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A B S T R A C T

Purpose: Mechanistic target of rapamycin (mTOR) complex 1 (mTORC1) regulates cell growth
in response to nutritional status. Central to the mTORC1 function is the Rag-GTPase
heterodimer. One component of the Rag heterodimer is RagC (Ras-related GTP-binding
protein C), which is encoded by the RRAGC gene.
Methods: Genetic testing via trio exome sequencingwas applied to identify the underlying disease
cause in 3 infants with dilated cardiomyopathy, hepatopathy, and brain abnormalities, including
pachygyria, polymicrogyria, and septo-optic dysplasia. Studies in patient-derived skin fibroblasts
and in a HEK293 cell model were performed to investigate the cellular consequences.
Results: We identified 3 de novo missense variants in RRAGC (NM_022157.4: c.269C>A,
p.(Thr90Asn), c.353C>T, p.(Pro118Leu), and c.343T>C, p.(Trp115Arg)), which were previ-
ously reported as occurring somatically in follicular lymphoma. Studies of patient-derived
fibroblasts carrying the p.(Thr90Asn) variant revealed increased cell size, as well as
dysregulation of mTOR-related p70S6K (ribosomal protein S6 kinase 1) and transcription
factor EB signaling. Moreover, subcellular localization of mTOR was decoupled from
metabolic state. We confirmed the key findings for all RRAGC variants described in this
study in a HEK293 cell model.
Conclusion: The above results are in line with a constitutive overactivation of the mTORC1
pathway. Our study establishes de novo missense variants in RRAGC as cause of an early-onset
mTORopathy with unfavorable prognosis.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

RRAG genes encode for Rag proteins that are part of a
unique family of small GTPases known to regulate amino
acid–induced mechanistic target of rapamycin complex 1
(mTORC1) signaling.1 All family members, including Ras-
related GTP-binding C (RagC), interact with mTORC1 in an
amino acid–sensitive manner. For RagC, a GDP-bound state
is necessary for amino acid activation of mTORC1 to pro-
mote intracellular localization of mTOR to the lysosomal
surface, which also contains activator RHEB.2 RagC addi-
tionally mediates phosphorylation of transcription factor EB
(TFEB) in a substrate-specific mechanism.3 Via mTORC1
and TFEB, RagC has an important role in the regulation of
key cellular processes, such as autophagy and lysosomal
biogenesis, and the regulation of brain developmental as-
pects, such as neuronal maturation and migration
(Supplemental Figure 1 provides an overview).4,5

Currently, 2 Rag family members have been associated
with human disease: pathogenic variants in RRAGA were
described in patients with autosomal dominant cataract.6

RRAGD mTOR-activating variants were identified in
children with renal tubulopathy and cardiomyopathy.7 In
addition, a variant in RRAGC (NM_022157.4:c.224C>A;
p.(Ser75Tyr)) has previously been associated with syn-
dromic fetal dilated cardiomyopathy (DCM) in a single in-
dividual.8 The individual died because of intractable
multisystem organ failure at the age of 22 months. Further
evidence for the pathogenicity of the identified RRAGC
variant came from functional studies in RRAGCS56Y-
mutated AD293 cells and a zebrafish model.8,9

Here, we report 3 children with heterozygous de novo
missense variants in RRAGC. In addition to DCM and
hepatopathy, the individuals showed brain anomalies, which
included pachygyria, polymicrogyria, and septo-optic
dysplasia. Functional studies using patient-derived fibro-
blasts revealed increased cell size, as well as altered p70S6K
and TFEB signaling. Moreover, subcellular localization of
mTOR was decoupled from metabolic state. Finally, we
confirmed our key findings for all RRAGC variants identi-
fied in this study using a HEK293 cell model.
Materials and Methods

Genetic testing and identification of additional
families

Trio exome sequencing (ES) of individual #1 was performed
in a diagnostic setting using DNA extracted from blood as
described previously.10 Sanger sequencing was performed to
confirm the variant in blood and fibroblasts. The match-
making platform GeneMatcher was used to identify
additional individuals with overlapping genotype and
phenotype.11 In individuals #2 and #3, trio-ESwas performed
on DNA extracted from whole blood in a diagnostic setting.
Variants were classified according to the current American
College of Medical Genetics and Genomics classification.12

The study was conducted in accordance with the Declara-
tion of Helsinki. The families agreed to share the medical and
genetic information for scientific publication.

Fibroblast culture

Fibroblasts were cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (all from Life
Technologies) at 37 ◦C in a humidified atmosphere of 5%
CO2. For amino acid starvation, we used DMEM without
amino acids and glucose powder (US Biological), which
was supplemented with 10% dialyzed FBS (Gibco; DMEM
– aa). For amino acid supplementation, nonessential amino
acids (Gibco), essential amino acids without glutamine
(Gibco), and glutamine were added (DMEM + aa). The use
of patient-derived cells was approved by the ethical
committee of the Heinrich-Heine-University Düsseldorf
(#2021-1340). Primary human skin fibroblasts (NHDF-neo,
Lonza; age and sex matched) were used as controls.

Measurement of cell size

For cell size quantification, 17,000 cells were seeded per
dish (VWR, 150682) in regular culture medium and grown
for 48 hours. Next, 4 μM CalceinAM dye (C3099, Ther-
moFisher Scientific) with 50 ng/mL Hoechst 33342 (14533,
Sigma) in Live Cell Imaging Solution (A14291DJ, Ther-
moFisher Scientific) were added and cells were incubated
for 15 minutes at 37 ◦C. Subsequently, cells were washed
2× with Live Cell Imaging Solution. Images were acquired
using an Axio Observer Z1 microscope equipped with a
20×/0.8 objective and an AxioCam 712 mono (all from
Zeiss). For imaging of calcein fluorescence, an EGFP HC
filter set (AHF) was selected, and for visualization of
Hoechst 33342 staining, a DAPI HC BrightLine Basic filter
set (AHF) was applied. Quantification of data was per-
formed using interactive measurement with ZEN 3.1 (Zeiss)
and application of the modules “Measurement”, “Image
Analysis”, and “Macro Environment”. For recognition of
nuclear staining (Hoechst 33342), Otsu Threshold (Light
Regions) with a minimum area of 463 was used (the number
of nuclei was determined). For measurement of the surface,
Triangle Threshold (Light Regions) with a minimum area of
1000 was applied (determination of cell size). Finally, the
area of cells was divided by the number of nuclei per image.

TFEB immunofluorescence

One day before experiments, 10,000 cells were seeded per
dish (VWR, 150680) in regular culture medium and incu-
bated overnight at 37 ◦C. Next, cells were washed 2× with
DMEM ± aa and subsequently incubated for 1.5 hours at
37 ◦C. Next, cells were fixed with cold methanol (−20 ◦C)
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for 10 minutes. After washing 3× with phosphate-buffered
saline (PBS), samples were incubated for 7 minutes in
0.2% Triton X 100/PBS. Again, cells were washed 2× with
PBS. Blocking was done in 5% goat serum (G9023, Sigma)
in PBS. Next, anti-TFEB CL594 (CoraLite 594 conjugated
TFEB antibody, CL594-13372, Proteintech; 1:200) was
added in 1% bovine serum albumin (BSA)/PBS 200 μL/dish
for 1.5 hours at room temperature. Subsequently, cells were
washed 3× with 0.2% Triton/PBS for 10 minutes. Images
were acquired using an Axio Observer Z1 microscope using
a Plan-Apochromat 63×/1.4 oil objective (Zeiss) and filter
set 31 (Zeiss). Quantification of mean fluorescence intensity
was done with FIJI software in standardized areas of nuclei,
cytoplasm, and background. After background correction, a
ration of mean nuclear and mean cytoplasmic fluorescence
was determined.

Immunoblotting

For experiments using whole-cell lysates, cells were cultured
in T75 flasks for 4 to 6 days. Next, cells were washed 2×
with DMEM ± aa and subsequently incubated in DMEM ±
aa for 2 hours at 37 ◦C. Cells were harvested with TrypLE
(Thermo Scientific), washed 3× in NaCl, and centrifuged a
300 × g for 5 minutes at 4 ◦C. Pellets were lysed in 200 μL
PhosphoSafe (TB402, Novagen) with protease and phos-
phatase inhibitors (P8340, P0044, both from Sigma, and Halt
Protease Inhibitor #1860932, Thermo Scientific). Lysates
were centrifuged for 5 minutes at 10,000 × g at 4 ◦C.

For experiments with separation of nuclear and cyto-
plasmic fractions, cells were cultured in T75 flasks for 4 to 6
days. Subsequently, cells were incubated in DMEM ± aa for
1.5 hours at 37 ◦C. Cells were harvested with TrypLE
(Thermo Scientific), washed 3× in NaCl, and centrifuged at
300 × g for 5 minutes at 4 ◦C. Cellular fractions were ob-
tained using the NE-PER Nuclear and Cytoplasmic
Extraction Reagents kit (78835, Thermo Scientific) ac-
cording to the manufacturer’s protocol.

After removal of the supernatant, protein content was
determined, and 20 μg of the samples were used. The super-
natant was mixed with LDS sample buffer (NP0007, Novex
by Invitrogen) and sample reducing agent (NP0004, Novex).
Samples were loaded on 4% to 12% Bis-Tris gels
(NP0321BOX, Invitrogen), and electrophoresis was per-
formed using NuPage MOPS SDS Running Buffer (NP0001,
Invitrogen). After electrophoresis, the gels were processed for
western blotting and transferred to nitrocellulose membranes
(#162-0146, BioRad) using NuPage transfer buffer (NP0006,
Invitrogen). Blocking was done in 3%MP in TTBS. Only for
TFEBpS211 blocking was done in 5% MP. The following
primary antibodies were used: P-p70S6K (#9234; 1:1000;
rabbit; Cell Signaling), p70S6K (#2708; 1:1000; rabbit; Cell
Signaling), TFEBpS211 (#37681; 1:1000; rabbit; Cell
Signaling), TFEB (13372-1-AP; 1:1000; rabbit; Proteintech,
RRAGC (26989-1-AP; 1:1000; rabbit; Proteintech), Tubulin
(T 9026; 1:1000; mouse; Sigma), Lamin AC (SAB4200236;
1:4000; mouse; Sigma). Incubation with primary antibodies
for TFEBpS211/P-p70S6K/p70S6K was done in 5% BSA
TTBS. All other antibodies were incubated in 3% MP in
TTBS. The following secondary antibodies were used: anti-
rabbit IgG horseradish peroxidase (HRP) (Amersham NA
934V; 1:1000) and anti-mouse IgGHRP (AmershamNA931
V; 1:1000). Incubationwith secondary antibodies was done in
3% MP TTBS. BM Chemiluminescence blotting substrate
(Roche) was used for visualization. Results were recorded
using Chemidoc (BioRad). Bands were quantified using Im-
age Lab software V 5.2.1 (BioRad). Statistical significance
was assessed using t test.

For experiments using whole-cell lysates, results were
related to the condition “control + aa.” Values were
normalized on tubulin.

For experiments with separation of nuclear and cyto-
plasmic fractions, results were related to the condition
“control + aa.” Values were normalized on tubulin (cyto-
plasm) or lamin AC (nucleus).

Structural modeling

AlphaFold Protein Structure Database (accession ID:
Q9HB90; last accessed 04.09.2022, AlphaFold DB version
2022-06-01) was used to visualize RagC protein structure.13

Immunofluorescence of mTOR localization

Cells were detached and transferred to glass bottom dishes
(Thermo 150680) and grown in regular culture medium
(DMEM). For immunostaining, cells were washed with and
subsequently cultured for 1.5 hours at 37 ◦C in DMEM me-
dium with or without amino acids (for culture conditions, see
section "Fibroblast culture"). Next, cells were fixed with
100% ethanol for 15 minutes. In the following, cells were
washed 3× with PBS, and samples were blocked in 1% BSA
in PBS for 1 hour at room temperature. CoraLite 594-
conjugated mTOR monoclonal antibody (mouse IgG2a;
Proteintech CL594-66888; 1:100) and anti-LAMP1 mono-
clonal antibody (mouse IgG1, abcam ab25630; 1:100) were
used as primary antibodies. Samples were incubated for 1.5
hours in 1%BSA and subsequently washed 3×with PBS. For
Lamp1 staining, Alexa Fluor 488 goat anti-mouse IgG1
(Invitrogen A21121; 1:1000) was used in 1%BSA in PBS for
30 minutes at room temperature in the dark. Fluorescence
images were obtained using anAxio Observer Z1microscope
equipped with Apotome 3 and ZEN 3.5 pro software using a
Plan-Apochromat 63×/1.4 oil objective and filter sets 38 HE
and 63 HE (all from Zeiss).

Investigation of RRAGC variants in a HEK293 cell
model

Prk5 Flag-RRAGB was a gift from Roberto Zoncu (Addg-
ene plasmid #112755), and Prk5 HA-RRAGC was a gift
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from David Sabatini and Kuang Shen (Addgene plasmid
#99718). To create RRAGC vectors containing variants of
interest, site-directed mutagenesis was performed using the
Q5 site–directed mutagenesis kit (New England Biolabs).
Sanger sequencing of vectors was performed to confirm the
variants. HEK293 cells at 70% confluency were transfected
with 1 μg of RRAGB and 1 μg of either wild-type or mutant
RRAGC using Transit-X2 transfection reagent (MirusBio) in
OptiMEM. Twenty-four hours after transfection, cells were
incubated with either DMEM or DMEM Limiting Medium
(Gibco) lacking both L-leucine and L-methionine. After 2
hours of incubation, cells were washed in PBS, collected,
and lysed in NP-40 lysis buffer containing HALT protease
and phosphatase inhibitors (ThermoFisher Scientific).
Whole-cell lysate (20 μg) was denatured in LDS sample
buffer and ran on a BOLT 4% to 12% Bis-Tris SDS PAGE
Gel. After transfer to a polyvinylidene difluoride membrane,
the membrane was blocked in 5% skimmed milk in PBS and
incubated overnight in primary antibody. After 3 washes in
PBS, the membrane was incubated with a secondary HRP
antibody for 1 hour. After a further 3 washes in PBS,
SuperSignal West Femto Maximum Sensitivity substrate
was added to visualize the blot and imaged on a ChemiDoc
MP Imaging system (BioRad). Bands were analyzed using
ImageLab software (BioRad), and statistical analysis per-
formed using Prism 9 software using intensity values ob-
tained from 3 independent biological replicates.

All antibodies were from Cell Signaling Technology and
used at a dilution of 1:1000 in 1% nonfat milk unless
otherwise reported. Primary antibodies used were p70S6
kinase (#9202), phospho-S6 kinase (#9204), TFEB
(#37785), and phospho-TFEB (Ser122) (#87932). A B-actin
antibody (Ambion, 1:10,000) was used as a loading control
on all blots. Secondary antibodies used include anti-Rabbit
HRP (#7074, 1:5000) and anti-mouse HRP (DAKO,
1:10,000).
Results

Case reports

Individual #1 was the first child of healthy non-
consanguineous parents with European ancestry. The boy
was born at 30+4 gestational weeks after normal pregnancy
because of premature rupture of membranes (weight 1.75 kg
[p71]/3.86 lb, lengths 47 cm [p96]/18.5 inches, head
circumference 32 cm [p93]/12.6 inches). After birth,
increasing lactate levels became evident (11 mmoL/L; norm
< 1.6). Echocardiography demonstrated a large atrial septal
defect of the secundum type and 2 small ventricular septal
defects. During the following days, heart function deterio-
rated with global restrictive biventricular dysfunction
(fractional shortening 15%-20%) and dilatation of the right
atrium (Figure 1, Supplemental Videos 1 and 2). Lactate
levels increased up to 22 mmoL/L, and ammonium
concentrations were elevated up to 670 μg/dL (norm < 228).
Laboratory values indicated liver dysfunction (GOT 451
U/L, norm < 100; GPT 68 U/L, norm < 42; Ggt 230 U/L,
norm < 181; quick 29%, norm > 64). Metabolic workup in
urine revealed a strong elevation of Krebs-cycle in-
termediates, indicating mitochondrial dysfunction. Treat-
ment with high-caloric infusion and application of
detoxifying agents led to a normalization of ammonium
levels. However, lactate concentrations remained high (25
mmoL/L). Brain magnetic resonance imaging revealed
cavum septum pellucidum and pachygyria (Figure 1). The
child died on the fourth day of life because of car-
diocirculatory failure. Investigation of muscle tissue
revealed no respiratory chain abnormalities. Brain autopsy
confirmed pachygyria and additionally identified areas with
polymicrogyria (Figure 1).

Individual #2 is the third child of nonconsanguineous
parents of European ancestry. The boy was born after 40+6

weeks of gestation (weight 3.18 kg [p12]/7.01 lb, length 50
cm [p10]/19.7 inches, Apgar 4/9). Growth parameters were
normal within the first 9 months (head circumference 43.5
cm [p41]/17.13 inches at age 6 months, height 70 cm [p32]/
27.6 inches and weight 8.0 kg [p25]/17.64 lb at age 9
months). Motoric development was moderately delayed. At
the age of 9 months, the boy was hospitalized because of
acute cardiac failure. Echocardiography showed dilatation
of the left ventricle with abnormal systolic and diastolic
function. There was mild mitral, tricuspid, and pulmonary
valve insufficiency. Brain magnetic resonance imaging
showed abnormalities in the spectrum of septo-optic
dysplasia (Figure 1). Eye examination revealed bilateral
cataracts and optic nerve hypoplasia. The further clinical
course was complicated by weight loss due to feeding dif-
ficulties and vomiting. Lactate levels increased up to 18
mmol/l. Additionally, severe liver dysfunction was present.
Three weeks after clinical deterioration, the heart function
further declined, and the boy died at the age of 10 months.

Individual #3 was the first child of healthy non-
consanguineous parents with European ancestry. The girl
was born at 35+2 gestational weeks because of fetal hydrops
and deterioration of cardiac function (weight 3.185 kg
[p91]/7.02 lb, length 48 cm [p56]/18.9 inches, head
circumference 33.5 cm [p67]/13.2 inches). Postnatal echo-
cardiography revealed right ventricular enlargement and
tricuspid valve insufficiency. Brain ultrasound demonstrated
cavum septum pellucidum, as well as bilateral sub-
ependymal cysts in the caudothalamic groove (Figure 1).
Moreover, signal intensity of the basal ganglia appeared
increased. Eye examination revealed microspherophakia.
Laboratory investigations showed increased lactate levels
(max. 8.3 mmoL/L) and indicated liver dysfunction (GOT
129 U/L, norm < 100; Ggt 226 U/L, norm < 140; albumin
1.95 g/dL, norm > 2.8; quick 42%, norm > 70%). During
further clinical course, the cardiac function of the child
further deteriorated (severe DCM with systolic dysfunction,
fractional shortening 11%). The girl died at the age of 1
month due to cardiac failure.



Figure 1 Clinical imaging and neuropathology in individuals with pathogenic variants in RRAGC. A. Brain MRI (T2-weighted, axial
view) of individual #1 showing pachygyria, CSP (black arrow), and intraventricular hemorrhage due to coagulopathy caused by liver
dysfunction. B. Brain MRI (T2-weighted, axial view) of individual #2 demonstrating CSP with partial aplasia of septal leaflets (black ar-
rows). C. Brain MRI of individual #2 (T1-weighted, coronal view) showing bilateral hypoplasia of the optic nerves (white arrows). D. Brain
ultrasound image of individual #3 demonstrating CSP (white arrow), as well as bilateral cystic structures in the caudothalamic groove (black
arrows). Moreover, signal intensity of the basal ganglia appears increased. E. Echocardiographic image of individual #1 during the neonatal
period, 4-chamber view, demonstrating severe DCM with globally impaired systolic function (fractional shortening 15%-20%; see also
Supplemental Videos 1 and 2). F. Echocardiographic image of individual #3 during the neonatal period, 4-chamber view, showing severe
DCM and systolic dysfunction (fractional shortening 11%). G. Histologic image (hematoxylin and eosin staining) from brain autopsy of
individual #1 demonstrating focal polymicrogyria with a 4-layered cortex instead of the normal 6-layered isocortex (sample was acquired
from the left temporal region). H. For comparison, a histologic image of a sample with normal 6-layered isocortex is depicted, which was
derived from the occipital brain region of individual #1. CSP, cavum septum pellucidum; DCM, dilatative cardiomyopathy; MRI, magnetic
resonance imaging.
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Summarized clinical information is available in
Supplemental Table 1.

Genetic findings

For all individuals, data analysis of trio-ES revealed no (likely)
pathogenic variants in the context of an autosomal-recessive or
mitochondrial inheritance pattern. A search for de novo vari-
ants revealed single-nucleotide variants in RRAGC in the 3
affected children: individual #1: RRAGC: NM_022157.4:
c.269C>A; p.(Thr90Asn) (NC_000001.10:g.39322723G>T
(GRCh37)/ NC_000001.11:g.38857051G>T (GRCh38)),
CADD-score: 24.6 (calculated by https://cadd.gs.washington.
edu/snv), coverage in exome 56-fold, variant allele frequency
(VAF) of 38%; individual #2: NM_022157.4: c.353C>T;
p.(Pro118Leu) (NC_000001.10:g.39322639G>A (GRCh37)/
NC_000001.11:g.38856967G>A (GRCh38)), CADD-score:
29.7, coverage in exome 83-fold, VAF of 53%; individual
#3: NM_022157.4: c.343T>C; p.(Trp115Arg) (NC_000001.
10:g.39322649A>G (GRCh37)/NC_000001.11:g.
38856977A>G (GR Ch38)), CADD-score: 28.9, coverage in
exome 228-fold, VAF of 52%. The variants were predicted to
lead to amino acid substitutions at highly conserved positions
in the nucleotide-binding region of RagC (Supplemental
Figure 2). The variants identified in individuals #1 and #3
were not present in healthy controls either from the gnomAD
database or in the Munich in-house database of approximately
25,000 exomes.14 The variant identified in individual #2
(p.(Pro118Leu)) is present in 1 healthy control individual from
the gnomAD database v.3.1.2, but manual visualization of
sequencing data reveals a VAF of 0.25 to 0.3, indicating the
presence of (somatic) mosaicism.

Although the VAF for the variants identified in in-
dividuals #1 to #3 by ES was not generally suspicious of
mosaicism, Sanger sequencing was used to confirm the
presence of the RRAGC variant in fibroblasts of individual
#1, thus making a germline variant likely. Additional tissue
samples for individuals #2 and #3 to confirm germline
variant status were not available.

The RRAGC gene is considered to be intolerant for loss-
of-function (LOF) variants as observed by metrics in the
gnomAD database (pLI = 0.98, v.2.1.1).13 However, mul-
tiple healthy individuals carrying LOF variants are present
in gnomAD and the Munich in-house database. Thus,

https://cadd.gs.washington.edu/snv
https://cadd.gs.washington.edu/snv


Figure 2 Genetic findings in individuals with pathogenic variants in RRAGC. A. Reported variants in RRAGC (NM_022157.4). The
upper panel depicts the germline variants reported in affected individuals so far. Novel variants described in this report are described in bold.
Intronic sequences are not to scale. Selected somatic variants reported in follicular lymphoma are described below the representation of the
RagC protein. The 3 nucleotide-binding sites are depicted in yellow (residues 68-75, 116-120, 178-181). Respective publications are an-
notated in round brackets as follows: #;15 *;16 ¤;17 ¥.12 Of those COSMIC variants, the variants in black are suspected to lead to an enhanced
binding of GDP, subsequently leading to mTORC1 activation. The variant Gln120Leu is suspected to lead to an increased binding of GTP,
thus leading to decreased mTORC1 activation. B. Protein model of RagC obtained from AlphaFold, colors according to AlphaFold per-
residue confidence score (pLDDT) between 0 and 100 (dark blue: very confident, pLDDT > 90; light blue: confident, pLDDT: 70-90;
yellow: low, pLDDT: 70-50; red: very low, pLDDT: < 50).13 The position of amino acid affected by missense variants in RRAGC from our
study (Thr90, Trp115, Pro118; panels B-D) and by Long et al (Ser75, panel A) are highlighted in magenta.8 Lower panels show zooms of the
respective regions. Overall, the respective residues affect the nucleotide sensing elements of the RagC protein. mTORC1, mechanistic target
of rapamycin complex 1.

6 M.R.F. Reijnders et al.



Figure 3 The pathogenic p.(Thr90Asn) variant inRRAGC is associatedwith increased cell size and dysregulates p70S6K signaling.A,
B. Determination of cell size. A. Representative microscope images of 3 age- and sex-matched control fibroblast lines (CT3, CT5, CT6) and
affected individual ID #1. B. Quantitative analysis of cell size. Bar graphs depict the results of 3 independent experiments (number of individual
cells analyzed: CT3 = 1070; CT5 = 867; CT6 = 1053; ID #1 = 829). C. Representative immunoblot images of RagC protein levels in control
(CT3, CT4, CT5) and patient-derived (ID#1) fibroblasts. Depicted are conditions with or without amino acid supplementation (+aa/−aa).
Tubulin served as a loading marker. D. Quantitated density of RagC western blot bands from 3 independent biological replicates. E. Repre-
sentative immunoblot images of p70S6Kandphosphorylated p70S6K (P-p70S6K) under conditionswith orwithout amino acid supplementation
(+aa/−aa). Tubulin served as a loading marker. F. Quantitated density of RagC western blot bands from 3 independent biological replicates.
Bands were quantified using ImageJ software. Statistical significance was assessed using t test. For all of the above results, average values are
presented as the mean ± SD; **P < .01 and ***P < .001 significantly different from controls. aa, amino acid.

M.R.F. Reijnders et al. 7
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RRAGC haploinsufficiency as an underlying disease mech-
anism was considered unlikely. Additionally, the gene also
shows a constraint against missense variants (Z = 2.46;
gnomAD v.2.1.1).14 When closely investigating the identi-
fied missense variants in individuals #1 (p.(Thr90Asn)), #2
(p.(Pro118Leu)), and #3 (p.(Trp115Arg)), as well as the
previously described missense variant p.(Ser75Tyr)
(Figure 2), it became apparent that all 4 variants had pre-
viously been reported in the COSMIC database and had
been implicated in constitutional Rag heterodimer activation
in the context of follicular lymphoma, leading to the hy-
pothesis that the identified RRAGC variants in the in-
dividuals may act via increased mTORC1 activation.18-20

Of note, 1 additional individual carrying the de novo
variant p.(Trp115Arg) in RRAGC was reported in a cohort
study of individuals with developmental disorders. How-
ever, no clinical details were provided in the study. We tried
to obtain phenotypic data but were only able to retrieve the
information that the individual had cardiomyopathy.21

Structural modeling

A protein model of RagC was obtained from AlphaFold to
visualize the location of the amino acid changes caused by
the missense variants p.(Thr90Asn), p.(Trp115Arg),
p.(Pro118Leu), and p.(Ser75Tyr). The analysis indicates
that all variants affect amino acid residues close to the
nucleotide sensing elements of the RagC protein
(Figure 2B).

The p.(Thr90Asn) variant in RRAGC is associated
with increased cell size

The activity of the mTORC1 pathway is essential for cell
growth. Overactivation of mTORC1 has been shown to
increase cell size.9 Accordingly, we investigated cell size in
patient-derived fibroblasts. Experiments revealed that fi-
broblasts of individual #1 were significantly larger
compared with healthy age- and sex-matched controls
(Figure 3A and B).

Fibroblasts carrying the p.(Thr90Asn) variant show
disturbed p70S6K signaling

Immunoblotting of RagC protein levels revealed no differ-
ences between control fibroblasts and fibroblasts derived
from individual #1 under ± aa culture conditions (Figure 3C
and D). Next, we analyzed a potential effect of the
p.(Thr90Asn) variant on p70S6K (ribosomal protein S6
kinase 1), which is a major target of the mTORC1 pathway.
Under physiological conditions, presence of amino acids
triggers phosphorylation and activation of p70S6K.2 Amino
acid withdrawal leads to inactivation of this pathway. To
investigate alterations in amino acid dependence of
mTORC/p70S6K signaling, we performed immunoblotting
experiments under ± aa culture conditions. The levels of
phosphorylated p70S6K were significantly higher in patient
compared with control fibroblasts. In controls, amino acid
starvation led to a decrease of p70S6K phosphorylation,
whereas in patient-derived cells, there was less difference
between culture conditions, and p70S6K phosphorylation
remained high (Figure 3E and F). Together, these results
show hyperactivated p70S6K signaling in both amino
acid–enriched and –depleted circumstances in patient fi-
broblasts, suggesting mTORC1 hyperactivity.

TFEB levels are decreased and subcellular
localization is altered in fibroblasts carrying the
p.(Thr90Asn) variant

TFEB subcellular distribution is dependent upon RagC.4 In
a state of mTORC1 activation, TFEB is retained in the
cytosol, whereas mTORC1 inactivation leads to a predom-
inantly nuclear localization.20 To investigate a potential
dysregulation of TFEB activity, we performed immuno-
blotting. Strikingly, levels of total TFEB were reduced in
patient cells (Figure 4A). In contrast, phosphorylated TFEB
was significantly increased in patient cells consistent with an
overactivation of mTORC1 (Figure 4A and B). The physi-
ological reduction of TFEB phosphorylation in response to
amino acid starvation was impaired. Next, we investigated
the subcellular localization of TFEB by immunofluores-
cence microscopy. Although TFEB was shifted to the nu-
cleus in the absence of amino acids in control cells, TFEB
was mainly retained in the cytoplasm in patient cells
(Figure 4C). The impaired shift of TFEB into the nucleus
was also confirmed by immunoblotting of nuclear and
cytoplasmic fractions (Figure 4D and E).

In fibroblasts carrying the p.(Thr90Asn) variant,
mTOR remains localized on the lysosome despite
amino acid starvation

To investigate mTOR localization during different culture
conditions, cells were stained with antibodies against
mTOR and lysosomal-associated membrane protein 1
(Lamp1). As depicted in Figure 5A, during the presence of
amino acids, mTOR was mainly localized at the lysosomes
in patient and control fibroblasts. However, during amino
acid starvation, mTOR redistributed to the cytosol in con-
trol fibroblasts. In contrast, mTOR remained mainly at the
lysosomes in patient-derived fibroblasts. These findings
suggest that the p.(Thr90Asn) variant decouples mTOR
activation from cellular nutritional state. Interestingly, the
amount of lysosomes was not clearly reduced in patient-
derived cells (by visual inspection). This might indicate
that compensatory mechanisms help to maintain lysosomal
biogenesis despite mTOR pathway hyperactivation. Addi-
tional microscopy images are shown in Supplemental
Figure 3.



Figure 4 The pathogenic p.(Thr90Asn) variant in RRAGC disrupts TFEB signaling. A. Representative immunoblot images of TFEB
and phosphorylated TFEB (P-TFEBSer211). Depicted are control (CT3, CT4, CT5) and patient-derived (ID#1) fibroblasts under conditions
with or without amino acid supplementation (+aa/−aa). Lamin AC and tubulin served as loading markers. B. Quantitated density of TFEB
and P-TFEBSer211 western blot bands of 3 independent biological replicates. C. Left panels: representative microscope images of TFEB
immunofluorescence in control (CT4) and patient (ID #1) fibroblasts under conditions with or without amino acid supplementation (+aa/
−aa). Right panel: quantitative analysis of TFEB immunofluorescence images. Bar graphs represent results from 3 independent experiments
(number of individual cells analyzed: CT4 + aa = 158; CT4 − aa = 150; ID #1 + aa = 177; ID #1 − aa = 206). D. Representative
immunoblot images of TFEB in nuclear and cytosolic fractions under conditions with or without amino acid supplementation (+aa/−aa). E.
Quantitated density of TFEB western blot bands from 4 independent biological replicates. Bands were quantified using ImageJ software.
Statistical significance was assessed using t test. For all of the above results, average values are presented as the mean ± SD; *P < .05, **P <
.01, and ***P < .001 significantly different from controls. aa, amino acid; TFEB, transcription factor EB.
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Pathogenicity of RRAGC variants is confirmed in a
HEK293 cell model

To determine the effect of each variant identified in this
study on the mTOR signaling pathway, recombinant wild-
type or mutant RRAGC (p.(Thr90Asn), p.(Trp115Arg),
and p.(Pro118Leu)) was co-expressed with recombinant
wild-type RRAGB in HEK293 cells. A vector containing the
previously published RRAGC variant p.(Ser75Tyr) was used
as a positive control. Immunoblotting of whole-cell lysate
after amino acid starvation revealed increased p70S6K
phosphorylation for all pathogenic variants identified in
keeping with activation of the mTOR pathway. In addition,
increased TFEB phosphorylation was observed in cells
transfected with mutant RRAGC (Figure 5A-C). These re-
sults confirm that all of the investigated RRAGC variants
induce aberrant mTOR signaling.
Discussion

The amino acid–dependent regulation of mTORC1 is an
essential pathway that orchestrates de novo protein synthesis
and cell growth in response to metabolic cues.22 In the brain,
mTOR signaling has been linked to key aspects of central
nervous system development, such as neuronal differentia-
tion and synaptic plasticity.23 In the heart, mTOR signaling
is known to contribute to embryonic cardiovascular devel-
opment and postnatal maintenance of cardiac function.15

Hyperactivated mTOR signaling has been described to
cause a variety of neurodevelopmental syndromes, so-called
mTORopathies, with structural brain malformations, such as
focal cortical dysplasia and hemimegalencephaly.16,17 Of
note, these diseases may be caused by germline variants, as
well as by mosaic variants with variable tissue distribu-
tion.24 Clinical features of mTORopathies include profound
developmental delay, behavioral abnormalities, and epi-
lepsy. It was suggested that the severity of the clinical
phenotype depends on the underlying variant and the degree
of mTOR activation, as well as the mosaic tissue
distribution.24

The list of known disease genes affecting mTOR
signaling already includes the Rag family members RRAGA
and RRAGD, which are associated with cataracts, ne-
phropathy, and dilated cardiomyopathy.6,7 For RRAGC,
recurrent, activating somatic variants, including the variants
p.(Ser75Tyr), p.(Thr90Asn), p.(Pro118Leu), and
p.(Trp115Arg), have been reported in follicular lymphoma
(Figure 1).19,20 The crystal structure of the nucleotide-
binding site of RagC and respective RagC variants has
been thoroughly investigated.25 It was observed that specific
oncogenic variants in RRAGC led to increased GDP binding
by variant-specific structural changes of RagC. In 2016, an
RRAGC germline variant in a child with lethal syndromic
cardiomyopathy was described, suggesting that RRAGC
might be another candidate disease gene within the
expanding field of mTORopathies.8 In addition, an indi-
vidual carrying the de novo variant p.(Trp115Arg) in
RRAGC was reported in a large cohort study of individuals
with developmental disorders.21 However, apart from the
information that the individual had cardiomyopathy, no
phenotypic details of this individual were available.

Our report on 3 additional individuals with pathogenic
mTOR-activating RRAGC variants establishes disturbed
RagC signaling as cause of a severe early-onset disease with
multiple system involvement and lethal DCM as a core
clinical feature. We expand the clinical spectrum with organ
affections including brain (structural abnormalities, cortical
dysplasia), liver (hepatic dysfunction), and eyes (cataracts,
microspherophakia). Moreover, we describe metabolic ab-
normalities with lactic acidosis and hyperammonemia,
which might be caused by a combination of secondary
mitochondrial dysfunction and organ failure. As observed in
individuals #1 and #3, RRAGC variants may even cause
acute neonatal deterioration. This is in line with studies in
mice demonstrating that constitutive RagA activity leads to
energetic exhaustion and accelerated neonatal death.22

Interestingly, the importance of mTOR pathway hyper-
activation for malformations of cortical development was
recently described for NPRL3 loss, a component of the
GATOR1 complex.26 Focal Nprl3 knockout in fetal mouse
cortex caused disturbed cytoarchitecture with altered
cortical lamination and white matter heterotopia. This
finding is in line with the brain pathology observed in in-
dividual #1.

The severe disease phenotypes observed in the in-
dividuals reported here seem to be the consequence of a
germline variant with strong mTOR activation. As shown by
our experiments in patient-derived fibroblasts, the
p.(Thr90Asn) variant leads to increased cell size, hyper-
activated p70S6K signaling, and disturbed subcellular
TFEB distribution. Additional studies using a HEK293 cell
model confirmed these findings for the p.(Trp115Arg) and
p.(Pro118Leu) variants.

So far, treatment for mTORopathies faces many diffi-
culties and is not available for the majority of subforms.
Current research focuses on rapamycin and related drugs
(sirolimus, everolimus) to inhibit mTOR activity.27,28 A
prime example for the effectiveness of this approach is the
application of everolimus in patients with tuberous sclerosis
with subependymal giant cell astrocytomas.27 Moreover,
mTORC1 blockade reduced cardiac derangements in mouse
models induced by genetic and metabolic disorders and has
been reported to extend life span in mice.28 Therefore, it has
been suggested that pharmacologic inhibition of mTOR may
represent a therapeutic strategy to confer cardioprotection.

However, in contrast to the above findings, Kim et al9

observed that inhibition of mTOR activity in a zebrafish
model of the RRAGC p.(Ser75Tyr) variant was not effective.
Instead, TFEB overexpression rescued the cardiomyopathy
phenotype. This controversy underlines that currently no
recommendation for treatment of individuals with patho-
genic RRAGC variants can be given. Of note, in a recent



Figure 5 Subcellular localization of mTOR and biochemical analysis of published and novel variants in RRAGC. A. Patient (ID #1)
and control (CT4) fibroblasts were stained with antibodies against mTOR and lysosomal-associated membrane protein 1 (Lamp1). Cells were
cultured in the presence (+aa) or absence (−aa) of amino acids. Images show representative findings from 3 independent experiments. During
the presence of amino acids, mTOR is mainly localized at the lysosomes. No clear differences between patient and control fibroblasts are
visible under this condition. However, during amino acid starvation, mTOR redistributes to the cytosol in control fibroblasts. In contrast,
mTOR remains mainly localized at the lysosomes in patient-derived fibroblasts. These findings suggest that the p.(Thr90Asn) variant de-
couples mTOR activation from nutritional state. B. Representative western blot of protein lysates from HEK293 cells transfected with wild-
type or mutant RRAGC incubated in media lacking L-leucine and L-methionine for 90 minutes. Whole-cell lysates were assessed for
phosphorylated and total p70S6K and TFEB. B-actin was used as a loading control. The effect of the previously published variant
p.(Ser75Tyr) was also assessed as a positive control. All novel variants were found to significantly increase S6 kinase and TFEB phos-
phorylation compared with the wild type. C, D. Quantification of (C) phosphorylated relative to total p70S6K and (D) phosphorylated TFEB
relative to total TFEB based on 3 independent biological replicates. Average values are presented as the mean ± SD. Significance was
calculated using an ordinary one-way ANOVA in PRISM 9. *P < .05, **P < .01, ***P < .001, ****P < .0001. aa, amino acid; ANOVA,
analysis of variance; mTOR, mechanistic target of rapamycin; TFEB, transcription factor EB.
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publication, it was shown that TFEB phosphorylation by
mTORC1 is specifically regulated through a RagC-
dependent mechanism (lysosomal mTORC1–T-
FEB–Rag–Ragulator megacomplex).29 The authors postu-
late that modulation of TFEB phosphorylation might be
relevant for treatment of various human diseases. In this
context, it is of interest that several drugs are known that are
able to increase and or activate TFEB (eg, siramesine,
quercetin, digoxin, ikarugamycin, and alexidine dihydro-
chloride).30-32 Future studies will be required to investigate
in how far these drugs could play a role in the treatment of
RagC-related disease.

In summary, our work establishes variants in RRAGC,
affecting mTORC1- and TFEB signaling, as cause of a se-
vere mTORopathy with unfavorable prognosis.
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