema-

tosus and sarcoidosis demonstrate ICC, and neurotoxic

agents such as lead and carbon monoxide have also been

responsible for the development of ICC. Finally, there are

severalmonogenic disorders for which ICC is a feature; these

include tuberous sclerosis, neurofibromatosis, and Sturge-

Weber syndrome. Examples of genetic neurodegenerative

diseases with ICC include Cockayne syndrome (MIM:

216400; MIM: 133540), Krabbe disease (MIM: 245200), X-

linkedadrenoleukodystrophy (MIM:300100),Alexanderdis-

ease (MIM: 203450), Fabry disease (MIM: 301500), andmito-

chondrial disease. One of the best described conditions with

ICCisAicardi-Goutieres syndrome (AGS), a type1 interferon-

opathy caused by variants in a number of genes:35 TREX1

(MIM: 606609), RNASEH2B (MIM: 610326), RNASEH2C

(MIM: 610330), RNASEH2A (MIM: 606034), SAMHD1

(MIM: 606754), ADAR (MIM: 146920), and IFIH1 (MIM:

606951). AGS presents as an early-onset encephalopathy

that most commonly results in severe intellectual and phys-

ical disability.36 The ICC in AGS is postulated to be the result

ofneuroinflammation33which,ashasbeensuggestedhere, is

also the possible cause for the affected individuals in this

cohort. As such, pathogenic variants in NRROS should be

considered in the list of differential diagnoses for ICC.

There is some evidence to suggest that microglial dysre-

gulation leads to neurological disease and cerebral calcifi-

cation. Mice with depletion of Usp18, a negative regulator

of microglia activation, demonstrate ICC, which is also a

feature in human USP18 deficiency.37,38 ICC has also

been identified in affected individuals with mutations

in other genes that play important roles in microglial

development and function, such as IRF8 (MIM: 601565),

CSF1R (MIM: 164770), and PDGFB (MIM: 190040).39–41

Recently, a Pdgfb knockout mouse model of primary fa-

milial brain calcification has been used to investigate

the hypothesized association of microglial dysregulation

with ICC formation.42 Microglia depletion in Pdgfb

knockout mice using the CSF1R inhibitor PLX5622 re-

sulted in aggravated intracranial vessel calcification,

which suggests a protective role for microglia in the devel-

opment of ICC.

A possible treatment strategy is bone marrow (BM)

transplantation. Hematopoietic cells in BM can migrate

into the CNS and differentiate into microglia. BM trans-

plantation has been used to rescue microglia-related

CNS pathologies by restoring functional microglia.43

Notably, BM transplantation has been effective in slowing

down or stopping clinical symptom progression in 12-

week-old Nrros knockout mice. This raises the potential

for future therapeutic options for this neurological disor-

der.2,7 Identification of other treatment strategies may

include the use of high throughput chemical screening
The Ame
to help identify ways to rescue defective TGF-b1 delivery

via other TGF-b1 binding partners or chaperone

molecules.

It is necessary to be aware of the limitations in this

study. We fused small peptide tags including HA or MYC

to the C terminus of wild-type and aberrant NRROS

proteins, and we transfected cells with plasmids encoding

these fusion proteins for immunostaining and flow

cytometry analysis. Overexpression studies may not

represent physiologic phenomena because these studies

generate supraphysiological protein levels, which may

complicate interpretation as a consequence of dysregula-

tion of biological pathways, interference with the assem-

bly of protein complexes, or cytotoxicity.44,45 While it is

generally assumed that small protein tags used in

biochemical experiments have minimal impact on their

tagged protein,46 it has been reported that adding small

tags may affect protein stability,46,47 function, or interac-

tion.44,48 Thus, cautious analysis is needed and further

investigation is warranted.

In conclusion, our studies suggest that germline bi-allelic

loss-of-function variants in the NRROS gene cause a severe

monogenic infantile onset neurodegenerative disorder

characterized by neurodegeneration and epilepsy, with

features suggestive of neuroinflammation. We show that

aberrant NRROS function results in impaired delivery of

active TGF-b1, and we hypothesize that impaired TGF-b1

activation is a major contributor to the phenotypes in

these affected individuals.
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