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Abstract: While the role of common genetic variants in multiple sclerosis (MS) has been elucidated
in large genome-wide association studies, the contribution of rare variants to the disease remains
unclear. Herein, a whole-genome sequencing study in four affected and four healthy relatives of
a consanguineous Italian family identified a novel missense c.1801T > C (p.S601P) variant in the
GRAMD1B gene that is shared within MS cases and resides under a linkage peak (LOD: 2.194).
Sequencing GRAMD1B in 91 familial MS cases revealed two additional rare missense and two splice-
site variants, two of which (rs755488531 and rs769527838) were not found in 1000 Italian healthy
controls. Functional studies demonstrated that GRAMD1B, a gene with unknown function in the
central nervous system (CNS), is expressed by several cell types, including astrocytes, microglia
and neurons as well as by peripheral monocytes and macrophages. Notably, GRAMD1B was
downregulated in vessel-associated astrocytes of active MS lesions in autopsied brains and by
inflammatory stimuli in peripheral monocytes, suggesting a possible role in the modulation of
inflammatory response and disease pathophysiology.
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1. Introduction

MS is an inflammatory demyelinating disorder affecting the central nervous system
(CNS), in which genetic and environmental factors interact to increase the risk for the
disease. The aggregation of the disease in families represents the earliest and pivotal
evidence of genetic influence on MS susceptibility. In fact, an increased prevalence of the
disease among first-degree relatives of individuals who have MS themselves has been
observed [1,2]. Compared to the general population, the increased prevalence noticed
in family members of MS patients implies polygenic inheritance, suggesting that other
mechanisms, including the exposure to environmental factors, are important to explain
the development of the disease. The recent technological advances and the well-powered
genome-wide association studies (GWAS) conducted on very large cohorts have contributed
to unraveling the genetic architecture of complex diseases such as MS [3].

However, the 200 autosomal susceptibility common variants, the chromosome X
variant and the 32 independent signals from the HLA region, identified as associated with
MS, explain only 39% of the heritability of the disease [4], leaving open the question of the
so-called missing heritability of common traits. Such a phenomenon can be explained in
different ways, including a poor representation of rare variants in typed arrays, epigenetic
mechanisms and interaction between genetic and environmental factors, whose role can be
better explored in family-based studies that offer a privileged setting of higher prevalence of
the disease. This strategy allowed the identification of several rare variants with a possible
role in MS susceptibility [5–21], and several genes were implicated, such as TYK2 [15], also
confirmed in sporadic case [4], UBR2 and DST [11], and more recently, among others, MBP,
MECP2, and CPT1A [13].

In the present study, we describe an Italian multiplex consanguineous MS family, in
which a whole-genome sequencing (WGS) approach was applied in four affected and four
healthy members to search for rare variants.

2. Materials and Methods
2.1. Ascertainment and Samples Collection

Since July 2011, an active plan for recruitment of cases of familial MS has been on-
going at the San Raffaele Hospital MS center [22]. The family described in this paper
was independently referred to our attention by a general practitioner and was regularly
followed up every 6 months from 2012 for 2 years. The clinical history was recorded
for each individual, both affected and healthy. Biological samples, namely DNA, RNA,
serum, plasma, and peripheral blood mononuclear cells (PBMCs), were collected from
14 members of the family willing to participate in the study. The study was approved
by the San Raffaele Ethical Committee (“NEUFAM-01” and “NEUFAM02” protocol), and
each subject signed the consent form. Genomic DNA was extracted from whole blood
using the phenol/chloroform extraction method. Extracted DNA was quantified with a
NanoDrop 8000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA), and its quality
was assessed by Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and agarose
electrophoresis gel.

2.2. Genotyping and Linkage Analysis

Whole-genome genotyping was performed for all of the subjects with available DNA.
The HumanOmniexpress BeadChip Kit (Illumina®, San Diego, CA, USA) was used to type
~720,000 markers, and the samples were imaged with the Illumina® iScan following the
manufacturer protocol. Quality control was performed as described elsewhere [23]. A
pruning procedure was performed, removing markers with Mendelian errors, minor allele
frequency (MAF) < 0.4, and evidence of Hardy–Weinberg disequilibrium (p < 0.00001)
and markers with missing genotypes (>5%). A thinning procedure was then performed,
to reduce the marker density to five SNPs per cM (centimorgan), obtaining a final set of
~30,000 markers. Given the absence of an a priori disease model, to compute the LOD
score, namely the logarithm (base 10) of odds, we used the multipoint non-parametric
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exponential linkage approach (NPL). Linkage disequilibrium was modeled by clustering
SNPs, and haplotypes were generated from di-allelic markers using the Merlin r2 option
with a threshold of 0.15. We computed the theoretical sample power and the relative
maximum expected information content, and applied both the linear and exponential
model according to Kong and Cox [24], with all statistics giving more weight to markers
identical by descent (IBD) shared among more than two affected relatives.

2.3. Whole-Genome Sequencing (WGS)

TruSeqTM DNA Sample Preparation Kit (Illumina®) was used, and genome DNA library
preparation was performed following manufacturer instructions. The DNA library was run on
an Illumina® HiSeq 2000 instrument, performing paired-end sequencing (2× 101 bp) based on
sequencing by synthesis (SBS) protocol. We planned to have 40× coverage for the proband and
10× for the remaining three MS patients and four healthy relatives selected for the sequencing.
Quality control (QC) was performed using FastQC software (www.bioinformatics.bbsrc.ac.uk/
projects/fastqc). Raw sequences were aligned to the reference genome (UCSC hg19) using the
Burrows-Wheeler Aligner (BWA, version 0.7.9a-r786 [25]). The aligned reads in bam format
were then recalibrated, and a further step of realignment around indels was performed [26].
SNVs and short indels were called separately with the UnifiedGenotyper from the Genome
Analysis Toolkit (GATK v. 2.6-4-g3e5ff60 [26,27]). The resulting raw variant calling file (vcf)
was recalibrated using the Variant Quality Score Recalibration methodology (VQSR), which
takes into account different criteria including sequencing depth, genotype quality, quality
by depth, mapping quality and strand bias [27,28]. Variant annotation was performed with
SnpEff v.3.3c [29] and SnpSift [30] with references to the 1000 Genomes Project (1000 Genomes)
(release: 20100804), CADD PHRED score v1.6 [31], dbSNP 138, dbNFSP2.4 and ENCODE
(chromatin states from Gm12878 and K562 cell lines). We followed whole-genome variant
filtering as described in Figure 1.

Genes 2022, 13, x FOR PEER REVIEW 4 of 23 
 

 

 
Figure 1. Pipeline for coding variant filtering. The different steps used to filter genetic variants in 
coding regions and the number of remaining variants in the family are reported. AF: allele 
frequency. 

Specifically, criteria for variant filtering were: (a) functionality, retaining only 
variants that affect protein sequence (missense, nonsense, frameshift and splice variants 
coded as moderate and high-impact variants); (b) being shared by all affected relatives 
and not present in homozygosity in the unaffected relatives; (c) frequency, retaining only 
variants that were novel or with a minimum allele frequency (MAF) < 0.01 according to 
1000 Genomes Project (as reported in dbSNP138); (d) presence within the linkage region 
(LOD > 2.0); (e) evolutionary conservation (GERP++ score > 3) [32]; and (f) in silico 
prediction of pathogenicity (possibly/probably damaging according to PolyPhen2 (PP2 > 
0.8)) [33].  

Further, multiple sets of filtering for non-coding regions were applied in order to 
detect SNVs and short indels in regulatory elements of the genome (Figure 2). For this 
analysis, we selected variants inside promoters and strong enhancers, according to the 
chromatin annotation state [34] derived from two selected cell types (Gm12878, a 
lymphoblastoid cell line produced from the blood of a female donor with northern and 
western European ancestry by EBV transformation, and K562, an immortalized cell line 
produced from a female patient with chronic myelogenous leukemia (CML)). Filtering 
criteria included the presence in the linkage region, segregation in the family according to 
an autosomal dominant or recessive model, distance of +/−500 kb from 110 MS associated 
loci [35] and being novel or rare (MAF < 0.01 according to 1KGP, 1000 Genome Project).  

5,606,119

17,425

7260

539

Number of high quality and annotated variants
shared among relatives (Tier1)

Number of variants predicted to have a
moderate-high impact (Tier2)

Number of SNVs plus indels 
shared among cases

Number of  novel/rare variants
(AF≤1% in dbSNP/1000 Genome project) 

Number of variants  located within 
the linkage region (LOD>2.0)

Number of variants predicted to be
possibly/potentially damaging (PP2>0.8) and
GERP++>3.0

chr11:124134751       (OR8G5)
chr11:123485455 (GRAMD1B)

2

chr11:123485455 
(GRAMD1B)

1

Figure 1. Pipeline for coding variant filtering. The different steps used to filter genetic variants in
coding regions and the number of remaining variants in the family are reported. AF: allele frequency.

www.bioinformatics.bbsrc.ac.uk/projects/fastqc
www.bioinformatics.bbsrc.ac.uk/projects/fastqc


Genes 2022, 13, 2392 4 of 22

Specifically, criteria for variant filtering were: (a) functionality, retaining only variants
that affect protein sequence (missense, nonsense, frameshift and splice variants coded as
moderate and high-impact variants); (b) being shared by all affected relatives and not present
in homozygosity in the unaffected relatives; (c) frequency, retaining only variants that were
novel or with a minimum allele frequency (MAF) < 0.01 according to 1000 Genomes Project
(as reported in dbSNP138); (d) presence within the linkage region (LOD > 2.0); (e) evolu-
tionary conservation (GERP++ score > 3) [32]; and (f) in silico prediction of pathogenicity
(possibly/probably damaging according to PolyPhen2 (PP2 > 0.8)) [33].

Further, multiple sets of filtering for non-coding regions were applied in order to detect
SNVs and short indels in regulatory elements of the genome (Figure 2). For this analysis,
we selected variants inside promoters and strong enhancers, according to the chromatin
annotation state [34] derived from two selected cell types (Gm12878, a lymphoblastoid
cell line produced from the blood of a female donor with northern and western European
ancestry by EBV transformation, and K562, an immortalized cell line produced from a
female patient with chronic myelogenous leukemia (CML)). Filtering criteria included
the presence in the linkage region, segregation in the family according to an autosomal
dominant or recessive model, distance of +/−500 kb from 110 MS associated loci [35] and
being novel or rare (MAF < 0.01 according to 1KGP, 1000 Genome Project).
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2.4. Sanger and Targeted NGS Resequencing

Sanger sequencing was performed with the BigDye Terminator v1.1 Cycle Sequencing
kit on a 3730XL ABI Genetic Analyzer, according to manufacturer protocol (Applied
Biosystems, Foster City, CA, USA). Resequencing of the GRAMD1B c.1801T > C (p.S601P)
variant was performed in 960 sporadic MS cases.
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A targeted NGS approach was applied also to re-sequence exons and exon-intron
boundaries of GRAMD1B in 91 unrelated MS probands with at least one first- or second-
degree relative affected by MS. These samples were assayed for quality and quantity as
described for the familial samples. Primers of 25 pairs in length with amplicons ranging
from 150 to 349 bp were designed using Primer 3 Tool (http://biotools.umassmed.edu/
bioapps/primer3_www.cgi), validated in silico with MFEprimer [36] and experimentally
tested. The complete list of primers is shown in Table S1. The GRAMD1B target regions were
amplified using Fluidigm Access Array IFC 2-Primer (Fluidigm®, San Francisco, CA, USA)
and GoTaq DNA Polymerase (Promega®, Madison, WI, USA), following the manufacturer
protocol. The DNA library was synthesized according to TruSeq Low-Throughput Protocol
(Illumina®) and sequenced on MiSeq (Illumina®) with MiSeq v2 Reagent Nano Kit 500 cycle
PE (Illumina®), with a 2 × 250 output sequencing protocol. The analyses were performed
applying a QC pipeline similar to the one described in the whole-genome section. An
internal cohort of 62 Italian healthy controls (34 males, 28 females) with available whole
exome data was used, in order to compare allelic frequencies of the variants found in MS
cases. The presence of rare variants, discovered through target sequencing, were then
tested in an additional 192 sporadic cases and 296 HCs by Sanger Sequencing using the
same primers.

We compared the overall effect of rare (minor allele frequency (MAF) < 0.01, according
to frequencies reported in the 1KGP, release: 20100804), non-synonymous and splice-site
variants within the GRAMD1B coding region in familial MS patients (n = 92, 91 tested
with target sequencing and the proband from the original multiplex MS family) vs. HCs
(n = 62 who underwent whole-exome sequencing), by means of burden tests. Tests were
carried out on this subset of variants by adopting two alternative approaches, a variance
component test C-alpha and an adaptive sum test as implemented in the AssotesteR R
package, evaluating significance of association with 1000 permutations.

All of the variants identified by whole-genome sequencing and by target sequencing
were submitted to the dbSNP database (dbSNP: https://www.ncbi.nlm.nih.gov/snp).

2.5. Replication in a Canadian Cohort

Exome data were generated from 308 MS patients and 100 controls, as previously
described [37], and mined for the identification of missense and nonsense GRAMDB1
mutations observed exclusively in MS patients, and with a MAF below 1% in proprietary or
public databases of genetic variants [38]. All variants were confirmed by Sanger sequencing
and genotyped in cases and controls using TaqMan probes [39].

Data were then replicated using a case–control approach in 1064 HC subjects and 2431 MS
patients collected through the longitudinal Canadian Collaborative Project on the Genetic
Susceptibility to Multiple Sclerosis (CCPGSMS) [40] with informed consent and approval
from the ethical review board at the University of British Columbia. All samples were of
European ancestry. Patients were diagnosed with MS according to Poser criteria prior to
2001, or McDonald criteria thereafter [41]. The mean age at blood collection was 46.6 years
(SD ± 11.7) for MS patients and 67.2 years (SD ± 10.0) for controls, with a female to male
ratio of 2.8:1 and 1:1, respectively. The mean age at MS onset was 30.8 years (SD ± 9.6), with a
median expanded disability status scale (EDSS) score of 3.5 and an average of 4.0 (SD ± 2.6).

2.6. Conservation Analysis

The protein sequences of GRAMD1B were downloaded from the Ensembl website, for the
following species: Homo sapiens (Ensembl ID: ENST00000529750), Rattus norvegicus (Ensembl
ID: ENSRNOT00000009685), Mus musculus (Ensembl ID: ENSFCAT00000004317), Gallus gallus
(Ensembl ID: ENSGALT00000010494), Bos taurus (Ensembl ID: ENSBTAT00000001849), Cavia
porcellus (Ensembl ID: ENSCP0T00000014791), Sus scrofa (Ensembl ID: ENSSSCT00000027064),
Felis catus (Ensembl ID: ENSFCAT00000004317), Dasypus novemcinctus (Ensembl ID: ENSD-
NOT00000049977), Loxodonta Africana (Ensembl ID: ENSLAFT00000030548), Xenopus tropicalis
(Ensembl ID: ENSXETT00000002679) and Danio rerio (Ensembl ID: ENSDART00000145862).

http://biotools.umassmed.edu/bioapps/primer3_www.cgi
http://biotools.umassmed.edu/bioapps/primer3_www.cgi
https://www.ncbi.nlm.nih.gov/snp
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Alignments of the amino acid sequences of GRAMD1B orthologs were generated using
ClustalW [42].

2.7. Gene Expression Profiling of Familial Subjects

Total RNA from whole blood was collected from 10 family members (four affected
and six unaffected) using the PaxGene System (PreAnalytix, Hombrechtikon, Switzerland),
according to the manufacturer protocol. RNA quantification and integrity were assessed
using a Nanodrop-2000 spectrophotometer and RNA 6000 Nano Kit on an Agilent 2100
Bioanalyzer (Agilent Technologies) or gel electrophoresis. If necessary, a DNase (Qiagen,
Valencia, CA, USA) digestion was included to remove genomic DNA contamination. The
mRNA expression profile was obtained using the Illumina Total Prep RNA Amplification
Kit (Ambion, Austin, TX, USA) and the HumanHT-12 Expression BeadChip® (Illumina)
following manufacturer instructions. The beadchips were then processed and imaged using
the BeadArray Reader v.3.7.9 (Illumina®, San Diego, CA, USA) and the Illumina® BeadScan
software. Quantification was performed at the probe level with quantile normalization
and background subtraction as implemented by Illumina GenomeStudio software v2010.3.
Further, we filtered data using a detection p-value parameter (at least one sample measure-
ment in the single data line below threshold of p < 0.05), and we obtained ~20,000 final
transcripts retained as expressed in at least one condition. The Limma package in Biocon-
ductor [43] was used for the selection of differentially expressed genes (DEGs) between the
experimental groups (affected vs. unaffected).

2.8. Assessment of GRAMD1B Expression in Rat Cells and Tissues

Isolation of rat microglia, astrocytes and neurons was performed as described else-
where [44]; additional rat tissue isolation was performed according to rat anatomy, and
then RNA isolation was performed using TRIzol (Sigma-Aldrich, St. Louis, MO, USA). Rat
PBMCs were isolated from whole blood using Lymphoprep reagent (Axis-Shield Diagnos-
tics, Dundee, UK) according to the manufacturer instructions. After isolation, RNA was
quantified and retrotranscribed as described in the “qRT-PCR assays” section. The relative
Gramd1b expression in rat tissues and cells was assessed using the rat primers (rGRAMD1B,
rRpI18S, rFrataxin) [44] described in Table S2.

2.9. Construct Generation and Transfection

To generate a plasmid encoding EGFP-tagged human GRAMD1B wild-type (EGFP-
GRAMD1Bwt) a full-length Origene clone SC316068 (GenBank accession number NM_020716.2)
was amplified using the following primers: 3′-BamHI-GRAMD1B_Fw: GCGGATCCC-
CATGATAGCGATTCCTCTTTTC and 5′-Xho-GRAMD1B_Rev: GCCTCGAGATGAAAG-
GATTCAAGCTCTCC. The resulting PCR product of 2217 bp was subcloned into the
BamHI/XhoI sites of pEGFP-N1 vector. The resulting construct pEGFP-N1-GRAMD1B
was sequenced.

HeLa cells were seeded (0.625× 105 cells/mL) and transfected using the Lipofectamine
2000 reagent (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer
instructions for 24 h with the expression plasmid for human GRAMD1B (0.9 µg/mL). After
the transfection, the cells were fixed and subjected to anti-GRAMD1B immunofluorescence
as described below to test for specificity of the antibody.

2.10. Reagents

Stock solutions of TNFα, IFNγ, LPS (Sigma-Aldrich; T0157, I3265 and L2654, re-
spectively), IFNβ (Rebif 44, Merck Serono, Darmstadt, Germany), or macrophage colony-
stimulating factor (M-CSF) (Thermo Fisher Scientific; PHC9504) were prepared in RPMI and
administered to the culture medium in the following final concentrations: TNFα (10ng/mL),
IFNγ (100ng/mL), LPS (100ng/mL), IFNβ (100 UI/mL), and M-CSF (50ng/mL) [45–47].
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2.11. Cell Lines and Primary Cell Cultures, Stimulations, Immunocytochemistry Analyses and
Assessment of GRAMD1B Expression

Human HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), 1% penicillin-streptomycin and 1%
glutamine at 37 ◦C under a 5% CO2 atmosphere. Transfected HeLa cells were fixed with
cold methanol for 10 min and washed three times with PBS. Cells were then blocked with 5%
horse serum/0.1% Triton X-100 in PBS for 60 min, labeled with primary antibody overnight
at 4 ◦C, washed three times with PBS, labeled with a secondary antibody for 1 h, washed
three times with PBS, labeled with Hoechst 33,342 and mounted with Fluoromount (Sigma-
Aldrich). Stained coverslips were imaged using a Leica TCS SP8 confocal microscope with
a 63× objective.

PBMCs were isolated from whole blood of 12 HC subjects using Lymphoprep reagent
according to the manufacturer instructions, while CD14+ monocytes were isolated from
PBMCs of seven HC subjects using CD14 Microbeads (Miltenyi Biotec, San Diego, CA,
USA) following the manufacturer protocol.

PBMCs were stimulated with IFNβ immunomodulatory cytokine, while CD14+ mono-
cytes were stimulated with TNFα and IFNγ or IFNβ for 40 h at the final concentration
described above in the “reagents” section. Unstimulated or stimulated cells were either
cyto-spinned onto microscopic glass, fixed for 10 min at −20 ◦C in cold methanol and used
for immunocytochemistry (ICC), blocking, labeling, mounting and imaging as described
above or were lysed in TRIzol reagent (Sigma-Aldrich) for qRT-PCR as described below
in the “qRT-PCR assays” section. The relative expression of GRAMD1B was evaluated in
at least three biological replicates in both baseline and stimulated conditions using the
hGRAMD1B and hGAPDH primers listed in Table S2.

PBMCs were plated at a density of 1.5 × 106 cells/mL, followed by incubation for 2 h
at 37 ◦C and PBS washes to keep in culture only adherent cells, namely monocytes. These
cells were differentiated into macrophages during a 7 day culture in RPMI medium sup-
plemented with 10% (v/v) FBS, 1% glutamine, 1% penicillin-streptomycin and 50 ng/mL
human M-CSF at 37 ◦C under a 5% CO2 atmosphere.

Primary astrocyte cultures isolated from brainstem (HA-bs, ScienceCell, Carlsbad, CA,
USA) were propagated on poly-L-Lysine coated plates, in astrocyte medium (ScienceCell)
supplemented with 2% (v/v) FBS, 1% penicillin-streptomycin and 1% Astrocyte Growth
Supplement (AGS, ScienceCell) at 37 ◦C under a 5% CO2 atmosphere following the man-
ufacturer’s instructions. Further, they were either stimulated with inflammatory stimuli
(LPS or IFNγ) at the final concentrations mentioned above, or left unstimulated. After 40 h
of stimulation, cells were fixed in cold methanol, blocked, labeled, mounted and imaged as
described above.

2.12. qRT-PCR Assays

The reverse transcription (RT) reaction was performed using the High Capacity RNA-
to-cDNA Retrotranscription kit (Thermo Fisher Scientific) following manufacturer instruc-
tions. qPCR analysis was performed using SYBR green Master Mix (Applied Biosystems)
following the manufacturer protocol.

Measurements of mRNA expression in human and rat cells and tissues were performed
using quantitative real-time polymerase chain reaction (qRT-PCR) on ViiA7 (Life Technolo-
gies, Carlsbad, CA, USA) with fast SYBR Green chemistry following the manufacturer
protocol (annealing temperature 60 ◦C) and using the primers described in Table S2.

For each replicate, the relative expression, taking an arbitrary reference sample as 1,
was calculated from technical duplicates normalized to the housekeeping gene (GAPDH,
RpI18S, Frataxin depending on the cell types) with the 2−∆∆Ct method.

2.13. Antibodies, Sources and Dilutions Used

The following antibodies were used at the indicated dilutions: mouse anti-CD68
(1:100, Daka, Agilent Technologies, Santa Clara, CA, USA, M0814), mouse anti-GFAP (1:800,
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Immunological Sciences, Roma, Italy, MAB12029) and rabbit anti-GRAMD1B (1:50, Sigma-
Aldrich, HPA008557). The secondary antibodies used were anti-mouse Alexa 488 and
anti-rabbit Alexa 546 (1:500, Thermo Fisher Scientific, A-11001 and A-11035, respectively).

2.14. Immunofluorescence Quantification and Statistical Analysis

The quantifications were performed from multichannel images obtained using a 63×
objective and ImageJ software, identifying the cell perimeter and calculating the mean
fluorescence per area from the appropriate channel. For ICC experiments on fixed cells,
the nonparametric Mann–Whitney tests were used to investigate the difference between
control and treatment groups, and the Kruskal–Wallis test to compare the GRAMD1B
expression and distribution in human brain tissues. The distribution of allelic and genotypic
frequencies between affected and healthy members of the family were compared by the
Fisher’s exact test. The Kruskal–Wallis test was used to compare the expression of the
gene in different conditions and at difference distance (control white matter (WM), MS
normal-appearing white matter (NAWM), MS active lesion and MS inactive lesion).

2.15. Human Brain Tissue Immunohistochemistry

Immunohistochemical studies were performed on snap-frozen, postmortem brain
tissues from four MS cases (one relapsing-remitting MS (RRMS), two secondary progressive
MS (SPMS) and one primary progressive MS (PPMS)) and three control subjects with no
evidence of CNS diseases. Human brain tissues were obtained from the human autopsied
tissue repository (NDTR) at Washington University in St. Louis, MO, USA. Subject and
tissue characteristics can be found in Table S3. We focused the analyses on areas of the
brainstem, including pons and medulla. Regions of interest included normal white matter
(NWM) areas in the control subjects, MS normal appearing white matter (NAWM), MS
active lesion (A), and MS inactive lesions (I). Tissue and MS lesion characterization was
determined as previously reported [48]. Classification of the MS lesions was based on
histopathological methods including hematoxylin and eosin staining (HE), solochrome
cyanine staining for myelin, Oil Red O staining to estimate the presence of myelin-laden
macrophages and immunostaining for the lymphocyte marker CD3 antibody (Santa Cruz,
Dallas, TX, USA, sc-1127) to identify inflammatory infiltrates. Briefly, both control and MS
NAWM are areas with normal myelin, along with no macrophage and CD3+ T-cell infiltra-
tion or astrocytic scarring. Active lesions are characterized by the presence of CD3+ T-cells,
numerous lipid-laden macrophage/microglia cells, and marked demyelination. Inactive
lesions are classified by the presence of demyelinated axons, astrocytic scarring and lack of
lipid-laden macrophage/microglia cells or CD3+ T-cell infiltrates [49]. Two active lesions
and two inactive lesions were analyzed from a total of four MS patients, while NAWM was
analyzed from three patients and NWM from three HC subjects. Tissues were fresh-frozen,
sectioned at 9 µm, and fixed for 10 min in 4% PFA. For immunohistochemical staining,
sections were stained with rabbit anti-GRAMD1B (1:100, Sigma-Aldrich, HPA008557), rat
anti-GFAP (1:200, Thermo Fisher Scientific, 13-0300), and mouse anti-MAP2 (1:500, Abcam,
Cambridge, UK, ab11267). Images from each lesion/tissue type were captured and ana-
lyzed using the same exposure time at 20×magnification with Metamorph software. Using
the trace region tool, four circles were drawn around two to three vessels per tissue block
analyzed at 100 µm increments, starting at the vessel wall excluding the lumen of the vessel.
Images were identically contrasted and underwent a thresholding process to quantify
the fluorescent intensity of the GRAMD1B and GFAP. The percentage of colocalization of
GRAMD1B to GFAP was determined using the colocalization application for each of the
four circular regions surrounding each vessel.

2.16. Human Primary Cell Immunocytochemistry

CD14+ monocytes and CD68+ monocyte-derived macrophages (MDM) were stained
using mouse anti-CD68 and anti-mouse Alexa 488 antibodies and fixed as described above.
Cell cultures of primary astrocytes isolated from brainstem (HA-bs) were stained using
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mouse anti-GFAP and anti-mouse Alexa 488 antibodies. In all of the ICC stainings, primary
cells were co-stained with rabbit anti-GRAMD1B and anti-rabbit Alexa 546 antibodies.

3. Results
3.1. Family Description

The family characterized in this study was from an isolated valley in northern Italy
(Camonica Valley, province of Brescia). The subjects descended from a consanguineous
marriage between cousins (Figure 3) who were not affected by MS and had no siblings
affected by MS or other autoimmune disorders. The consanguineous marriage (generation
I) gave birth to nine siblings (generation II), three of them affected by MS (two females and
one male, II-6, II-15, II-11). Generation III was composed of 12 individuals; among them, only
one had MS, the proband of the cohort (III-5). All MS patients were affected by bout onset
forms (one relapsing-remitting (III-5) and three secondary progressive MS (II-6., II-15, II-11),
with MS onset age of 25, 41, 33, and 33 years). The clinical and demographic characteristics
of MS patients are detailed in Table 1. Brain magnetic resonance imaging (MRI) scans were
available from all of the patients and from seven additional healthy members of the family
(II-4, II-13, III-1, III-2, III-3, III-4, III-12). None of the healthy members had white matter lesions
compatible with a radiologically isolated syndrome (RIS).
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Figure 3. Pedigree of the multiplex MS family and segregation of GRAMD1B c.1801T > C (p.S601P)
variant. Squares represent men, circles represent women; slash, deceased subjects; black-filled symbols
represent individuals diagnosed with MS. The first-cousin marriage between two unaffected individuals,
subject I-1 and subject I-2, is indicated by a double line. +/+: homozygous individuals for mutated
allele;−/−: homozygous individuals for wild-type allele; +/−: heterozygous individuals. The numbers
reported inside circles and squares indicate age at sampling of the subject. The smaller arrowhead
represents the proband; larger thick arrows represent samples subjected to whole-genome sequencing.

Table 1. Demographic and clinical features of multiple sclerosis patients of the multiplex family.

Characteristics of MS Patients Individual II-6 Individual II-15 Individual II-11 Individual III-5

Gender Female Female Male Male

Age (years) 66 50 63 32

MS course SP SP SP RR

Age at MS onset (years) 41 33 33 25

Age at MS diagnosis (years) 49 35 39 31

Disease duration (years) 24 17 30 7

EDSS 6.5 7.0 6.5 2.0

MSSS 6.362 7.765 5.608 3.17

MS treatment IFN 1β No treatment Chronic steroid GA

RR: relapsing-remitting; SP: secondary-progressive. IFN 1β: interferon β-1 a; GA: glatiramer acetate; EDSS:
expanded disability status scale; MSSS: multiple sclerosis severity scale.
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3.2. Linkage Analysis

We performed linkage analysis to prioritize filtered variants. Given the pedigree structure,
the maximum expected LOD score under an exponential model was 2.408 [50]. Linkage
analysis revealed a region on chromosome 11 (Figure S1) with a peak close to the maximum
expected LOD score (2.194). The region is quite large (chr11: 120,285,603–127,792,982 bp
(hg19)) and encompasses 107 genes. The linkage peak was used to prioritize genetic variants
emerging from the WGS study, applying filtering approaches to coding and non-coding
variants (Figures 1 and 2).

3.3. WGS Results

A 40× average depth for the MS proband (III-5) and 10× for the other three MS cases and
the four healthy members was obtained. We performed single variant, indel and structural
variant calling on all sequenced individuals and filtered the genetic variants, retaining one
novel missense mutation located in the GRAMD1B gene (p.S601P: c.1801T > C). To note,
even increasing the allele frequency threshold to 0.05, no additional variants fulfilled the
filtering criteria. The amino acid substitution is predicted to be deleterious on protein function
(Polyphen2 = 1.0; SIFT = 0.006), and it has a high level of conservation in a genomic evolu-
tionary rate profiling (GERP++) with a score of 4.72 (Figure S2). Moreover, the variant is not
present in dbSNP, nor in the 1000 Genome Project (1 KG) or in the gnomAD Database v2.1.1
(https://gnomad.broadinstitute.org). The disease inheritance in the family could be compati-
ble with an autosomal recessive trait, being homozygote in the three affected individuals of
generation II and heterozygote in individual III-5 (Fisher’s exact test; p = 0.01), but we could
not exclude an autosomal-dominant transmission with reduced penetrance.

GRAMD1B encodes a membrane protein of the GRAM domain-containing family,
whose function is mostly unknown. Recent studies suggest the involvement of this protein
in JAK-STAT cascade in gastric and breast cancer cell lines [51,52] as well as in cancer cell
chemoresistance [53]. Little information is available regarding the in silico expression of
GRAMD1B in brain tissues [54], and there are no data regarding its modulation in the
CNS and immune system cells. The protein (UniProt ID: Q3KR37) includes a GRAM
domain (aa 96–205), a DUF4782 domain (domain of unknown function, aa 375–523), and a
transmembrane domain (aa 623-647) according to the Pfam database. The novel variant
(codon 601) is located 22 amino acids N-terminal from the transmembrane domain.

The GRAMD1B variant was validated with Sanger sequencing in all family members
(Figure S3). We then genotyped the S601P variant in 960 MS sporadic cases (F:M ratio
648:312, mean age 40.0 ± 10.4, 80% with bout onset disease), but none of the tested
individuals carried the novel variant.

3.4. GRAMD1B Target Sequencing and Burden Test

To deeply screen the GRAMD1B locus (defined as the coding region of the gene
+/−5 kb) for other variants, a target sequencing approach was applied in 91 unrelated
cases of familial MS with at least one first- or second-degree relative with MS and in
the proband of the original family. In this dataset, the F:M ratio was 1.6:1, the mean
age was 43.0 ± 11.51 years, and the disease course consisted of 82% bout-onset and 18%
progressive onset. We obtained an average depth of coverage greater than 800× through
the exons and the exon-intron boundaries of GRAMD1B. None of the MS patients carried
the p.S601P variant; however, we found four rare variants: c.256-4G > A (rs118067934) in
homozygous state in family A (Figure S4A) and in heterozygous state in an additional
family; c.866C > G (p.S289C, rs140366389) in heterozygous state in the proband and
in his affected sibling in family B (Figure S4B); c.1735G > A (p.V579M, rs755488531)
in heterozygous state in family C (Figure S4C); and c.1798 + 4T > G (rs769527838) in
heterozygous state in family D (Figure S4D).

We then tested for the presence of these four rare variants in an additional cohort of
192 sporadic MS cases and 296 HC subjects (HC cohort 1). Rs118067934 was found in four
MS patients (all heterozygous) and 10 HCs (all heterozygous), rs140366389 in one patient in

https://gnomad.broadinstitute.org
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homozygous state and in two HCs (both heterozygous), while rs755488531 and rs769527838
were not found in any sporadic MS or HC. We also tested for the presence of these four
variants and the original p.S601P in an additional cohort of 1096 HC Italian subjects from
the Italian Reference Genome v1 (HC cohort 2): rs118067934 had an MAF of 0.0246 and
rs140366389 of 0.0014, whereas the other variants were not detected in any subjects. The
list of the GRAMD1B variants identified is shown in Table 2, while a summary flowchart of
the different case-control data sets and the variants tested is shown in Figure S5.

Table 2. List of rare and novel GRAMD1B variants identified in MS cases. For each variant, the
frequency in familial (AF familial multiple sclerosis, n = 92) and sporadic multiple sclerosis (AF
sporadic multiple sclerosis, n = 192) cases, in two cohorts of Italian healthy controls (the first using
Sanger sequencing (AF HC cohort 1, n = 296) and the second using next-generation sequencing data
from the Italian Reference Genome v1 (AF HC cohort 2, n = 1099)). Additional ions are shown.

POS 11:123464786 11:123476158 11:123484303 11:123484370 11:123485455

SNP rs118067934 rs140366389 rs755488531 rs769527838 .

REF G C G T T

ALT A G A G C

AF fMS
(n = 91) 0.0205 0.005 0.005 0.006 0.005

AF sMS
(n = 192) 0.0104 0.005 0 0 0

AF HC cohort 1
(n = 296) 0.172 0.009 0 0 0

AF HC cohort 2
(n = 1096) 0.024 0.001 0 0 0

IMPACT LOW MODERATE MODERATE LOW MODERATE

CODON c.256-4G > A c.866C > G c.1735G > A c.1798 + 4T > G c.1801T > C

AA change . p.Ser289Cys p.Val579Met . p.Ser601Pro

GERP++ RS . 4.83 5.52 . 4.72

Polyphen2 HDIV . 0.986 (D) 0.978 (D) . 1.0 (D)

SIFT . 0.005(D) 0.274(T) . 0.006 (D)

CADD PHRED
Score 8.347 24.5 24.8 10.66 24.0

CHR: chromosome; POS: position according to hg19 database; SNP: SNP name if available; REF: reference
allele; ALT: alternative allele; IMPACT: predicted impact of the genetic variant on protein function according
to SnpEff; CODON: codon change; AA change: amino acid change; GERP++ RS: GERP score according to
dbNSFP; Polyphen2 HDIV score according to dbNSFP; SIFT score according to dbNSFP; CADD (combined
annotation-dependent depletion) PHRED score.

We further decided to assess the aggregate effect of rare functional variants in the
GRAMD1B gene using two burden tests (adaptive sum [55] and C-alpha [56]), and we
compared the familial cases (91 unrelated MS patients and the proband from the de-
scribed family) to 62 HCs who underwent whole exome sequencing using the same pro-
tocol. Six variants were used for the burden test: five variants, described in Table 2, were
c.256-4G > A (rs118067934), c.866C > G (rs140366389), c.1735G > A (rs755488531),
c.1798 + 4T > G (rs769527838) and c.1801T > C, p.S601P, which were found in the original
family, and a sixth rare functional variant c.667T > C (chr11:123489499), which was not
found in any MS patients but was found in two of the 62 controls. Burden test analysis did
not point to an association with the disease (p = 0.09 and p = 0.27 for ASUM and C-alpha
test, respectively); however, we observed a higher proportion of alternative alleles for the
six variants in MS patients (n = 7, prop = 0.0063) as compared to HCs (n = 2, prop = 0.0026),
with a corresponding ratio of 2.42. Although not statistically significant, this suggests an
excess of alternative alleles of GRAMD1B in MS patients compared to HCs.
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3.5. Replication in Canadian Cohort

The analysis of exome data from a Canadian cohort identified two rare functional
variants in GRAMD1B: c.1090G > A, p.V364I (rs200540342) and c.1679C > T, p.T560M
(rs199604534). When tested in cases vs. controls, only rs199604534 was found with a higher
frequency in cases compared to controls, but not statistically significant (MAF: 0.1% vs.
0.05%; OR: 2.0; p = ns) (Table S4). However, assessment of GRAMD1B p.T560M showed
that it does not segregate within families (Figure S6).

3.6. Investigation of Regulatory Variants

Using the filtering criteria described in the methods section, we did not identify any
single-nucleotide variants (SNVs) or short insertion/deletion polymorphisms (InDels) in
regulatory regions such as promoters, strong enhancers and insulators.

3.7. Transcriptomics Data and Interferon β (IFNβ) Stimulation

Taking advantage of transcriptomics data, we found that GRAMD1B was less ex-
pressed in whole blood of affected compared to healthy relatives, albeit not at a statistically
significant level (Figure 4A). Of note, one affected individual (II-6), who was treated with
IFNβ for more than 10 years, had a higher GRAMD1B expression level compared to the
other affected relatives, which prompted us to test whether the gene could be induced by
IFNβ stimulation.
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Figure 4. GRAMD1B mRNA expression in whole blood of members of the MS multiplex family, and
in PBMC isolated from HC. (A) Relative GRAMD1B mRNA expression in whole blood from affected
(on the left of the dashed line) and unaffected relatives (on the right of the dashed line) of the original
MS multiplex family measured with Illumina arrays. The arrow indicates the unique MS patient
who was IFNβ-treated. (B) ISRE and GAS elements in the GRAMD1B promoter and first intron
identified in the in silico analysis are shown in the “GAS” and “ISRE” tracks, while the position of
the gene is indicated in the “UCSC annotation of RefSeq RNAs” track; genomic position is indicated
at the top. (C) Relative GRAMD1B mRNA expression in PBMC isolated from HC before and after
stimulation with IFNβ immunomodulatory cytokine measured by qRT-PCR (n = 5). p-value refers
to the comparison of expression values at baseline and after stimulation. Standard deviations are
reported as bars. Error bars represent SEM.

We first investigated in silico the presence of interferon-stimulated response elements
(ISRE) and γ interferon activation sites (GAS) [57] in the promoter region of the gene. We
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used the MEME [58] and the FIMO [59] tools to evaluate the presence of these motifs in the
promoter region of GRAMD1B, which was defined by visual inspection of the chromatin
state tracks available from the ENCODE project [34] and embedded in the UCSC Genome
Browser (hg19 assembly) in the locus of the gene. We found 31 ISRE motifs and 10 GAS
elements in the promoter region of the gene (Figure 4B).

We then performed in vitro experiments stimulating peripheral blood mononuclear
cells (PBMCs) isolated from five HC subjects with IFNβ, and observed a significant upreg-
ulation upon IFNβ stimulation (p = 0.02) (Figure 4C).

3.8. GRAMD1B RNA Expression in Rat Cells and Tissues

Given that little information is available on the function of GRAMD1B in CNS [51–54],
we first decided to characterize its gene expression profile in different rat tissues and rat
primary cell cultures, and we found a higher expression of GRAMD1B in the rat brain
tissue when compared to other peripheral rat tissues (p < 0.05 when comparing rat brain to
rat kidney, and p < 0.001 when comparing rat brain to other tissues; Figure 5A). In addition,
when testing specific rat primary cell types, we observed that GRAMD1B was expressed
by the three major cell subsets of the CNS, namely neurons, astrocytes and microglia, as
well as by peripheral immune cells (Figure 5B). A higher expression of GRAMD1B was
observed in neurons compared to astrocytes and microglia in rats (p < 0.05).
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3.9. GRAMD1B Protein Expression in Human Brain Tissues

Given the high expression of GRAMD1B in rat brain tissues and GTEx data (http://
www.gtexportal.org/home/gene/GRAMD1B), which both show that it is mainly expressed
in brain, we assessed whether the GRAMD1B protein is expressed in human brain tissue.

Next, expression and distribution of GRAMD1B protein was studied by immunohisto-
chemistry in human autopsied tissues from four MS cases and three control subjects with
no evidence of CNS involvement. Analyses were preferentially performed in the brainstem
and brain white matter. MS tissues were classified, based on the histological characteristics,
as normal appearing white matter (NAWM), active lesions (A) and inactive lesions (I), as
previously reported [48]. White matter areas in the control subjects (normal white matter,
NWM) did not show any pathological signs. A summary of all tissues analyzed is presented
in Table S3.

Protein expression of GRAMD1B was observed in microglia in NWM of controls and
in NAWM of MS patients. GRAMD1B was also found in subcortical neurons labeled with
the neuronal marker MAP2 in control tissue and in neurons in the pons of MS patients
(Figure S7). In all analyzed brain tissues, we also detected GRAMD1B in astrocytes stained
with glial fibrillary acidic protein (GFAP) (Figure 6).

http://www.gtexportal.org/home/gene/GRAMD1B
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Figure 6. GRAMD1B expression in astrocytes of human brain tissues from MS and control subjects.
Histological analysis of GRAMD1B protein expression on astrocytes in brain autopsied tissues of MS
subjects and control subjects without evidence of CNS pathology. GRAMD1B expression is shown
in green, and the GFAP astrocyte marker is in red. (A–C) Control subject, normal white matter
(NWM). (D–F) MS patient, normal-appearing white matter (NAWM). (G–I) MS patient, active lesion
site. (J–L) MS patient, inactive lesion site (10× magnification). (M–P) Higher (60×) magnification
of boxed areas shown in the “Merge 10× column”. Isotype controls are represented in boxed areas
of B and E pictures. (Q) Quantification of GRAMD1B expression at increasing distances from blood
vessels (0–400 µM) in normal white matter (control WM), in MS normal-appearing white matter
(MS NAWM), in an active lesion of an MS patient (MS active plaque), and in an MS inactive lesion.
Distance from blood vessels: green color: 0–100 µm; blue color: 100–200 µm; pink color: 200–300
µm; red color: 300–400 µm. Arrows in boxes (B,E,H,K) indicate GRAMD1B expression in astrocytes
on blood vessels. Error bars represent the SEM. p value refers to the comparison of GRAMD1B
expression at different distances from blood vessel in each tissue/lesion type (by Kruskal–Wallis test).

We concluded that GRAMD1B was expressed in microglia and neurons as well as in
astrocytes in human brain tissues of controls and MS patients.
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3.10. GRAMD1B Expression Modulation in Astrocytes in Inflammatory Conditions

Further, we sought to determine whether GRAMD1B is differentially expressed based
on the lesion type in the brain of MS patients. Brain sections were stained for GRAMD1B and
GFAP, and adjacent sections used for appropriate isotype controls (insets of Figure 6B,E).

In the brainstem white matter of control individuals (NWM, or control WM), GRAMD1B
expression in astrocytes was preferentially localized on astrocyte processes surrounding blood
vessels (Figure 6). Quantification showed that most of the GRAMD1B expression in control
tissues was within 100 µm around the vessel wall compared to adjacent parenchymal areas
(Figure 6Q; p < 0.05 in control WM). A similar gradient of GRAMD1B expression was observed
in NAWM in MS cases (Figure 6Q; p < 0.05 in NAWM of MS subjects). In contrast, in active
MS lesions, expression of GRAMD1B on vessel-associated astrocytes was markedly decreased
irrespective of the distance from blood vessels, while in inactive MS lesions, we observed a
diffuse increase in staining of GFAP (sign of astrocytosis) accompanied by diffuse, higher
GRAMD1B expression on astrocytes irrespective of the distance from blood vessels (Figure 6Q;
MS active plaque and MS inactive plaque). When we compared GRAMD1B expression at
the same distance from blood vessels across NAWM, active MS lesions, inactive MS lesions
and healthy conditions, we found in the 0–100 µm group a lower expression in active lesions
compared to the other conditions, and in the 100–200, 200–300 and 300–400 µm groups a
higher expression in inactive MS lesions compared to the other tissues (p < 0.05).

Next, we performed immunocytochemistry studies to demonstrate GRAMD1B protein
expression in cultured GFAP+ human astrocytes isolated from brainstem. To assess whether
GRAMD1B protein expression can be modulated by inflammatory stimuli, mimicking
what happens in MS, human astrocytes were either left untreated (control) or activated
with lipopolysaccharides (LPS) and interferon γ (IFNγ). Inflammatory treatment led to
a significant downregulation of GRAMD1B expression when compared to unstimulated
conditions (Figure 7; p = 0.007). These in vitro results are in line with the downregulation of
GRAMD1B expression in astrocytes in active MS lesions compared to normal white matter,
NAWM and inactive lesions in MS patients.
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Figure 7. GRAMD1B expression in culture of human astrocytes before and after stimulation with
inflammatory stimuli. (A–I) Immunohistochemistry of GRAMD1B expression in control conditions
(A–C) and after LPS (D–F) and IFNγ (G–I) stimulation. (J) Histogram of GRAMD1B quantification
in control conditions and after LPS and IFNγ stimulation. p values refer to the comparison between
LPS vs. baseline conditions and between IFNγ and baseline conditions.

3.11. Expression and Modulation of GRAMD1B in Human Peripheral Blood Immune Cells

To better characterize GRAMD1B expression and modulation, we performed immuno-
cytochemistry (ICC) studies on human PBMCs, and we noticed that GRAMD1B was mainly
expressed in monocytes. To confirm this observation, we studied GRAMD1B expression in
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CD14+ human monocytes isolated ex vivo and in monocyte-derived macrophages (MDM)
generated in vitro and co-stained also with CD68+, a macrophage/monocyte marker. We
observed that GRAMD1B was expressed by CD14+ monocytes and MDM and co-localized
with the CD68+ marker (Figure S8). Next, we investigated whether GRAMD1B expression
can be modulated, at transcript and protein levels, after treatment with pro-inflammatory
stimuli in vitro also in CD14+ monocytes isolated from HCs. We observed that GRAMD1B
transcript expression was significantly reduced in macrophages/monocytes after treatment
with tumor necrosis factor α (TNFα) and IFNγ (p = 0.03) (Figure 8A). The same pattern
was seen at the protein level (Figure 8B; p = 0.0001) after treatment with pro-inflammatory
stimuli compared to resting conditions. In contrast, IFNβ-treated macrophages/monocytes
showed a trend towards up-regulation of GRAMD1B at mRNA level and a significant
increase at protein level when compared to the unstimulated state (p = 0.002) (Figure 8).
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Figure 8. GRAMD1B expression in macrophages/monocytes of control subjects before and after
stimulation with inflammatory cytokines. Peripheral blood macrophages/monocytes from four HC
blood samples were cultured and stimulated with different inflammatory cytokines. GRAMD1B
expression was measured at mRNA level by quantitative RT-PCR (A) and at protein level by im-
munocytochemistry (B–K). (A) Quantitative RT-PCR quantification of GRAMD1B mRNA expression
in basal conditions, after TNFα- and IFNγ stimulation and after IFNβ stimulation. (B) Quantification
of the GRAMD1B signal in different fields at resting conditions (control), after TNFα- and IFNγ

stimulation and after IFNβ stimulation. (C–E) Unstimulated cells. (F–H) TNFα- and IFNγ-stimulated
cells. (I–K) IFNβ-stimulated cells. The panels on the right show the merged staining for GRAMD1B
(in red) and the CD68 monocyte marker (in green).

Taken together, these results suggest that GRAMD1B is expressed and modulated in
macrophages/monocytes and astrocytes in inflammatory conditions, consistent with its
potential role in MS pathogenesis.

4. Discussion

As of now, GWAS studies performed on large cohorts of MS patients allowed the
identification of 201 non-HLA susceptibility variants [35]. However, common variants explain
only a small fraction of the estimated heritability, pointing to a possible role of rare variants
that are not properly captured by existing arrays. The roles of rare functional variants
in six genes (two already known as associated with MS, and four new) in MS risk were
demonstrated thanks to the International Multiple Sclerosis Genetic Consortium (IMSGC)
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effort using the exome-chip array [4]. In this regard, family-based studies and the use of next-
generation sequencing (NGS) technology can potentially increase the likelihood of detecting
relevant rare variants. For this reason, we decided to perform a low-coverage whole-genome
sequencing study in a large MS multiplex family of Italian origin with the aim of identifying
rare variants with moderate-high impact on disease phenotype. This approach could help
in the stratification and identification of high-risk individuals and/or in the development of
novel therapeutic strategies using the identified genetic variants as targets.

In the present study, we described a family with four members affected by MS in
which we successfully applied a combined linkage and sequencing approach to filter and
prioritize putative rare functional variants. Filtering criteria narrowed down the list of
more than 17,000 putative functional variants to one rare variant, leading to an amino
acid change from serine to proline (p.S601P) in the GRAMD1B gene, for which no roles
in autoimmune diseases have been reported so far. The mutation in the coding region of
GRAMD1B is located in the linkage peak of the family (LOD score: 2.194), and the pattern
of disease inheritance is more suggestive of an autosomal recessive trait (p = 0.01) consistent
with the consanguinity of the family who originated from a first-cousin marriage. The
region surrounding the GRAMD1B variant is highly conserved across different species up
to zebrafish (Figure S2), and the p.S601P amino acid is located close to the transmembrane
domain of the protein. Interestingly, using target sequencing, we identified additional
variants only in the studied MS cases (rs755488531 and rs769527838), and a third variant
predicted to be deleterious on function (rs199604534) was discovered in familial MS cases
from Canada and found to have a higher frequency in cases compared to controls, albeit
not at a significant level. These variants are close to p.S601P, and they might affect the
expression and/or biological function of the gene, which is still largely unknown.

Via whole-genome expression in total blood, we found that GRAMD1B was down-
regulated in affected relatives, although not at a statistically significant level, with the
exception of the only individual who was chronically IFNβ-treated (II-6). This observation
led to the identification of the presence of ISRE and GAS motifs in the promoter region
of the GRAMD1B gene using an in silico approach, which was confirmed by a signifi-
cant upregulation of GRAMD1B upon IFNβ in vitro stimulation of PBMCs from five HCs
(Figure 4), suggesting a possible modulation of the gene in immune cell subtypes. This
observation is in line with the recent evidence in two tumor models (breast and gastric
cancer) in which GRAMD1B is positively regulated by the JAK/STAT signaling pathway
and in turn activated by IFNβ (14,15).

GRAMD1B has not been previously associated with MS. In the present paper, we
demonstrated that the gene is preferentially expressed in brain tissue and PBMCs in
rats. Regarding the brain tissue, it is worth mentioning that a stop variant in GRAMD1B
(p.Arg128*) was identified in a consanguineous family affected by autosomal recessive in-
tellectual disability (ARID), and in silico GRAMD1B expression was reported in developing
and adult brain tissue, mostly in white matter, cerebellum and basal nuclei [54].

In this paper, we demonstrated that the gene is expressed in microglia, neurons and
astrocytes in brain tissues of HC and MS patients, and in cultured human myeloid cells
(monocytes and macrophages) and astrocytes in vitro. GRAMD1B is mainly expressed
around blood vessels in astrocytes, and we found that in active MS lesions, there was a
significant down-regulation of the protein compared to NAWM and inactive lesions of MS
patients and control tissues. This down-regulation was replicated by experiments with
pro-inflammatory stimuli (LPS) in primary brainstem astrocytes and with TNFα and IFNγ

stimulation in monocytes. Therefore, our hypothesis is that GRAMD1B down-regulation in
astrocytes can be causally related to an altered blood–brain barrier integrity, which is an
early event in MS lesions [60]. Whether the down-regulation of the gene is the cause or the
consequence of inflammatory events will be a matter for further studies.

It is important to acknowledge limitations of the study. (1) The selected variant was
not replicated in additional sporadic or familial MS cases, suggesting that it could represent
a private genetic variant with a negligible impact on sporadic and familial cases. However,
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additional variants close to the original mutation were found in the gene, supporting the
need for additional investigations on the gene. Interestingly enough, p.S601P falls 966 kb
upstream from one of the MS common variants, rs6589939 [4], with which it has no linkage
disequilibrium (LD) relationship. (2) The segregation in the family was not complete,
although a recessive model represented the best fitted, in agreement with the consanguinity
of the family pedigree.

Despite these limitations, the present study contributes to a better definition of the role
of GRAMD1B in the immune system and in the CNS, and for the first time, it highlights
its possible contribution to MS. Very little is known about the function of the gene in the
context of autoimmune disease, although a potential role in the immune system has been
inferred by the identification of a SNP (rs7939777, 42.3 kb apart from p.S601P variant) in the
GRAMD1B region having an eQTL effect on the serological levels of immunoglobulin E (IgE)
in asthmatic patients. Of note, the IgE class of antibodies are known as important players
in the development of Th2 cell-mediated allergic inflammatory disease [61]. Moreover, it
was recently discovered that GRAMD1B is a downstream target of JAK-STAT signaling in
gastric and breast cancer cell lines, and it is a key signaling molecule able to inhibit cell
migration in breast cancer [51,52]. The JAK-STAT pathway is involved in immune response
and cell growth, and its dysregulation has been associated with immune disorders and
cancer [62]. A potential role in the CNS has been hypothesized by studying schizophrenia
and intellectual disability [54,63–65]. In the present paper, we demonstrated that the
gene is expressed and modulated in both the human immune system and CNS, and it
is downregulated in astrocytes in active MS lesions and in astrocytes and monocytes by
inflammatory stimuli in vitro. Recently, GRAMD1B was also implicated in intracellular
cholesterol transport [66]. Lipid metabolism plays a crucial role in immune cell activation,
differentiation and effector function [67], as well as in remyelination processes [68], and we
could hypothesize that the ability of GRAMD1B to act as a cholesterol detector could be
relevant also in the MS context.

Overall, our findings support a possible role of GRAMD1B in inflammation and MS
pathophysiology and open new avenues of investigation. However, the contribution of the
gene in modulating disease risk needs to be further assessed in larger cohorts of sporadic
and familial MS cases, and its function needs to be better explored also in animal models.
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Identification of Rare Genetic Variation of NLRP1 Gene in Familial Multiple Sclerosis. Sci. Rep. 2017, 7, 3715. [CrossRef]

20. Mescheriakova, J.Y.; Verkerk, A.J.; Amin, N.; Uitterlinden, A.G.; van Duijn, C.M.; Hintzen, R.Q. Linkage Analysis and Whole
Exome Sequencing Identify a Novel Candidate Gene in a Dutch Multiple Sclerosis Family. Mult. Scler. 2019, 25, 909–917.
[CrossRef]

21. Zrzavy, T.; Leutmezer, F.; Kristoferitsch, W.; Kornek, B.; Schneider, C.; Rommer, P.; Berger, T.; Zimprich, A. Exome-Sequence
Analyses of Four Multi-Incident Multiple Sclerosis Families. Genes 2020, 11, 988. [CrossRef] [PubMed]

22. Esposito, F.; Guaschino, C.; Sorosina, M.; Clarelli, F.; Ferre’, L.; Mascia, E.; Santoro, S.; Pagnesi, M.; Radaelli, M.; Colombo, B.;
et al. Impact of MS Genetic Loci on Familial Aggregation, Clinical Phenotype, and Disease Prediction. Neurol. Neuroimmunol.
Neuroinflammation 2015, 2, e129. [CrossRef] [PubMed]

23. Sorosina, M.; Brambilla, P.; Clarelli, F.; Barizzone, N.; Lupoli, S.; Guaschino, C.; Osiceanu, A.M.; Moiola, L.; Ghezzi, A.; Coniglio,
G.; et al. Genetic Burden of Common Variants in Progressive and Bout-Onset Multiple Sclerosis. Mult. Scler. J. 2014, 20, 802–811.
[CrossRef]

24. Kong, A.; Cox, N.J. Allele-Sharing Models: LOD Scores and Accurate Linkage Tests. Am. J. Hum. Genet. 1997, 61, 1179–1188.
[CrossRef] [PubMed]

25. Li, H.; Durbin, R. Fast and Accurate Long-Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2010, 26, 589–595.
[CrossRef] [PubMed]

26. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.; Daly,
M.; et al. The Genome Analysis Toolkit: A MapReduce Framework for Analyzing next-Generation DNA Sequencing Data.
Genome Res. 2010, 20, 1297–1303. [CrossRef]

27. DePristo, M.A.; Banks, E.; Poplin, R.; Garimella, K.V.; Maguire, J.R.; Hartl, C.; Philippakis, A.A.; del Angel, G.; Rivas, M.A.; Hanna,
M.; et al. A Framework for Variation Discovery and Genotyping Using Next-Generation DNA Sequencing Data. Nat. Genet. 2011,
43, 491–498. [CrossRef]

28. Van der Auwera, G.A.; Carneiro, M.O.; Hartl, C.; Poplin, R.; Del Angel, G.; Levy-Moonshine, A.; Jordan, T.; Shakir, K.; Roazen,
D.; Thibault, J.; et al. From FastQ Data to High Confidence Variant Calls: The Genome Analysis Toolkit Best Practices Pipeline.
Curr. Protoc. Bioinform. 2013, 43, 11.10.1–11.10.33. [CrossRef]

29. Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A Program for Annotating
and Predicting the Effects of Single Nucleotide Polymorphisms, SnpEff: SNPs in the Genome of Drosophila Melanogaster Strain
W1118; Iso-2; Iso-3. Fly 2012, 6, 80–92. [CrossRef]

30. Cingolani, P.; Patel, V.M.; Coon, M.; Nguyen, T.; Land, S.J.; Ruden, D.M.; Lu, X. Using Drosophila Melanogaster as a Model for
Genotoxic Chemical Mutational Studies with a New Program, SnpSift. Front. Genet. 2012, 3, 35. [CrossRef]

31. Rentzsch, P.; Witten, D.; Cooper, G.M.; Shendure, J.; Kircher, M. CADD: Predicting the Deleteriousness of Variants throughout the
Human Genome. Nucleic Acids Res. 2019, 47, D886–D894. [CrossRef] [PubMed]

32. Davydov, E.V.; Goode, D.L.; Sirota, M.; Cooper, G.M.; Sidow, A.; Batzoglou, S. Identifying a High Fraction of the Human Genome
to Be under Selective Constraint Using GERP++. PLoS Comput. Biol. 2010, 6, e1001025. [CrossRef] [PubMed]

33. Adzhubei, I.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; Kondrashov, A.S.; Sunyaev, S.R. A Method and
Server for Predicting Damaging Missense Mutations. Nat. Methods 2010, 7, 248–249. [CrossRef] [PubMed]

34. Raney, B.J.; Cline, M.S.; Rosenbloom, K.R.; Dreszer, T.R.; Learned, K.; Barber, G.P.; Meyer, L.R.; Sloan, C.A.; Malladi, V.S.; Roskin,
K.M.; et al. ENCODE Whole-Genome Data in the UCSC Genome Browser (2011 Update). Nucleic Acids Res. 2011, 39, D871–D875.
[CrossRef]

35. International Multiple Sclerosis Genetics Consortium (IMSGC). Analysis of Immune-Related Loci Identifies 48 New Susceptibility
Variants for Multiple Sclerosis. Nat. Genet. 2013, 45, 1353–1360. [CrossRef]

36. Qu, W.; Shen, Z.; Zhao, D.; Yang, Y.; Zhang, C. MFEprimer: Multiple Factor Evaluation of the Specificity of PCR Primers.
Bioinformatics 2009, 25, 276–278. [CrossRef]

37. Wang, Z.; Sadovnick, A.D.; Traboulsee, A.L.; Ross, J.P.; Bernales, C.Q.; Encarnacion, M.; Yee, I.M.; de Lemos, M.; Greenwood, T.;
Lee, J.D.; et al. Nuclear Receptor NR1H3 in Familial Multiple Sclerosis. Neuron 2016, 92, 555. [CrossRef]

http://doi.org/10.1002/ana.22678
http://doi.org/10.1212/WNL.0b013e3182616fc4
http://doi.org/10.1534/g3.116.030841
http://doi.org/10.1016/j.neuron.2016.04.039
http://doi.org/10.1002/humu.23218
http://doi.org/10.1038/s41598-017-03536-9
http://doi.org/10.1177/1352458518777202
http://doi.org/10.3390/genes11090988
http://www.ncbi.nlm.nih.gov/pubmed/32854198
http://doi.org/10.1212/NXI.0000000000000129
http://www.ncbi.nlm.nih.gov/pubmed/26185776
http://doi.org/10.1177/1352458513512707
http://doi.org/10.1086/301592
http://www.ncbi.nlm.nih.gov/pubmed/9345087
http://doi.org/10.1093/bioinformatics/btp698
http://www.ncbi.nlm.nih.gov/pubmed/20080505
http://doi.org/10.1101/gr.107524.110
http://doi.org/10.1038/ng.806
http://doi.org/10.1002/0471250953.bi1110s43
http://doi.org/10.4161/fly.19695
http://doi.org/10.3389/fgene.2012.00035
http://doi.org/10.1093/nar/gky1016
http://www.ncbi.nlm.nih.gov/pubmed/30371827
http://doi.org/10.1371/journal.pcbi.1001025
http://www.ncbi.nlm.nih.gov/pubmed/21152010
http://doi.org/10.1038/nmeth0410-248
http://www.ncbi.nlm.nih.gov/pubmed/20354512
http://doi.org/10.1093/nar/gkq1017
http://doi.org/10.1038/ng.2770
http://doi.org/10.1093/bioinformatics/btn614
http://doi.org/10.1016/j.neuron.2016.09.028


Genes 2022, 13, 2392 21 of 22

38. Lek, M.; Karczewski, K.J.; Minikel, E.V.; Samocha, K.E.; Banks, E.; Fennell, T.; O’Donnell-Luria, A.H.; Ware, J.S.; Hill, A.J.;
Cummings, B.B.; et al. Analysis of Protein-Coding Genetic Variation in 60,706 Humans. Nature 2016, 536, 285–291. [CrossRef]

39. Trinh, J.; Vilariño-Güell, C.; Donald, A.; Shah, B.; Yu, I.; Szu-Tu, C.; Aasly, J.O.; Wu, R.-M.; Hentati, F.; Rajput, A.H.; et al. STX6
Rs1411478 Is Not Associated with Increased Risk of Parkinson’s Disease. Park. Relat. Disord. 2013, 19, 563–565. [CrossRef]

40. Sadovnick, A.D.; Risch, N.J.; Ebers, G.C. Canadian Collaborative Project on Genetic Susceptibility to MS, Phase 2: Rationale and
Method. Canadian Collaborative Study Group. Can. J. Neurol. Sci. 1998, 25, 216–221. [CrossRef]

41. Polman, C.H.; Reingold, S.C.; Banwell, B.; Clanet, M.; Cohen, J.A.; Filippi, M.; Fujihara, K.; Havrdova, E.; Hutchinson, M.; Kappos,
L.; et al. Diagnostic Criteria for Multiple Sclerosis: 2010 Revisions to the McDonald Criteria. Ann. Neurol. 2011, 69, 292–302.
[CrossRef] [PubMed]

42. Chenna, R.; Sugawara, H.; Koike, T.; Lopez, R.; Gibson, T.J.; Higgins, D.G.; Thompson, J.D. Multiple Sequence Alignment with
the Clustal Series of Programs. Nucleic Acids Res. 2003, 31, 3497–3500. [CrossRef]

43. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. Limma Powers Differential Expression Analyses for
RNA-Sequencing and Microarray Studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef] [PubMed]

44. Consonni, A.; Morara, S.; Codazzi, F.; Grohovaz, F.; Zacchetti, D. Inhibition of Lipopolysaccharide-Induced Microglia Activation
by Calcitonin Gene Related Peptide and Adrenomedullin. Mol. Cell. Neurosci. 2011, 48, 151–160. [CrossRef] [PubMed]

45. Esposito, F.; Sorosina, M.; Ottoboni, L.; Lim, E.T.; Replogle, J.M.; Raj, T.; Brambilla, P.; Liberatore, G.; Guaschino, C.; Romeo,
M.; et al. A Pharmacogenetic Study Implicates SLC9a9 in Multiple Sclerosis Disease Activity. Ann. Neurol. 2015, 78, 115–127.
[CrossRef] [PubMed]

46. Morga, E.; Faber, C.; Heuschling, P. Regional Heterogeneity of the Astroglial Immunoreactive Phenotype: Effect of Lipopolysac-
charide. J. Neurosci. Res. 1999, 57, 941–952. [CrossRef]

47. Sénécal, V.; Deblois, G.; Beauseigle, D.; Schneider, R.; Brandenburg, J.; Newcombe, J.; Moore, C.S.; Prat, A.; Antel, J.; Arbour, N.
Production of IL-27 in Multiple Sclerosis Lesions by Astrocytes and Myeloid Cells: Modulation of Local Immune Responses. Glia
2016, 64, 553–569. [CrossRef]

48. Cannella, B.; Raine, C.S. The Adhesion Molecule and Cytokine Profile of Multiple Sclerosis Lesions. Ann. Neurol. 1995, 37, 424–435.
[CrossRef]

49. Cannella, B.; Sizing, I.D.; Benjamin, C.D.; Browning, J.L.; Raine, C.S. Antibodies to Lymphotoxin Alpha (LT Alpha) and LT Beta
Recognize Different Glial Cell Types in the Central Nervous System. J. Neuroimmunol. 1997, 78, 172–179. [CrossRef]

50. Abecasis, G.R.; Cherny, S.S.; Cookson, W.O.; Cardon, L.R. Merlin–Rapid Analysis of Dense Genetic Maps Using Sparse Gene
Flow Trees. Nat. Genet. 2002, 30, 97–101. [CrossRef]

51. Khanna, P.; Chua, P.J.; Wong, B.S.E.; Yin, C.; Thike, A.A.; Wan, W.K.; Tan, P.H.; Baeg, G.H. GRAM Domain-Containing Protein 1B
(GRAMD1B), a Novel Component of the JAK/STAT Signaling Pathway, Functions in Gastric Carcinogenesis. Oncotarget 2017,
8, 115370–115383. [CrossRef] [PubMed]

52. Khanna, P.; Lee, J.S.; Sereemaspun, A.; Lee, H.; Baeg, G.H. GRAMD1B Regulates Cell Migration in Breast Cancer Cells through
JAK/STAT and Akt Signaling. Sci. Rep. 2018, 8, 9511. [CrossRef] [PubMed]

53. Wu, S.Y.; Yang, X.; Gharpure, K.M.; Hatakeyama, H.; Egli, M.; McGuire, M.H.; Nagaraja, A.S.; Miyake, T.M.; Rupaimoole, R.;
Pecot, C.V.; et al. 2’-OMe-Phosphorodithioate-Modified SiRNAs Show Increased Loading into the RISC Complex and Enhanced
Anti-Tumour Activity. Nat. Commun. 2014, 5, 3459. [CrossRef] [PubMed]

54. Santos-Cortez, R.L.P.; Khan, V.; Khan, F.S.; Mughal, Z.-U.-N.; Chakchouk, I.; Lee, K.; Rasheed, M.; Hamza, R.; Acharya, A.; Ullah,
E.; et al. Novel Candidate Genes and Variants Underlying Autosomal Recessive Neurodevelopmental Disorders with Intellectual
Disability. Hum. Genet. 2018, 137, 735–752. [CrossRef] [PubMed]

55. Han, F.; Pan, W. A Data-Adaptive Sum Test for Disease Association with Multiple Common or Rare Variants. Hum. Hered. 2010,
70, 42–54. [CrossRef] [PubMed]

56. Neale, B.M.; Rivas, M.A.; Voight, B.F.; Altshuler, D.; Devlin, B.; Orho-Melander, M.; Kathiresan, S.; Purcell, S.M.; Roeder, K.; Daly,
M.J. Testing for an Unusual Distribution of Rare Variants. PLoS Genet. 2011, 7, e1001322. [CrossRef]

57. Tsukahara, T.; Kim, S.; Taylor, M.W. REFINEMENT: A Search Framework for the Identification of Interferon-Responsive Elements
in DNA Sequences–a Case Study with ISRE and GAS. Comput. Biol. Chem. 2006, 30, 134–147. [CrossRef]

58. Bailey, T.L.; Boden, M.; Buske, F.A.; Frith, M.; Grant, C.E.; Clementi, L.; Ren, J.; Li, W.W.; Noble, W.S. MEME SUITE: Tools for
Motif Discovery and Searching. Nucleic Acids Res. 2009, 37, W202–W208. [CrossRef]

59. Grant, C.E.; Bailey, T.L.; Noble, W.S. FIMO: Scanning for Occurrences of a given Motif. Bioinformatics 2011, 27, 1017–1018.
[CrossRef]

60. Correale, J.; Villa, A. The Blood-Brain-Barrier in Multiple Sclerosis: Functional Roles and Therapeutic Targeting. Autoimmunity
2007, 40, 148–160. [CrossRef]

61. Yatagai, Y.; Sakamoto, T.; Masuko, H.; Kaneko, Y.; Yamada, H.; Iijima, H.; Naito, T.; Noguchi, E.; Hirota, T.; Tamari, M.; et al.
Genome-Wide Association Study for Levels of Total Serum IgE Identifies HLA-C in a Japanese Population. PLoS ONE 2013, 8, e80941.
[CrossRef] [PubMed]

62. Kiu, H.; Nicholson, S.E. Biology and Significance of the JAK/STAT Signalling Pathways. Growth Factors 2012, 30, 88–106.
[CrossRef] [PubMed]

63. Fabbri, C.; Serretti, A. Role of 108 Schizophrenia-Associated Loci in Modulating Psychopathological Dimensions in Schizophrenia
and Bipolar Disorder. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2017, 174, 757–764. [CrossRef] [PubMed]

http://doi.org/10.1038/nature19057
http://doi.org/10.1016/j.parkreldis.2013.01.019
http://doi.org/10.1017/S0317167100034041
http://doi.org/10.1002/ana.22366
http://www.ncbi.nlm.nih.gov/pubmed/21387374
http://doi.org/10.1093/nar/gkg500
http://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
http://doi.org/10.1016/j.mcn.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21803157
http://doi.org/10.1002/ana.24429
http://www.ncbi.nlm.nih.gov/pubmed/25914168
http://doi.org/10.1002/(SICI)1097-4547(19990915)57:6&lt;941::AID-JNR20&gt;3.0.CO;2-Z
http://doi.org/10.1002/glia.22948
http://doi.org/10.1002/ana.410370404
http://doi.org/10.1016/S0165-5728(97)00098-2
http://doi.org/10.1038/ng786
http://doi.org/10.18632/oncotarget.23265
http://www.ncbi.nlm.nih.gov/pubmed/29383166
http://doi.org/10.1038/s41598-018-27864-6
http://www.ncbi.nlm.nih.gov/pubmed/29934528
http://doi.org/10.1038/ncomms4459
http://www.ncbi.nlm.nih.gov/pubmed/24619206
http://doi.org/10.1007/s00439-018-1928-6
http://www.ncbi.nlm.nih.gov/pubmed/30167849
http://doi.org/10.1159/000288704
http://www.ncbi.nlm.nih.gov/pubmed/20413981
http://doi.org/10.1371/journal.pgen.1001322
http://doi.org/10.1016/j.compbiolchem.2006.01.002
http://doi.org/10.1093/nar/gkp335
http://doi.org/10.1093/bioinformatics/btr064
http://doi.org/10.1080/08916930601183522
http://doi.org/10.1371/journal.pone.0080941
http://www.ncbi.nlm.nih.gov/pubmed/24324648
http://doi.org/10.3109/08977194.2012.660936
http://www.ncbi.nlm.nih.gov/pubmed/22339650
http://doi.org/10.1002/ajmg.b.32577
http://www.ncbi.nlm.nih.gov/pubmed/28786528


Genes 2022, 13, 2392 22 of 22

64. Reuter, M.S.; Tawamie, H.; Buchert, R.; Gebril, O.H.; Froukh, T.; Thiel, C.; Uebe, S.; Ekici, A.B.; Krumbiegel, M.; Zweier, C.; et al.
Diagnostic Yield and Novel Candidate Genes by Exome Sequencing in 152 Consanguineous Families with Neurodevelopmental
Disorders. JAMA Psychiatry 2017, 74, 293–299. [CrossRef]

65. Thyme, S.B.; Pieper, L.M.; Li, E.H.; Pandey, S.; Wang, Y.; Morris, N.S.; Sha, C.; Choi, J.W.; Herrera, K.J.; Soucy, E.R.; et al. Phenotypic
Landscape of Schizophrenia-Associated Genes Defines Candidates and Their Shared Functions. Cell 2019, 177, 478–491.e20. [CrossRef]

66. Ercan, B.; Naito, T.; Koh, D.H.Z.; Dharmawan, D.; Saheki, Y. Molecular Basis of Accessible Plasma Membrane Cholesterol
Recognition by the GRAM Domain of GRAMD1b. EMBO J. 2021, 40, e106524. [CrossRef]

67. Howie, D.; Bokum, A.T.; Necula, A.S.; Cobbold, S.P.; Waldmann, H. The Role of Lipid Metabolism in T Lymphocyte Differentiation
and Survival. Front. Immunol. 2017, 8, 1949. [CrossRef]

68. Caprariello, A.V.; Adams, D.J. The Landscape of Targets and Lead Molecules for Remyelination. Nat. Chem. Biol. 2022, 18, 925–933.
[CrossRef]

69. Pelizzoni, I.; Zacchetti, D.; Smith, C.P.; Grohovaz, F.; Codazzi, F. Expression of divalent metal transporter 1 in primary hip-
pocampal neurons: Reconsidering its role in non-transferrin-bound iron influx J. Neurochem. 2012, 120, 269–278. [CrossRef]

http://doi.org/10.1001/jamapsychiatry.2016.3798
http://doi.org/10.1016/j.cell.2019.01.048
http://doi.org/10.15252/embj.2020106524
http://doi.org/10.3389/fimmu.2017.01949
http://doi.org/10.1038/s41589-022-01115-2
https://doi.org/10.1111/j.1471-4159.2011.07578.x

	A whole-genome sequencing study implicates GRAMD1B in multiple sclerosis susceptibility
	Please let us know how this document benefits you.
	Recommended Citation

	Introduction 
	Materials and Methods 
	Ascertainment and Samples Collection 
	Genotyping and Linkage Analysis 
	Whole-Genome Sequencing (WGS) 
	Sanger and Targeted NGS Resequencing 
	Replication in a Canadian Cohort 
	Conservation Analysis 
	Gene Expression Profiling of Familial Subjects 
	Assessment of GRAMD1B Expression in Rat Cells and Tissues 
	Construct Generation and Transfection 
	Reagents 
	Cell Lines and Primary Cell Cultures, Stimulations, Immunocytochemistry Analyses and Assessment of GRAMD1B Expression 
	qRT-PCR Assays 
	Antibodies, Sources and Dilutions Used 
	Immunofluorescence Quantification and Statistical Analysis 
	Human Brain Tissue Immunohistochemistry 
	Human Primary Cell Immunocytochemistry 

	Results 
	Family Description 
	Linkage Analysis 
	WGS Results 
	GRAMD1B Target Sequencing and Burden Test 
	Replication in Canadian Cohort 
	Investigation of Regulatory Variants 
	Transcriptomics Data and Interferon  (IFN) Stimulation 
	GRAMD1B RNA Expression in Rat Cells and Tissues 
	GRAMD1B Protein Expression in Human Brain Tissues 
	GRAMD1B Expression Modulation in Astrocytes in Inflammatory Conditions 
	Expression and Modulation of GRAMD1B in Human Peripheral Blood Immune Cells 

	Discussion 
	References

