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Abstract
Introduction:  Genomic  studies  have  identified  numerous  genetic  variants  associated  with  sus-
ceptibility to  multiple  sclerosis  (MS);  however,  each  one  explains  only  a  small  percentage  of  the
risk of  developing  the  disease.  These  variants  are  located  in  genes  involved  in  specific  path-
ways, which  supports  the  hypothesis  that  the  risk  of  developing  MS  may  be  linked  to  alterations
in these  pathways,  rather  than  in  specific  genes.  We  analyzed  the  role  of  the  TNFRSF1A  gene,
which encodes  one  of  the  TNF-�  receptors  involved  in  a  signaling  pathway  previously  linked  to
autoimmune  disease.
Methods:  We  included  138  individuals  from  23  families  including  at  least  2  members  with  MS,
and analyzed  the  presence  of  exonic  variants  of  TNFRSF1A  through  whole-exome  sequencing.
We also  conducted  a  functional  study  to  analyze  the  pathogenic  mechanism  of  variant  rs4149584

(-g.6442643C  >  G,  NM  001065.4:c.362  G  >  A,  R92Q)  by  plasmid  transfection  into  human  oligo-
dendroglioma  (HOG)  cells,  which  behave  like  oligodendrocyte  lineage  cells;  protein  labeling
was used  to  locate  the  protein  within  cells.  We  also  analyzed  the  ability  of  transfected  HOG
cells to  proliferate  and  differentiate  into  oligodendrocytes.
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Results:  Variant  rs4149584  was  found  in  2  patients  with  MS  (3.85%),  one  patient  with  another
autoimmune  disease  (7.6%),  and  in  5  unaffected  individuals  (7.46%).  The  2  patients  with  MS
and variant  rs4149584  were  homozygous  carriers  and  belonged  to  the  same  family,  whereas  the
remaining individuals  presented  the  variant  in  heterozygosis.  The  study  of  HOG  cells  transfected
with the  mutation  showed  that  the  protein  does  not  reach  the  cell  membrane,  but  rather  accu-
mulates  in  the  cytoplasm,  particularly  in  the  endoplasmic  reticulum  and  near  the  nucleus;  this
suggests that,  in  the  cells  presenting  the  mutation,  TNFRSF1  does  not  act  as  a  transmembrane
protein, which  may  alter  its  signaling  pathway.  The  study  of  cell  proliferation  and  differentiation
found that  transfected  cells  continue  to  be  able  to  differentiate  into  oligodendrocytes  and  are
probably still  capable  of  producing  myelin,  although  they  present  a  lower  rate  of  proliferation
than wild-type  cells.
Conclusions:  Variant  rs4149584  is  associated  with  risk  of  developing  MS.  We  analyzed  its  func-
tional role  in  oligodendrocyte  lineage  cells  and  found  an  association  with  MS  in  homozygous
carriers.  However,  the  associated  molecular  alterations  do  not  influence  the  differentiation  into
oligodendrocytes;  we  were  therefore  unable  to  confirm  whether  this  variant  alone  is  pathogenic
in MS,  at  least  in  heterozygosis.
©  2022  Published  by  Elsevier  España,  S.L.U.  on  behalf  of  Sociedad  Española  de  Neuroloǵıa.
This is  an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

PALABRAS  CLAVE
Esclerosis  múltiple
familiar;
Genética;
Células  HOG;
Mielinización;
TNFRSF1A;
Secuenciación  de
exoma  completo

Variante  rs4149584  (R92Q)  del  gen  TNFRSF1A  en  pacientes  con  esclerosis  múltiple
familiar

Resumen
Intriducción:  En  estudios  genómicos  se  han  identificado  numerosas  variantes  genéticas  aso-
ciadas con  la  susceptibilidad  a  la  esclerosis  múltiple  (EM);  sin  embargo,  cada  una  de  ellas
explica solo  un  pequeño  porcentaje  del  riesgo  de  desarrollar  la  enfermedad.  Estas  variantes  se
localizan en  genes  implicados  en  vías  específicas,  lo  que  apoya  la  hipótesis  de  que  el  riesgo  de
desarrollar  EM  puede  estar  relacionado  con  alteraciones  en  estas  vías,  más  que  en  genes  especí-
ficos. Analizamos  el  papel  del  gen  TNFRSF1A,  que  codifica  para  uno  de  los  receptores  de  TNF-�
implicados  en  una  vía  de  señalización  que  ha  sido  previamente  relacionada  con  enfermedades
autoinmunes.
Métodos:  Incluimos  a  138  individos  de  23  familias  que  incluían  al  menos  2  miembros  con
EM y  analizamos  la  presencia  de  variantes  exónicas  de  TNFRSF1A  mediante  la  secuenciación
del exoma  completo.  También  realizamos  un  estudio  funcional  para  analizar  el  mecanismo
patogénico  de  la  variante  rs4149584  (-g.6442643C  >  G,  NM  001065.4:c.362  G  >  A,R92Q)  por
transfección  plasmídica  en  células  de  oligodendroglioma  humano  (HOG),  las  cuales  se  compor-
tan como  células  de  linaje  oligodendrocitario;  se  utilizó  marcaje  de  proteínas  para  localizar  la
proteína dentro  de  las  células.  También  analizamos  la  capacidad  de  las  células  HOG  transfec-
tadas para  proliferar  y  diferenciarse  en  oligodendrocitos.
Resultados:  La  variante  rs4149584  se  encontró  en  2  pacientes  con  EM  (3,85  %),  un  paciente  con
otra enfermedad  autoinmune  (7,6  %)  y  en  5  individuos  no  afectados  (7,46  %).  Los  2  pacientes
con EM  y  variante  rs4149584  eran  portadores  homocigotos  y  pertenecían  a  la  misma  familia,
mientras  que  los  individuos  restantes  presentaron  la  variante  en  heterocigosis.  El  estudio  de
células HOG  transfectadas  con  la  mutación  mostró  que  la  proteína  no  llega  a  la  membrana  celu-
lar, sino  que  se  acumula  en  el  citoplasma,  particularmente  en  el  retículo  endoplásmico  y  cerca
del núcleo;  esto  sugiere  que,  en  las  células  que  presentan  la  mutación,  TNFRSF1  no  actúa  como
una proteína  transmembrana,  lo  que  puede  alterar  su  vía  de  señalización.  El  estudio  de  prolif-
eración y  diferenciación  celular  encontró  que  las  células  transfectadas  siguen  siendo  capaces  de
diferenciarse  en  oligodendrocitos  y,  probablemente,  todavía  sean  capaces  de  producir  mielina,
sin embargo,  presentan  una  menor  tasa  de  proliferación  que  las  células  silvestres.
Conclusiones:  La  variante  rs4149584  está  asociada  con  el  riesgo  de  desarrollar  EM.  Analizamos
su papel  funcional  en  células  de  linaje  oligodendrocitario  y  encontramos  una  asociación  con
la EM  en  portadores  homocigóticos.  Sin  embargo,  las  alteraciones  moleculares  asociadas  no
influyen en  la  diferenciación  a  oligodendrocitos;  por  lo  tanto,  no  hemos  podido  confirmar  si
esta variante  por  sí  sola  es  patógena  en  la  EM,  al  menos  en  la  heterocigosis.
© 2022  Publicado  por  Elsevier  España,  S.L.U.  en  nombre  de  Sociedad  Española  de  Neuroloǵıa.
Este es  un  art́ıculo  Open  Access  bajo  la  licencia  CC  BY-NC-ND  (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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ifferent experimental studies have suggested that the TNFRSF1A
eceptor may play a pathogenic role in multiple sclerosis (MS).1,2

ther studies have described an association between MS and 2 vari-
nts of the TNFRSF1A gene, rs1800693 and rs4149584 (p.Arg121Glu
R121Q, also known as R92Q)3; other variants of the gene have
lso been found in patients with other autoimmune diseases (AID).4

everal studies have focused on the association between MS and
s18006935,6; this variant is known to lack exon 6,7 resulting in a
runcated isoform (�6-TNFR1) that lacks the extracellular carboxy-
erminal portion and therefore presents a functional deficit. Less
nformation is available on the other variant, rs4149584, a poly-
orphism located in exon 4 that causes an arginine-to-glutamine

ubstitution.8 This R92Q substitution is also the most frequent
enetic defect in patients with TNF receptor—associated periodic
yndrome (TRAPS), an autoinflammatory disorder characterized
y recurrent episodes of fever, myalgia, arthralgia, skin erup-
ions, abdominal pain, and conjunctivitis; however, this is a
ow-penetrance mutation associated with reduced up-regulation of
nflammatory genes.9

TRAPS is sometimes associated with CNS involvement10,11; fur-
hermore, cases have been reported of adults with MS and TNFRSF1A
utations who present symptoms compatible with TRAPS.12,13 How-
ver, R92Q is a low-frequency variant in sporadic cases; therefore,
nsufficient evidence is available to establish a clear association
ith the disease, as it has been observed both in patients with
S and in unaffected individuals.14,15 The functional mechanism
y which this variant increases the risk of MS is unknown, although
t has been suggested that R92Q modifies the contact area between
NF-� and its receptor, increasing electrostatic interactions and
nteraction with the ligand, which may modify the receptor’s sig-
aling pathway.16

An association has been described between variant rs4149584
nd variants of the MEFV gene, associated with familial Mediter-
anean fever (FMF), a condition with similar clinical features to
RAPS (headache, fever, myalgia, chest or abdominal pain, arthral-
ia, fatigue, and skin eruption). The protein encoded by this gene
s involved in the secretion of the pro-inflammatory cytokine IL-
�, which has been linked to the development of MS. Cases have
een reported of FMF associated with CNS involvement17,18 and of
atients with both MS and FMF.19—21 It has been suggested that FMF
ay worsen pre-existing MS,19 and the literature describes a possi-
le association between FMF and MS.21 It has also been hypothesized
hat mutations in the MEFV gene may be associated with MS22—24 or
ay influence the secondary effects of interferon beta,25 disease

everity,26 and the development of childhood-onset MS.27

Most studies showing an association between variant rs4149584
nd MS included heterozygous carriers; however, it is unclear
hether homozygosity for the mutation may have a greater impact
n the development of MS. This is particularly interesting given that
he mutation has been found in homozygosity in 2 patients with
RAPS from 2 unrelated families.28 We describe a family in which
omozygosity for variant rs4149584 is associated with MS; the study
as conducted in a cohort of patients with familial MS and their

elatives, and analyzed the presence of variants in the TNFRSF1A
ene. We also studied the functional consequences of polymorphism
s4149584 in an in vitro study of oligodendrocyte lineage cells with

 view to analyzing its potential pathogenicity.

ethods

e included 138 individuals from 23 families with at least 2

atients diagnosed with MS according to the McDonald criteria.29

he study protocol included a specifically-designed questionnaire
o assess patients’ personal and family history of neurological,
ystemic, and autoimmune diseases. Patients also completed a

v
w
o
M
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uestionnaire aimed at ruling out a potential association with FMF
r TRAPS. History of AID was defined according to a modified
ersion of the list of diseases included in the American Autoim-
une Related Diseases Association, published elsewhere.30 We  also

ecorded demographic and clinical variables, sex, age at onset,
isease progression time, and clinical form (relapsing-remitting,
rimary-progressive, or secondary-progressive). We  gathered infor-
ation on family members by interviewing them directly; families
ere classified according to the types of family (type A or type B)
efined in a previous study. The free software Genial Pedigree Draw
http://app.pedigreedraw.com) was used to generate pedigrees for
ach family included.

hole-exome  sequencing

lood samples were gathered from all 138 participants, who had
igned informed consent forms. DNA was extracted using the MagNA
ure System (Roche Molecular Systems, Inc.); DNA concentration
nd purity were evaluated with QubitTM 2.0 and NanoDrop (Thermo
isher Scientific, Inc.), respectively. The library was prepared with
he Ion AmpliSeqTM Exome Kit (Thermo Fisher Scientific, Inc.), cov-
ring > 97% of consensus coding sequences (> 19 000 genes, > 198
00 exons, > 85% alterations responsible for genetic diseases) and
djacent splice sites (5 bp). The panel level is approximately 58 Mb
n size and distributed over 293 903 amplicons. To achieve optimal
overage uniformity, DNA libraries were quantified by qPCR and sub-
equently prepared and enriched with the Ion ChefTM System. The
on Proton System for next-generation sequencing (Thermo Fisher
cientific, Inc.) achieved coverage of over 90% amplicons with at
east 20 reads and a mean coverage depth of > 100 reads in all
amilies. We  used the Torrent Mapping Alignment Program to align
he sequences obtained to the reference genome (Genome Refe-
ence Consortium human genome 19, build 37). Sequences were
ubsequently filtered according to specific and recommended qual-
ty criteria and analyzed using the Variant Caller tool to identify
ucleotide variations as compared to the reference genome. All
dentified variants were annotated using the latest available ver-
ion of the Ion ReporterTM software (Thermo Fisher Scientific, Inc.).
e aimed to identify single-nucleotide polymorphisms (SNP) and

ndels located within exons and splice sites of the genes analyzed
nd causing protein alterations, detected in over 40% of reads.

Observing quality control and filtering, we analyzed coding
egions and splice sites of TNFRSF1A and MEFV, and created a list
f previously described variants (https://www.ncbi.nlm.nih
gov/snp/,http://www.1000genomes.org,
ttps://gnomad.broadinstitute.org/,
ttp://evs.gs.washington.edu/EVS), including the name, alter-
ative names, and genomic location of the genes. We excluded
ariants located in introns, intergenic regions, and untranslated
egions; the remaining variants were classified as either synonymous
r non-synonymous. For all variants, we associated population
requency (minor allele frequency [MAF] data from GnomAD
atabase (http://gnomad.broadinstitute.org/). In order to deter-
ine the potential biological functions of the variants selected, we
stimated the functional effect of the genomic variations classified
s pathogenic using 7 prediction algorithms (SIFT, PROVEAN,
olyPhen2, MutationTaster, MutationAssessor, LRT, and FATHMM)
ncluded in the ALAMUT (http://www.interactive-biosoftware.com)
nd ANNOVAR (http://www.openbioinformatics.org/annovar/)
nalysis packages. We used the Combined Annotation Dependent
epletion tool (CADD, version 1.3) to predict damage to protein
unction (https://cadd.gs.washington.edu/).31,32 According to the
ADD scoring criteria, functional variants score ≥ 10, deleterious

ariants score ≥ 20, and disease causing variants score ≥30. Finally,
e reviewed candidate genes mentioned in the literature available
n PubMed and included in the Online Mendelian Inheritance in
an catalogue. Variants were described using their dbSNP ID (rs

http://app.pedigreedraw.com
https://www.ncbi.nlm.nih.gov/snp/,http://www.1000genomes.org
https://www.ncbi.nlm.nih.gov/snp/,http://www.1000genomes.org
https://gnomad.broadinstitute.org/
http://evs.gs.washington.edu/EVS
http://gnomad.broadinstitute.org/
http://www.interactive-biosoftware.com
http://www.openbioinformatics.org/annovar/
https://cadd.gs.washington.edu/
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umber). The results of the descriptive analysis of variants are
xpressed as absolute frequencies (%), means (standard deviation),
r medians (interquartile range). We used the Kolmogorov-Smirnov
ormality test to analyze quantitative data, the chi-square test
o compare qualitative variables from independent samples, and
he Mann-Whitney U test for quantitative variables. Intergroup
ifferences were analyzed with the Kruskal-Wallis H and Dunn
ost-hoc tests. The More Powerful Quasi-Likelihood Score Test33,34

as used to test associations between patients and controls; this
est is used with samples including related individuals. Allele fre-
uencies were analyzed to test for deviations from Hardy-Weinberg
quilibrium. The Bonferroni correction was used for multiple
omparisons. We analyzed the variants detected in all groups
individuals with MS, individuals with other AID, and unaffected
ndividuals), considering family type. We also calculated odds
atios (OR) with 95% confidence intervals (CI). A pedigree analysis
as performed to evaluate the role of the variants identified

n each pedigree, using the criteria established by Sadovnick
t al.35: variants present in unaffected family members and not
bserved in at least 2 family members with MS were considered
ot to segregate with disease. To this end, both patients with
S and patients with MS plus other AIDs were regarded as cases.
ioinformatic filtering detected synonymous exonic variants, which
ere not specifically analyzed due to low pathogenic potential;

hese variants are included in Supplementary Table 2. We  also
id not analyze intronic variants due to specific capture design
imitations. We also detected potential non-synonymous exonic
ariants that were not listed in the library used, and were therefore
onsidered of uncertain significance. The variants detected were
ncluded in a free-access database (European Genome-phenome
rchive; https://ega-archive.org/datasets/EGAD00001005952).
he presence of variant rs4149584 was confirmed by Sanger
equencing.

ell  cultures

e used a cell line derived from human oligodendroglioma (HOG)
SCC163, Merck). HOG cells were cultured in Dulbecco’s Modified
agle Medium 1× (DMEM; 1885-023, Gibco) supplemented with
0% fetal bovine serum (FBS; 10500064, Gibco) and antibiotic-
ntimycotic solution 100× (15240062, Gibco), and were incubated
t 37 ◦C in a humidified atmosphere with 5% CO2. We  passaged
ells twice per week using TrypLE Express Enzyme (1×)  (12604013,
ibco) to detach them from the surface of the flask. HOG cells
onstitute a useful model for the study of signal transduction path-
ays of oligodendrocyte metabolism and the role of these cells in
eurodegenerative disease.

lasmid  construction

o enable expression of the mutant protein into cells, we designed
xpression vectors containing either the wild-type TNFRSF1A gene
r the gene with the rs4149584 polymorphism. The pEGFP commer-
ial vector was used as a template, and the P2A and c-myc
abels were added. The resulting constructions were called pcDNA-
NFRSF1A WT p2AGFP (plasmid containing the wild-type gene)
nd pcDNA-TNFRSF1A R92Q p2AGFP (plasmid containing the mutant
ene). Plasmids were synthesized, amplified, and validated by
ioAssays, S.L. (Madrid, Spain).

ell  transfection

OG cells were placed in a 24-well plate with coverslips (∅ 12 mm,

1) coated with poly-l-lysine (P4707 Sigma-Aldrich); 24 hours later,
hey were transfected with the previously described plasmids using
he TransIT®-2020 transfection reagent (MIR 5400, Mirus), according
o the manufacturer’s instructions. For a 24-well plate, cells in each

m
C
A
i

4

 PRESS
uiu,  L.  Torre-Fuentes  et  al.

ell were cotransfected with 1 �g of the plasmid containing either
he wild-type gene or the mutant gene, and 2 �L TransIT®-2020
ransfection reagent plus 10 �L serum-free medium was added.
ells were harvested 48 hours after transfection and analyzed by

mmunofluorescence with a confocal microscope.

mmunocytochemistry

e  performed an immunocytochemical analysis of cells express-
ng GFP (wild-type and mutant), which was part of the plasmid
onstruction, to evaluate the colocalization and location of the
ransfected protein within cells. Culture cells were fixed in 4%
araformaldehyde (PFA) with 30% sucrose solution for 30 minutes
t 37 ◦C. Cultures were preincubated for one hour in blocking solu-
ion (10% goat serum, 0.1% Triton X-100, BSA) and subsequently
ncubated overnight at 4 ◦C with the appropriate primary anti-
ody (rabbit polyclonal anti—GRP78 BiP antibody [1:500; Abcam]
r wheat germ agglutinin [W21404-WGA Alexa Fluor® 633 conju-
ate, Invitrogen]), before mounting on glass slides with FluorSave
Calbiochem). GRP78 BiP promotes the assembly of multimeric pro-
ein complexes in the endoplasmic reticulum and is involved in
he correct folding of proteins and the degradation of misfolded
roteins via its interaction with DNAJC10. Wheat germ agglutinin
electively binds to N-acetylglucosaminyl and N-acetylneuraminic
cid residues, used with the classic cell membrane dye. Analy-
es were performed with an Olympus AF-1000 confocal microscope
t 40× or 63× magnification; images were acquired in individual
sequential) channels to avoid interferences between fluorescence
mission/excitation spectra. Three-dimensional reconstructions
ere performed for colocalization analysis (Pearson correlation
oefficient). For statistical analysis, up to 4 coverslips from 2 inde-
endent experiments were counted for each condition, using an
lympus confocal microscope at 40× or 63× magnification. More
han 150 transfected cells were counted per coverslip. We con-
ucted a statistical analysis to determine the percentage of each
henotype present in the cells transfected with each plasmid.

tudy  of  proliferation  and  differentiation  of  cells  with
he  mutant  plasmid

efore transfection, HOG cells were incubated in DMEM culture
edium (DMEM 1×, glutamine 2 mM, 10% FBS, and 1% penicillin-

treptomycin antibiotic solution) in the dark, at 37 ◦C with 5%
O2 and 95% relative humidity; these cells were identified by the
cDNA3.2-P2A-GFP plasmid as empty, wild-type, or mutant. The
ector was constructed according to BioAssays’ specifications. A
otal of 80 000 cells/well were incubated for 24 hours using a
6 chamber slide and the culture medium previously described.
fter 24 hours, the culture medium was changed for serum-free
edium, and the cells were transfected with serum-free DMEM 1x,

ransIT®-2020 transfection reagent, and the plasmid (the latter 2
t a 4:1 proportion) and incubated at 37 ◦C and 5% CO2 for 48 hours.
he serum-free medium was subsequently replaced with oligo-
endrocyte precursor cell differentiation medium (OPCDM; #1631,
cienCell Research Laboratories), supplemented with oligodendro-
yte precursor cell differentiation supplement (OPCDS; #1672,
cienCell Research Laboratories), as recommended by the manu-
acturer.

Cells were then fixed with 2.5% PFA; to determine the degree
f maturation of transfected cells (empty, wild-type, or mutant
lasmid), immunocytochemical staining was performed with oligo-
endrocyte markers (early and mature oligodendrocytes; ab7474,
bcam), anti—myelin basic protein antibodies (AB5864, Millipore),

yelin PLP antibodies (NBP1-87781, Novus Biologicals), and anti-
NPase antibodies (mature myelinated oligodendrocytes; ab44726,
bcam). After incubation with primary antibodies, the cells were

ncubated with the appropriate secondary antibodies (Alexa Fluor

https://ega-archive.org/datasets/EGAD00001005952
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igure  1  Pedigree  chart  of  the  family  including  homozygous
ther autoimmune  diseases;  MS:  multiple  sclerosis;  WES:  exome

oat anti-mouse or anti-rabbit secondary antibodies). DRAQ5 was
sed for cell nucleus staining. Immunocytochemistry was performed
ith an Olympus AF-1000 confocal microscope. We  analyzed at

east 250 GFP-labeled cells and compared the expression of the
arker corresponding to each stage of oligodendrocyte maturation
etween the 3 groups. We also calculated the proliferation rate
n another sample of HOG cells cultured under similar conditions,
o analyze whether the mutation may interfere in oligodendroglial
aturation/differentiation; confocal microscopy was used to deter-
ine the total number of cells and the percentage of viable cells.

tatistical  analysis

ata from the transfection study were analyzed using one-way anal-
sis of variance followed by a Tukey test for multiple comparisons.
ll values are presented as means ± standard error (SE); statisti-
al significance was set at P < .05. Data from the study of cell
roliferation and differentiation are also presented as means ± SE;
tatistical analysis included analysis of variance and the post-hoc
ukey test. P-values < .05 were considered statistically significant.
nalyses were performed using GraphPad Prism 8.

esults

requency  of  exonic  variants  of  the  TNFRSF1A  gene

upplementary Table 1 summarizes the demographic characteristics
f our cohort of patients with MS. Variant rs4149584 was detected
n 2 patients with MS (3.85%), one patient with another AID (7.6%),
nd 5 unaffected individuals (7.46%). None of the study partici-
ants presented TRAPS or FMF. Supplementary Table 2 presents

he TNFRS1A variants detected in our cohort, with no significant
ssociation with any case. Interestingly, the 2 individuals with MS
nd variant rs4149584 presented the variant in homozygosis, and
elonged to the same family (Fig. 1), whereas the remaining indi-

r
m
t
m

5

iers  of  rs4149584,  and  the  variant’s  association  with  MS.  AID:
uencing.

iduals were heterozygous carriers of the variant. In that family,
resence of the variant was confirmed by Sanger sequencing (Sup-
lementary Fig. 1).

hanges  in  transfected  cells

he transfection efficiency of the wild-type plasmid (mean of
8.2 ± 2) was similar to that of the mutant plasmid. The wild-type
lasmid presented homogeneous expression, and was expressed in
he cell membrane; we observed no autophagic or apoptotic cells
r cell detritus expressing GFP. The analysis of cells transfected
ith rs4149584 revealed marked expression in small intracellular
ggregates located in the vicinity of the cell nucleus and occasion-
lly adjacent to the cell membrane (Fig. 2). We used anti—GRP78
iP antibodies (marker of endoplasmic reticulum) and WGA  (marker
f cell membranes) to confirm the location of the plasmid trans-
ected into the cell. In cells transfected with the wild-type plasmid,
FP expression colocalized in the cell membrane, and no intracel-

ular aggregates were detected (Fig. 2). In cells transfected with
he mutant protein, GFP expression colocalized with the GRP78
iP marker in intracellular aggregates; we also found that aggre-
ates adjacent to the cell membrane were positive for GRP78 BiP
nd WGA, displaying colocalization with GFP (Fig. 2). We  observed
pparently autophagic or karyorrhectic cells, which expressed GFP
nd the markers of the endoplasmic reticulum and cell membrane.

tudy  of  proliferation  and  differentiation  of  cells
ransfected  with  the  mutant  plasmid

fter 7 days of maturation and differentiation, and before trans-
ection, cells showed significant differences in the proliferation

ate (empty: 4239369 ± 126469; wild-type: 4030378 ± 123195;
utant: 306110 ± 176833); these differences were correlated with

he percentage of viable cells (empty: 96%; wild-type: 94.33%;
utant: 71.4%). However, no significant intergroup differences were
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Figure  2  Confocal  microscopy  images  of  cells  transfected  with  the  TNFRSF1A  (WT  gene)  and  the  TNFRSF1A-R92Q  (MT  gene).  The
expression of  EGFP  coupled  to  the  WT  gene  and  mutant  gene  in  HOG  cells  is  observed,  as  well  as  the  analysis  of  the  expression  of
GRP78-BiP (endoplasmic  reticulum  [ER],  protein  involved  in  the  correct  folding  of  proteins  and  degradation  of  misfolded  proteins)
and WGA  (membrane  marking).  It  is  interesting  that  the  expression  of  TNFRSF1A  (WT)  was  mainly  in  the  cell  membrane,  whereas
TNFRSF1A-R92Q  (mutant)  expression  formed  small  precipitates  in  the  endoplasmic  reticulum  (arrows),  which  are  also  positive  for
WGA; these  possibly  correspond  to  non-functional/misfolded  protein  inclusions  in  the  cytoplasm,  since  GRP78-BiP,  also  known  as
HSPA5 (heat  shock  protein  family  A,  member  5),  is  considered  an  essential  ER  chaperone  and  a  master  regulator  of  ER  homeostasis.
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RP78 facilitates  the  folding  and  assembly  of  nascent  polypept
roteins for  proteasome  degradation,  and  controls  signaling  for

bserved in the markers used to analyze the degree of maturation
nd the generation of oligodendrocytes, or in the marker of early
ligodendrocytes. Consequently, no differences were observed
etween wild-type and mutant cells in the expression of MBP and
LP or in the generation of oligodendrocytes, although we did find
ignificant differences in the proliferation rate (Fig. 3).

iscussion

t has been suggested that the TNFRSF1A receptor may influ-
nce immunity, myelination, and neurodegeneration. TNFRSF1A
nockout mice with experimental autoimmune encephalomyeli-
is (EAE) display fewer symptoms, less marked demyelination,
ess marked CD3+ cell infiltration, and lower activation of
icroglia/macrophages. Antibody-mediated inhibition of TNFRSF1A

n mice with EAE results in reduced disease severity and less marked
emyelination and neuronal loss, with reduced infiltration of T-
ells into CNS tissue.36 TNFRSF1A silencing in microglial cultures
romotes the expression of genes encoding such factors as granulo-
yte colony-stimulating factor, IL-10, and IFN-�.37 Lack of TNFRSF1A
oes not seem to decrease the pool of oligodendrocyte precursor
ells (OPC) and oligodendrocytes and, consequently, also seems not
o delay remyelination.38 The TNFRSF1A knockout mouse model
f retinal ischemia displays a decrease in neuronal cell death.39

NFRSF1A has also been found to have a pro-inflammatory effect
nd to reduce cell survival in a nucleus basalis lesion model.40

NFRSF1A  gene  variants

ariant rs4149584 (rs4149584 (g.6442643C > G,
M 001065.4:c.362 G > A) was only identified in 9 individu-
ls. This variant has a low MAF; its low prevalence in our series
as therefore to be expected. However, it should be noted that

n one family, the variant always appeared in homozygosis in
ndividuals with MS, whereas the remaining individuals were
eterozygous carriers and did not present the disease; we may

herefore hypothesize that the variant is pathogenic only when it
ppears in homozygosis. To our knowledge, this is the first study
o report homozygous patients from the same family, suggesting
hat biallelic presence of variant rs4149584 may increase the risk

p
m
w
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6

,  prevents  their  misfolding  and  aggregation,  targets  misfolded
nitiation  of  the  various  arms  of  the  unfolded  protein  response.

f MS, indicating a potential association between the variant and
he disease. This effect has previously been described in FMF
n 2 families, where the disease presented only in homozygous
arriers.28 The authors analyzed the effect of homozygosity for
he variant, as compared to heterozygosity, on TNF-�—induced
ytokine production, and found an association with higher plasma
CP-1 levels and decreased response to TNF-�.28 However, unlike

n the patients included in that study, patients homozygous for
he gene in our sample did not present increased production of
ytokines, particularly TNF-� and IL-6 (data not shown).

nalysis  of  HOG  cells  transfected  with  the  mutation

e  performed a cell study with a view to understanding the
otential action mechanism of variant rs4149584. HOG cells act
s OPCs, differentiating into oligodendrocytes with myelinating
apacity.41—44 This is the cell line most frequently used in in vitro
tudies into myelination, since HOG cells share multiple antigenic
arkers with OPCs, including Olig2, NG2, GalC, CNPase, and growth

actor receptors.45 After proliferation and differentiation, HOG
ells express PLP, MBP, and MOG, and have the capacity to pro-
uce myelin.46,47 As a result, HOG cells have been used in the
tudy of myelination mechanisms48—52 and to analyze the influ-
nce of the immune response on OPCs.53—55 However, given that
heir origin is different from that of OPCs, HOG cells present cer-
ain differences, such as lack of GFAP or glutamine expression56

nd a tendency to apoptosis under certain circumstances.57 Due to
he similarities between HOG cells and OPCs, the former have fre-
uently been used in in vitro studies with different culture media
o promote differentiation,58 with a view to analyzing their role
n neurological disease,59,60 as well as in studies into the impact
f genetic variants on OPCs.61,62 These cells have also been used
n multiple sclerosis research63 and in studies with demyelination
odels.64 OPCs express both TNFRSF1 and TNFRSF265; therefore,
OG cells with both receptors should constitute a suitable model
or these analyses. In this study, HOG cells were transfected with

lasmid pcDNA-TNFRSF1A R92Q p2AGFP in order to analyze the
olecular changes caused by the mutation as compared to cells
ithout the mutation. We  also used a marker plasmid (pcDNA-
NFRSF1A p2AGFP) to detect molecular changes. In control cells,
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Figure  3  Maturation  and  differentiation  of  HOG  cells  transfected  with  TNFRSF1A  (WT  gene)  and  TNFRSF1A-R92Q  (MT  gene).  Graphs
A and  B  show  the  proliferation  rates  and  cell  viability  rates  of  the  cells  transfected  with  the  empty  (EGFP  only  reporter),  WT, and
mutant plasmids.  Interestingly,  there  is  no  difference  between  cells  transfected  with  WT  and  empty  plasmids,  but  when  comparing
those transfected  with  the  mutant  gene,  a  marked  difference  is  observed  in  the  degree  of  proliferation  and  cell  viability.  But  when
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nalyzing whether  there  were  alterations  in  its  maturation  (ex
xpression at  7  days.

he protein colocalizes with the cell membrane, which is consistent
ith the fact that TNFRSF1 is a transmembrane protein. However, in

he cells transfected with the mutation, although the protein does
ppear in the cell membrane, it is fundamentally found in cytoplas-
ic aggregates, particularly in the endoplasmic reticulum and in the

icinity of the cell nucleus. We may therefore hypothesize that cells
ith the mutation do not present TNFRSF1 as a transmembrane pro-
ein, which would compromise the TNFRSF1 signaling pathway. This
echanism is different from that generated by mutation rs1800693,
hich has been associated with a truncated protein (�6-TNFR1)
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ion  of  myelin  PLP)  (C  and  D),  no  differences  were  found  in  its

hat lacks the extracellular carboxy-terminal portion; in the case
f rs4149584, the protein does not reach its functional location for
igand binding. It is also different from the mechanism described in a
revious functional study, which suggested that the mutation modi-
es the contact between the transmembrane protein and TNF-� but
ncreases affinity for the ligand. The accepted functional model for
he receptor is that ligand binding in the transmembrane domain

auses trimerization, which in turn triggers intracellular signaling.
pon dimerization, the rs4149584 mutant protein adopts a differ-
nt conformational structure from that of the wild-type form66;
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his may have an impact on the activation of the Nf-�B signal-
ng pathway,67 which has been associated with AID,68 and on the
unctioning of the intracellular domain of the protein. Nf-�B inhi-
ition has been associated with neurodegeneration.69 Therefore,
he functional impact of this mutation may depend on its effect on
f-�B signaling and how the protein accumulated in the cytoplasm
ehaves in that pathway.

utant  HOG  cells  can  produce  myelin  in  vitro  but  show
ower  proliferation  rates

he evidence that TNFRSF1 does not act at the transmembrane
evel in mutant cells is limited by experimental data, given that
ot only does the TNFRSF1 receptor knockout mouse model not
romote demyelination, but these animals also develop less severe
AE.36,38 Therefore, we designed an experiment aimed at demon-
trating whether mutant HOG cells behave similarly to OPCs in
erms of myelination capacity (like wild-type HOG cells) or whether
hey lose this capacity, which would support the hypothesis that
he mutation is pathogenic and its association with MS. Our results
how that HOG cells transfected with the mutation present myelina-
ion capacity, since they express myelin proteins and differentiate
nto oligodendrocytes, which indicates that the mutation in itself is
ot associated with impaired remyelination; this is consistent with
he results of other studies suggesting that lack of the TNFRSF1
eceptor does not decrease remyelination capacity.38 However,
s may be expected, these cells proliferate at a lower rate.
eural stem cells express TNFR1 and TNFR2,70 and the lack of
hese receptors results in a lower number of cells available for
ifferentiation.71

imitations

he experimental model used, in which the mutant plasmid was
nserted but the receptor was not eliminated, prevents extrapo-
ation of our findings to heterozygous cells, since in homozygous
ells the lack of TNFRSF1 protein at the transmembrane level must
e complete. Presence of the mutation does not change HOG cell
unctionality. Therefore, our results do not support the hypothesis
f the pathogenicity of this mutation and its potential associa-
ion with MS, although its pathogenicity in homozygosis cannot be
uled out, as in the 2 cases presented here. This would require
ilencing of the receptor originally present in the cells. TNFRSF1A
as present in nearly all cells, whereas TNFRSF1B appeared only

n certain populations of T-cells, endothelial cells, microglia, and
pecific subtypes of neurons, oligodendrocytes, cardiac myocytes,
hymocytes, and mesenchymal stem cells. As a consequence, oligo-
endrocytes express both TNFRSF1B and TNFRSF1A,72 and both
eceptors bind to TNF-�73; therefore, in this situation, presence of
he TNFRSF1B receptor may compensate for the lack of TNFRSF1A in
he cell membrane. The lower proliferation rate of the mutant cells
s noteworthy. When the pathogenicity of a mutation is analyzed,
t is frequently studied in the context of the pathogenic mecha-
isms of the disease, with less focus on such factors as clinical
resentation and severity; it should be noted, however, that a muta-
ion may not be causal but could still influence other aspects of a
isease.74

onclusions

lthough TNFRSF1A variants are rare, one of the families participat-
ng in our study included 2 members with MS who were heterozygous

arriers of mutation rs4149584. Despite this, we were unable to con-
rm the pathogenicity of this variant by transfecting the mutation
nto oligodendrocyte lineage cells. However, we did observe that
his variant is associated with a decrease in protein transport to
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he plasma membrane. The presence of the TNFRSF1B receptor in
ells involved in MS may prevent this influence; this is not the case
n patients with other AID that affect cells not expressing this recep-
or. As an example, the heterozygous carriers included in our study
id not display pro-inflammatory cytokine release, unlike previously
eported cases of FMF.

Although future research should analyze the role of rs4149584
hen it presents alongside other mutations in the same signaling
athway,75 our results raise questions about whether this polymor-
hism contributes to susceptibility to MS.
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Costa C, et al. Generation of six multiple sclerosis patient-
derived induced pluripotent stem cell lines. Stem Cell Res.
2017;24:155—9, http://dx.doi.org/10.1016/j.scr.2017.06.001.

7. Gregory AP, Dendrou CA, Attfield KE, Haghikia A, Xifara
DK, Butter F, et al. TNF receptor 1 genetic risk mirrors
outcome of anti-TNF therapy in multiple sclerosis. Nature.
2012;488:508—11, http://dx.doi.org/10.1038/nature11307.

8. Caminero A, Comabella M, Montalban X. Role of tumour necro-
sis factor (TNF)-alpha and TNFRSF1A R92Q mutation in the
pathogenesis of TNF receptor-associated periodic syndrome
and multiple sclerosis. Clin Experim Immunol. 2011;166:338,
http://dx.doi.org/10.1111/j.1365-2249.2011.04484.x.

9. Rebelo SL, Amel-Kashipaz MR, Radford PM, Bainbridge SE,
Fang J, et al. Novel markers of inflammation identified in
tumor necrosis factor receptor-associated periodic syndrome
(TRAPS) by transcriptomic analysis of effects of TRAPS-
associated tumor necrosis factor receptor type I mutations
in an endothelial cell line. Arthritis Rheum. 2009;60:269—80,
http://dx.doi.org/10.1002/art.24147.

0. Minden K, Aganna E, McDermott MF, Zink A. Tumour necrosis fac-
tor receptor associated periodic syndrome (TRAPS) with central
nervous system involvement. Ann Rheum Dis. 2004;63:1356—7,
http://dx.doi.org/10.1136/ard.2003.016006.

1. Wildemann B, Rudofsky G Jr, Kress B, Jarius S, Konig
F, Schwenger V. The tumor-necrosis-factor-associated peri-
odic syndrome, the brain, and tumor-necrosis-factor-alpha
antagonists. Neurology. 2007;68:1742—4, http://dx.doi.org/10.
1212/01.wnl.0000260226.21010.2b.

2. Kumpfel T, Hoffmann LA, Pellkofer H, Pöllmann W,
Feneberg W,  Hohlfeld R, et al. Multiple sclerosis and the
TNFRSF1A R92Q mutation: clinical characteristics of 21
cases. Neurology. 2008;71:1812—20, http://dx.doi.org/10.
1212/01.wnl.0000335930.18776.47.

3. Kumpfel T, Hoffmann LA, Rubsamen H, Pöllmann W, Feneberg
W, Hohlfeld R, et al. Late-onset tumor necrosis factor receptor-
associated periodic syndrome in multiple sclerosis patients

carrying the TNFRSF1A R92Q mutation. Arthritis Rheum.
2007;56:2774—83, http://dx.doi.org/10.1002/art.22795.

4. Comabella M, Caminero AB, Malhotra S, Agulló L, Fer-
nández O, Reverter F, et al. TNFRSF1A polymorphisms

2

9

 PRESS
xx)  xxx—xxx

rs1800693 and rs4149584 in patients with multiple scle-
rosis. Neurolog. 2013;80:2010—6, http://dx.doi.org/10.
1212/WNL.0b013e318294b2d6.

5. Hoffjan S, Okur A, Epplen JT, Wieczorek S, Chan A, Akkad DA.
Association of TNFAIP3 and TNFRSF1A variation with multiple
sclerosis in a German case-control cohort. Int J Immunogenet.
2015;42:106—10, http://dx.doi.org/10.1111/iji.12183.

6. Agulló L, Malhotra S, Fissolo N, Montalban X, Comabella M.
Molecular dynamics and intracellular signaling of the TNF-R1
with the R92Q mutation. J Neuroimmunol. 2015;289:12—20,
http://dx.doi.org/10.1016/j.jneuroim.2015.10.003.

7. Akman-Demir G, Gul A, Gurol E, Gurol E, Ozdogan H,
Bahar S, et al. Inflammatory/demyelinating central ner-
vous system involvement in familial Mediterranean fever
(FMF): coincidence or association? J Neurol. 2006;253:928—34,
http://dx.doi.org/10.1007/s00415-006-0137-8.

8. Canpolat M, Gumus H, Gunduz Z, Dusunsel R, Kuman-
das S, Bayram AK, et al. Neurological manifestations
in familial mediterranean fever: results of 22 children
from a reference Center in Kayseri, an urban area in
Central Anatolia, Turkey. Neuropediatrics. 2017;48:79—85,
http://dx.doi.org/10.1055/s-0036-1593374.

9. Shinar Y, Livneh A, Villa Y, Pinhasov A, Zeitoun I, Kogan A,
et al. Common mutations in the familial Mediterranean fever
gene associate with rapid progression to disability in non-
Ashkenazi Jewish multiple sclerosis patients. Genes Immun.
2003;4:197—203, http://dx.doi.org/10.1038/sj.gene.6363967.

0. Unal A, Dursun A, Emre U, Tascilar NF, Ankarali H. Eval-
uation of common mutations in the Mediterranean fever
gene in Multiple Sclerosis patients: is it a susceptibility
gene? J Neurol Sci. 2010;294:38—42, http://dx.doi.org/10
.1016/j.jns.2010.04.008.

1. Russo M, Naro A, Dattola V, Gallizzi R, Calabrò RS,
Buccafusca M. Familiar Mediterranean fever and multiple
sclerosis: an unreported association in the Italian pop-
ulation? Neurol Sci. 2015;36:811—2, http://dx.doi.org/10.
1007/s10072-014-1919-x.

2. Kumpfel T, Gerdes LA, Wacker T, Blaschek A, Havla
J, Krumbholz M, et al. Familial Mediterranean fever-
associated mutation pyrin E148Q as a potential risk fac-
tor for multiple sclerosis. Mult Scler. 2012;18:1229—38,
http://dx.doi.org/10.1177/1352458512437813.

3. Yahalom G, Kivity S, Lidar M, Vaknin-Dembinsky A, Karus-
sis D, et al. Familial Mediterranean fever (FMF) and
multiple sclerosis: an association study in one of the
world’s largest FMF cohorts. Eur J Neurol. 2011;18:1146—50,
http://dx.doi.org/10.1111/j.1468-1331.2011.03356.x.

4. Blaschek A, Lohse P, Huss K, Borggraefe I, Mueller-Felber W,
et al. Concurrent TNFRSF1A R92Q and pyrin E230K mutations
in a child with multiple sclerosis. Mult Scler. 2010;16:1517—20,
http://dx.doi.org/10.1177/1352458510382933.

5. Pauwels I, Cosemans L, Boonen S, Dubois B, Goris A. Rare
MEFV variants are not associated with risk to develop multiple
sclerosis and severity of disease. Mult Scler. 2013;19:1132—6,
http://dx.doi.org/10.1177/1352458512472749.

6. Terzi M, Taskin E, Unal Akdemir N, Bagci H, et al. The rela-
tionship between familial Mediterranean fever gene (MEFV)
mutations and clinical and radiologic parameters in mul-
tiple sclerosis patients. Int J Neurosci. 2015;125:116—22,
http://dx.doi.org/10.3109/00207454.2014.913170.

7. Blaschek A, Kries RV, Lohse P, Huss K, Vill K, Belohrad-
sky BH, et al. TNFRSF1A and MEFV mutations in childhood
onset multiple sclerosis. Eur J Paediatr Neurol. 2018;22:72—81,
http://dx.doi.org/10.1016/j.ejpn.2017.08.007.
8. Grandemange S, Cabasson S, Sarrabay G, Pène J, Rittore
C, Sanchez E, et al. Clinical dose effect and functional
consequences of R92Q in two families presenting with

dx.doi.org/10.1371/journal.pone.0090117
dx.doi.org/10.1371/journal.pone.0090117
dx.doi.org/10.1016/j.jconrel.2009.12.015
dx.doi.org/10.1038/ng.401
dx.doi.org/10.1136/ard.2010.133322
dx.doi.org/10.1371/journal.pone.0018813
dx.doi.org/10.1371/journal.pone.0018813
dx.doi.org/10.1016/j.scr.2017.06.001
dx.doi.org/10.1038/nature11307
dx.doi.org/10.1111/j.1365-2249.2011.04484.x
dx.doi.org/10.1002/art.24147
dx.doi.org/10.1136/ard.2003.016006
dx.doi.org/10.1212/01.wnl.0000260226.21010.2b
dx.doi.org/10.1212/01.wnl.0000260226.21010.2b
dx.doi.org/10.1212/01.wnl.0000335930.18776.47
dx.doi.org/10.1212/01.wnl.0000335930.18776.47
dx.doi.org/10.1002/art.22795
dx.doi.org/10.1212/WNL.0b013e318294b2d6
dx.doi.org/10.1212/WNL.0b013e318294b2d6
dx.doi.org/10.1111/iji.12183
dx.doi.org/10.1016/j.jneuroim.2015.10.003
dx.doi.org/10.1007/s00415-006-0137-8
dx.doi.org/10.1055/s-0036-1593374
dx.doi.org/10.1038/sj.gene.6363967
dx.doi.org/10.1016/j.jns.2010.04.008
dx.doi.org/10.1016/j.jns.2010.04.008
dx.doi.org/10.1007/s10072-014-1919-x
dx.doi.org/10.1007/s10072-014-1919-x
dx.doi.org/10.1177/1352458512437813
dx.doi.org/10.1111/j.1468-1331.2011.03356.x
dx.doi.org/10.1177/1352458510382933
dx.doi.org/10.1177/1352458512472749
dx.doi.org/10.3109/00207454.2014.913170
dx.doi.org/10.1016/j.ejpn.2017.08.007


 IN+Model
N

as-G

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

5

5

5

5

5

5

ARTICLERLENG-1765; No. of Pages 11

U.  Gomez-Pinedo,  J.A.  Matí

a TRAPS/PFAPA-like phenotype. Mol Genet Genomic Med.
2017;5:110—6, http://dx.doi.org/10.1002/mgg3.229.

9. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi
M, et al. Diagnostic criteria for multiple sclerosis: 2010 revi-
sions to the McDonald criteria. Ann Neurol. 2011;69:292—302,
http://dx.doi.org/10.1002/ana.22366.

0. Pytel V, Matías-Guiu JA, Torre-Fuentes L, Montero P, Gómez-
Graña Á, García-Ramos R, et al. Familial multiple sclerosis
and association with other autoimmune diseases. Brain Behav.
2017:e00899, http://dx.doi.org/10.1002/brb3.899.

1. Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure
J. A general framework for estimating the relative pathogenic-
ity of human genetic variants. Nat Genet. 2014;46:310—5,
http://dx.doi.org/10.1038/ng.2892.

2. Rentzsch P, Witten D, Cooper GM, Shendure J, Kircher M.
CADD: predicting the deleteriousness of variants throughout
the human genome. Nucleic Acids Res. 2018;47(D1):D886—94,
http://dx.doi.org/10.1093/nar/gky1016.

3. Thornton T, McPeek MS. Case—control association
testing with related individuals: a more powerful quasi-
likelihood score test. Am J Hum Genet. 2017;8:321—37,
http://dx.doi.org/10.1086/519497.

4. Thornton T, Zhang Q, Cai X, Ober C, McPeek MS. XM. asso-
ciation testing on the X-chromosome in case-control samples
with related individuals. Genet Epidemiol. 2012;36:438—50,
http://dx.doi.org/10.1002/gepi.21638.

5. Sadovnick AD, Gu BJ, Traboulsee AL, Bernales CQ, Encarna-
cion M, Yee IM, et al. Purinergic receptors P2RX4 and P2RX7
in familial multiple sclerosis. Hum Mutat. 2017;38:736—44,
http://dx.doi.org/10.1002/humu.23218.

6. Williams SK, Fairless R, Maier O, Liermann PC, Pichi K,
Fischer R, et al. Anti-TNFR1 targeting in humanized mice
ameliorates disease in a model of multiple sclerosis. Sci Rep.
2018;8(1), http://dx.doi.org/10.1038/s41598-018-31957-7.
PMID: 30206422; PMCID: PMC6133964. 13628.

7. Veroni C, Gabriele L, Canini I, Castiello L, Coccia E, Remoli
ME, et al. Activation of TNF receptor 2 in microglia
promotes induction of anti- inflammatory pathways.
Mol Cell Neurosci. 2010;45:234—44, http://dx.doi.org/
10.1016/j.mcn.2010.06.014.

8. Arnett HA, Mason J, Marino M, Suzuki K, Matsushima GK,
Ting JP. TNF� promotes proliferation of oligodendrocyte pro-
genitors and remyelination. Nat Neurosci. 2001;4:1116—22,
http://dx.doi.org/10.1038/nn738.

9. Fontaine V, Mohand-Said S, Hanoteau N, Fuchs C, Pfizenmaier
K, et al. Neurodegenerative and neuroprotective effects of
tumor necrosis factor (TNF) in retinal ischemia: opposite
roles of TNF receptor 1 and TNF receptor 2. J Neurosci.
2002;216:1—7, http://dx.doi.org/10.1523/JNEUROSCI.22-07-
j0001.2002.

0. Dong Y, Fischer R, Naudé PJ, Maier O, Nyakas C, Duf-
fey M, et al. Essential protective role of tumor necro-
sis factor receptor 2 in neurodegeneration. Proc Natl
Acad Sci U S A. 2016;113:12304—9, http://dx.doi.org/10.
1073/pnas.1605195113.

1. Post GR, Dawson G. Characterization of a cell line derived
from a human oligodendroglioma. Mol Chem Neuropathol.
1992;16:303—17, http://dx.doi.org/10.1007/BF03159976.

2. Dawson G, Dawson SA, Post GR. Regulation of phospho-
lipase D activity in a human oligodendroglioma cell line
(HOG). J Neurosci Res. 1993;34:324—30, http://dx.doi.org/10.
1002/jnr.490340309.

3. Buntinx M, Vanderlocht J, Hellings N, Vandenabeele F,
Lambrichts I, Raus J, et al. Characterization of three

human oligodendroglial cell lines as a model to study
oligodendrocyte injury: morphology and oligodendrocyte-
specific gene expression. J Neurocytol. 2003;32:25—38,
http://dx.doi.org/10.1023/A:1027324230923.

5

10
 PRESS
uiu,  L.  Torre-Fuentes  et  al.

4. de Arriba Zerpa GA, Saleh MC, Fernández PM, Guil-
lou F, de Vellis J, et al. Alternative splicing prevents
transferrin secretion during differentiation of a human
oligodendrocyte cell line. J Neurosci Res. 2000;61:388—95,
http://dx.doi.org/10.1002/1097-4547(20000815)61:4<388::AID
-JNR5>3.0.CO;2-Q.

5. Persson AI, Petritsch C, Swartling FJ, Itsara M, Sim
FJ, Auvergne R, et al. Non-stem cell origin for
oligodendroglioma. Cancer Cell. 2010;18:669—82,
http://dx.doi.org/10.1016/j.ccr.2010.10.033.

6. Dubois-Dalcq M, Behar T, Hudson L, Lazzarini RA. Emer-
gence of three myelin proteins in oligodendrocytes
cultured without neurons. J Cell Biol. 1986;102:384—92,
http://dx.doi.org/10.1083/jcb.102.2.384.

7. Bello-Morales R, Crespillo AJ, García B, Dorado LÁ, Martín
B, Tabarés E. The effect of cellular differentiation on HSV-1
infection of oligodendrocytic cells. PLoS One. 2014;9:e89141,
http://dx.doi.org/10.1371/journal.pone.0089141.

8. Post GR, Dawson G. Regulation of carbachol- and histamine-
induced inositol phospholipid hydrolysis in a human
oligodendroglioma. Glia. 1992;5:122—30, http://dx.doi.org/
10.1002/glia.440050206.

9. Chen HL, Chew LJ, Packer RJ, Gallo V. Modulation of
the Wnt/beta-catenin pathway in human oligodendroglioma
cells by Sox17 regulates proliferation and differentia-
tion. Cancer Lett. 2013;335:361—71, http://dx.doi.org/10
.1016/j.canlet.2013.02.058.

0. Qin J, Goswami R, Dawson S. Dawson GExpression of the recep-
tor for advanced glycation end products in oligodendrocytes in
response to oxidative stress. J Neurosci Res. 2008;86:2414—22,
http://dx.doi.org/10.1002/jnr.21692.

1. Testai FD, Landek MA, Goswami R, Ahmed M, Dawson G. Acid
sphingomyelinase and inhibition by phosphate ion: role of
inhibition by phosphatidyl-myo-inositol 3,4,5-triphosphate in
oligodendrocyte cell signaling. J Neurochem. 2004;89:636—44,
http://dx.doi.org/10.1046/j.1471-4159.2004.02374.x.

2. Testai FD, Landek MA, Dawson G. Regulation of sphingomyeli-
nases in cells of the oligodendrocyte lineage. J Neurosci Res.
2004;75:66—74, http://dx.doi.org/10.1002/jnr.10816.

3. Buntinx M, Moreels M, Vandenabeele F, Lambrichts I, Raus J,
Steels P, et al. Cytokine-induced cell death in human oligo-
dendroglial cell lines: I. Synergistic effects of IFN-gamma
and TNF-alpha on apoptosis. J Neurosci Res. 2004;76:834—45,
http://dx.doi.org/10.1002/jnr.20118.

4. Buntinx M, Gielen E, Van Hummelen P, Raus J, Ameloot M, Steels
P, Stinissen P. Cytokine-induced cell death in human oligoden-
droglial cell lines. II: alterations in gene expression induced by
interferon-gamma and tumor necrosis factor-alpha. J Neurosci
Res. 2004;76:846—61, http://dx.doi.org/10.1002/jnr.20117.

5. Starost L, Lindner M, Herold M, Xu YKT, Drexler HCA,
Heß K, et al. Extrinsic immune cell-derived, but not
intrinsic oligodendroglial factors contribute to oligo-
dendroglial differentiation block in multiple sclerosis.
Acta Neuropathol. 2020;140:715—36, http://dx.doi.org/10
.1007/s00401-020-02217-8.

6. Chiu M, Taurino G, Bianchi MG, Ottaviani L, Andreoli R, Cioci-
ola T, et al. Oligodendroglioma cells lack glutamine synthetase
and are auxotrophic for glutamine, but do not depend on glu-
tamine anaplerosis for growth. Int J Mol Sci. 2018;19:1099,
http://dx.doi.org/10.3390/ijms19041099.

7. Das P, Estephan R, Banerjee P. Apoptosis is associated
with an inhibition of aminophospholipid translocase (APTL)
in CNS-derived HN2-5 and HOG cells and phosphatidylser-
ine is a recognition molecule in microglial uptake of

the apoptotic HN2-5 cells. Life Sci. 2003;72:2617—27,
http://dx.doi.org/10.1016/s0024-3205(03)00163-2.

8. De Keijn KMA, Zuure WA, Peijnenborg J, Hevelmans JM, Martens
GJM. Reappraisal of human HOG and MO3.13 cell lines as

dx.doi.org/10.1002/mgg3.229
dx.doi.org/10.1002/ana.22366
dx.doi.org/10.1002/brb3.899
dx.doi.org/10.1038/ng.2892
dx.doi.org/10.1093/nar/gky1016
dx.doi.org/10.1086/519497
dx.doi.org/10.1002/gepi.21638
dx.doi.org/10.1002/humu.23218
dx.doi.org/10.1038/s41598-018-31957-7
dx.doi.org/10.1016/j.mcn.2010.06.014
dx.doi.org/10.1016/j.mcn.2010.06.014
dx.doi.org/10.1038/nn738
dx.doi.org/10.1523/JNEUROSCI.22-07-j0001.2002
dx.doi.org/10.1523/JNEUROSCI.22-07-j0001.2002
dx.doi.org/10.1073/pnas.1605195113
dx.doi.org/10.1073/pnas.1605195113
dx.doi.org/10.1007/BF03159976
dx.doi.org/10.1002/jnr.490340309
dx.doi.org/10.1002/jnr.490340309
dx.doi.org/10.1023/A:1027324230923
dx.doi.org/10.1002/1097-4547(20000815)61:4<388::AID-JNR5>3.0.CO;2-Q
dx.doi.org/10.1002/1097-4547(20000815)61:4<388::AID-JNR5>3.0.CO;2-Q
dx.doi.org/10.1016/j.ccr.2010.10.033
dx.doi.org/10.1083/jcb.102.2.384
dx.doi.org/10.1371/journal.pone.0089141
dx.doi.org/10.1002/glia.440050206
dx.doi.org/10.1002/glia.440050206
dx.doi.org/10.1016/j.canlet.2013.02.058
dx.doi.org/10.1016/j.canlet.2013.02.058
dx.doi.org/10.1002/jnr.21692
dx.doi.org/10.1046/j.1471-4159.2004.02374.x
dx.doi.org/10.1002/jnr.10816
dx.doi.org/10.1002/jnr.20118
dx.doi.org/10.1002/jnr.20117
dx.doi.org/10.1007/s00401-020-02217-8
dx.doi.org/10.1007/s00401-020-02217-8
dx.doi.org/10.3390/ijms19041099
dx.doi.org/10.1016/s0024-3205(03)00163-2


 IN+Model
N

x  (xx

5

6

6

6

6

6

6

6

6

6

6

7

7

7

7

7

7

ing TNF receptors and ligands and proteins regulating
TNF activation in familial multiple sclerosis. CNS Neu-
rosci Ther. 2020;26:1178—84, http://dx.doi.org/10.1111/
ARTICLERLENG-1765; No. of Pages 11

Neurología  xx

model to study oligodendrocyte funtioning. Cells. 2019;8:1096,
http://dx.doi.org/10.3390/cells8091096.

9. López-Guerrero JA, de la Nuez C, Praena B, Sánchez-León
E, et al. Herpes simplex virus 1 spread in oligodendro-
cytic cells is highly dependent on MAL proteolipid. J Virol.
2020;94:e01739—19.

0. Podbielska M, Szulc ZM, Kurowska E, Hogan EL, Bielawski J,
Bielawska A, et al. Cytokine-induced release of ceramide-
enriched exosomes as a mediator of cell death signaling in
an oligodendroglioma cell line. J Lipid Res. 2016;57:2028—39,
http://dx.doi.org/10.1194/jlr.M070664.

1. Erdem-Eraslan L, Heijsman D, de Wit  M, Kremer A,
Sacchetti A, van der Spek PJ, et al. Tumor-specific
mutations in low-frequency genes affect their func-
tional properties. J Neurooncol. 2015;122:461—70,
http://dx.doi.org/10.1007/s11060-015-1741-1.

2. Jenkins RB, Blair H, Ballman KV, Giannini C, Arusell RM, Law M,
Flynn H, et al. A t(1;19)(q10;p10) mediates the combined dele-
tions of 1p and 19q and predicts a better prognosis of patients
with oligodendroglioma. Cancer Res. 2006;66:9852—61,
http://dx.doi.org/10.1158/0008-5472.CAN-06-1796.

3. Dasgupta S, Ray SK. Diverse biological functions of sphingolipids
in the CNS: Ceramide and Sphingosine regulate myelina-
tion in developing brain but stimulate demyelination during
pathogenesis of multiple sclerosis. J Neurol Psychol. 2017;5,
http://dx.doi.org/10.13188/2332-3469.1000035.

4. Martínez-Pinilla E, Rubio-Sardón N, Villar-Conde S,
Navarro G, Del Valle E, Tolivia J, et al. Cuprizone-
induced neurotoxicity in human neural cell lines is
mediated by a reversible mitochondrial dysfunction: rele-
vance for demyelination models. Brain Sci. 2021;11:272,
http://dx.doi.org/10.3390/brainsci11020272.

5. Maier O, Fischer R, Agresti C, Pfizenmaier K. TNF receptor
2 protects oligodendrocyte progenitor cells against oxida-
tive stress. Biochem Biophys Res Commun. 2013;440:336—41,
http://dx.doi.org/10.1016/j.bbrc.2013.09.083.
6. Lewis AK, Valley CC, Sach JN. TNFR1 signaling is associated with
backbone conformational changes of receptor dimers consistent
with overactivation in the R92Q TRAPS mutant. Biochemistry.
2012;51:6545—55, http://dx.doi.org/10.1021/bi3006626.

11
 PRESS
xx)  xxx—xxx

7. Wajant H, Scheurich P. TNFR1-induced activation of
the classical NF-�B pathway. FEBS J. 2011;278:862—76,
http://dx.doi.org/10.1111/j.1742-4658.2011.08015.x.

8. Brenner D, Blaser H, Mak TW. Regulation of tumour necro-
sis factor signalling: Live or let die. Nat Rev Immunol.
2015;15:362—74, http://dx.doi.org/10.1038/nri3834.

9. Cardoso SM, Oliveira CR. Inhibition of NF-kB renders
cells more vulnerable to apoptosis induced by amy-
loid beta peptides. Free Radic Res. 2003;37:967—73,
http://dx.doi.org/10.1080/10715760310001595757.

0. Bernardino L, Agasse F, Silva B, Ferreira R, Grade S,
Malva JO. Tumor necrosis factor-alpha modulates survival,
proliferation, and neuronal differentiation in neonatal sub-
ventricular zone cell cultures. Stem Cells. 2008;26:2361—71,
http://dx.doi.org/10.1634/stemcells.2007-0914.

1. Chen Z, Palmer TD. Differential roles of TNFR1 and TNFR2 sig-
naling in adult hippocampal neurogenesis. Brain Behav Immun.
2013;30:45—53, http://dx.doi.org/10.1016/j.bbi.2013.01.083.

2. Faustman D, Davis M. TNF receptor 2 pathway: drug target for
autoimmune diseases. Nature Rev Drug Discov. 2010;9:482—93,
http://dx.doi.org/10.1038/nrd3030.

3. Brockhaus M, Schoenfeld H-J, Schlaeger E-J, Hunziker W, Less-
lauer W, Loetscher H. Identification of two types of tumor
necrosis factor receptors on human cell lines by monoclonal
antibodies. Proc Natl Acad Sci U S A. 1990;87:3127—31,
http://dx.doi.org/10.1073/pnas.87.8.3127.

4. Matías-Guiu J, Torre-Fuentes L, Gomez-Pinedo U, Matías-Guiu
JA. Clinical or neuroimaging profiles in the assessment
of genetic variants associated with neurodegenera-
tive diseases. CNS Neurosci Ther. 2019;25:419—21,
http://dx.doi.org/10.1111/cns.13112.

5. Torre-Fuentes L, Matías-Guiu JA, Pytel V, Montero-Escribano
P, Maietta P, Álvarez S, et al. Variants of genes encod-
cns.13456.

dx.doi.org/10.3390/cells8091096
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
http://refhub.elsevier.com/S2173-5808(22)00087-6/sbref0295
dx.doi.org/10.1194/jlr.M070664
dx.doi.org/10.1007/s11060-015-1741-1
dx.doi.org/10.1158/0008-5472.CAN-06-1796
dx.doi.org/10.13188/2332-3469.1000035
dx.doi.org/10.3390/brainsci11020272
dx.doi.org/10.1016/j.bbrc.2013.09.083
dx.doi.org/10.1021/bi3006626
dx.doi.org/10.1111/j.1742-4658.2011.08015.x
dx.doi.org/10.1038/nri3834
dx.doi.org/10.1080/10715760310001595757
dx.doi.org/10.1634/stemcells.2007-0914
dx.doi.org/10.1016/j.bbi.2013.01.083
dx.doi.org/10.1038/nrd3030
dx.doi.org/10.1073/pnas.87.8.3127
dx.doi.org/10.1111/cns.13112
dx.doi.org/10.1111/cns.13456
dx.doi.org/10.1111/cns.13456

	Variant rs4149584 (R92Q) of the TNFRSF1A gene in patients with familial multiple sclerosis
	Introduction
	Methods
	Whole-exome sequencing
	Cell cultures
	Plasmid construction
	Cell transfection
	Immunocytochemistry
	Study of proliferation and differentiation of cells with the mutant plasmid
	Statistical analysis

	Results
	Frequency of exonic variants of the TNFRSF1A gene
	Changes in transfected cells
	Study of proliferation and differentiation of cells transfected with the mutant plasmid

	Discussion
	TNFRSF1A gene variants
	Analysis of HOG cells transfected with the mutation
	Mutant HOG cells can produce myelin in vitro but show lower proliferation rates
	Limitations

	Conclusions
	Disclosure
	Ethics statement
	Author contributions
	Acknowledgements
	Appendix A Supplementary data
	References


