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Abstract
Sialic acid-binding immunoglobulin-type lectins, which are pre-

dominantly expressed in immune cells, represent a family of immu-

nomodulatory receptors with inhibitory and activating signals, in

both healthy and disease states. Genetic factors are important in all

forms of dementia, especially in early onset dementia. CD33 was re-

cently recognized as a genetic risk factor for Alzheimer disease

(AD). Here, we present a 2-generation family with 4 members, the

father and the 3 siblings, characterized by an early form of unusual

dementia exhibiting a behavioral variant close to behavioral variant

frontotemporal dementia phenotype and severe forms of memory

loss suggestive of AD. We analyzed the CD33 gene in this family

and identified 10 single nucleotide polymorphisms (SNPs) in a link-

age disequilibrium block associated with the disease. We also identi-

fied a tag SNP, rs2455069-A>G, in CD33 exon 2 that could be

involved with dementia risk. Additionally, we excluded the presence

of C9orf72 expansion mutations and other mutations previously as-

sociated with sporadic FTD and AD. The tag SNP association was

also analyzed in selected sporadic AD patients from the same South-

ern Italy region. We demonstrate that CD33 and SIGLECL1 have a

significantly increased level of expression in these patients.

Key Words: Frontotemporal dementia, FTLD, Microglia, Neurode-

generation, Neuroinflammation, Sialic acid-binding immunoglobu-

lin-type lectin (Siglec).

INTRODUCTION
Substantial effort has been dedicated by the research

community to advance the understanding of dementia. In gen-
eral, estimates of the prevalence of dementia in people aged
60 years and over range from 4.6% in Central Europe to 8.7%
in North Africa and the Middle East. This is similar to all other
regional estimates that also fall in a relatively narrow band be-
tween 5.6% and 7.6%. An estimated 46.8 million people
worldwide were living with dementia in 2015. This number is
expected to almost double every 20 years, reaching 74.7 mil-
lion by 2030 and 131.5 million by 2050 (https://www.alz.co.
uk/research/world-report-2018).

The 2 major forms of dementia, Alzheimer disease
(AD) and frontotemporal dementia (FTD), have an estimated
prevalence in Europe of 5000/100 000 (95% CI, 4.73–5.39) (1)
and 15–22/100 000 (2), respectively. Both disease entities are
clinically and genetically heterogeneous. AD is age-related,
nonreversible and has become a global public health chal-
lenge. FTD, a less prevalent form of dementia, consists of a
significant conglomerate of familial progressive neurodegen-
erative disorders (3). Predominant features of FTD are promi-
nent behavioral alterations known as behavioral variant
frontotemporal dementia (bvFTD) and distinct temporal syn-
dromes associated with a sporadic nonfluent/agrammatic vari-
ant of primary progressive aphasia (3–5). The 2 diseases have
considerable overlapping clinical manifestations and are asso-
ciated with many candidate genes. We hypothesize that there
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is probable involvement of a common molecular pathway that
is yet to be understood.

Low-grade chronic inflammatory responses are present
in AD patients and have been associated with activation of in-
flammatory pathways. This suggests that inflammation could
be a potential early marker of the neurodegenerative cascade
(6). In this regard, CD33 transmembrane receptor is of particu-
lar interest. The 67-kDa transmembrane protein CD33 is
known to trigger immune cell-cell interactions and binding of
extracellular sialylated glycans on other cells or pathogens.
CD33 contains one IgV-set domain followed by one C2-set
extracellular domain. The sialic-acid binding region is local-
ized on the IgV-set domain. Additionally, CD33 has an immu-
noreceptor tyrosine-based inhibitory motif (ITIM) and one
ITIM-like domain that facilitates an inhibitory signal to the
cells. It has been shown that CD33 expression is increased in
AD brains (7), and that it is expressed in cells of the myeloid
lineage and may be part of a disease pathway where tyrosine
phosphorylation may occur and could modulate microglial ac-
tivation and AD risk (8).

Moreover, other genes related to CD33, such as the si-
alic acid binding Ig-like lectins (Siglecs), may also be involved
in the pathogenesis of FTD and AD. Siglecs are categorized
into 2 subgroups: One that includes all of the CD33-related
Siglecs, molecules that bear a very high degree of homology
with the CD33 molecule, and the other consisting of Siglecs
5–10, including SIGLECL1, a Siglec-like gene. Siglecs repre-
sent a gene family that is rapidly evolving. It is hypothesized
that this is the reason that the mouse and human CD33 are
completely different. They have different intracellular
domains, different expression patterns and bind to different
ligands. The mouse Cd33 and human CD33 apparently have
clear divergent roles in regulating phagocytosis, underscoring
the importance of studying human CD33 in the susceptibility
of AD. The interpretation of mouse Cd33 functions thus be-
came less clear and it is now hypothesized that the gene may
act only as an ITAM (7, 9).

The family reported herein came to our attention be-
cause of the unusual phenotype with both overlapping forms
of dementia, FTD and AD. We evaluated the relationship be-
tween the previously identified CD33 single nucleotide poly-
morphisms (SNPs) (7, 8) and identified the tag SNP
rs2455069-A>G in exon 2 in association with the disease in
the family. A tag SNP represents a single SNP located in the
genomic region with high linkage disequilibrium (LD), and
identifies a group of SNPs named for the associated haplotype.
The LD block whose length is �10 282 bp, maps upstream of
the gene in a short portion of chromosome 19. Rs2455069
results in the amino acid change Arg69Gly, which may be in-
volved in protein modification. The haplotype has been previ-
ously described as being linked to cognitive impairment (10).
Here we investigated the role of rs2455069-A>G SNP by
high resolution melting (HRM) methods (Supplementary Data
Fig. S1). Given the unusual phenotype of the family, we also
considered testing the rs143332484-C>T TREM2 exon 2 ge-
nomic variant in all the individuals. In our analysis, only the
father was rapidly screened for C9orf72 mutation. He also
underwent exome analyses by a NeuroChip that had an

updated version of the NeuroX genotyping platform used for
variants associated with neurological disease, including APP,
PSEN1, PSEN2, GRN, TREM2, CD33, MAPT, and APOE
genes. We investigated the 3 common allelic variants defined
by 2 SNPs rs429358 and rs7412, also known as ApoE-e2,
ApoE-e3, and ApoE-e4. In addition to CD33, all of the family
members were analyzed in depth for the major candidate
genes FTD and AD using progranulin (GRN) and MAPT
analysis.

MATERIALS AND METHODS

Patient Collection and Brain Imaging
We investigated familial and some sporadic patients

from a Southern Italy region diagnosed with dementia. All of
these patients were evaluated at clinical sites by a team that in-
cluded geriatricians, social workers, and neuropsychologists
trained to select and assess patients using standard testing pro-
cedures. Blood was collected by venipuncture and serum was
prepared by standard methods and analyzed for plasma homo-
cysteine, vitamin B12, folates, and thyroid hormones. Subjects
with cognitive impairment underwent cerebral CT or MRI
scans and an extensive neuropsychological battery of investi-
gations. In all but one of the familial cases, an F-18 fluoro-
deoxyglucose position emission tomography (FDG-PET)
study was also performed at an early stage; in 2 subjects, an
amyloid PET study was performed at a later stage. We
extracted genomic DNA and RNA from blood lymphocytes.
This study was conducted under ethical principles stated in the
Declaration of Helsinki, as well as with approved national and
international guidelines for human research. The Ethics Com-
mittee of University of Naples reviewed and approved this
study, and signed informed consent was obtained from all
participants.

PCR Analyses
Genomic DNA was extracted from whole blood by

QIAamp DNA Blood Mini Kit (QIAGEN—Hilden, Ger-
many), in accordance with the manufacturer’s protocol. Nu-
cleic acid samples were screened for integrity and purity by
1% agarose gel electrophoresis and concentrations were deter-
mined by spectrophotometric analysis (Eppendorf BioSpec-
trometer and Eppendorf mCuvette G1.0, Hamburg, Germany).
PCR primers for CD33, GRN, and MAPT genes were designed
using the Primer3 tool in order to analyze by PCR amplifica-
tion the genomic regions encompassing the genes of interest
(Supplementary Data Tables S1–S3) and the SNPs within the
genes. We used the Sanger sequencing method to obtain refer-
ence sequences and to confirm our genomic data analyses.
PCR amplifications were performed on a SureCycler 8800
Thermal Cycler (Agilent, Santa Clara, CA).

C9orf72 Repeat Expansion
The hexanucleotide repeat in C9orf72 was screened

only in the father, patient H251. Repeat primed PCR was used
as previously described (11, 12). The same patient, H251, was
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also successfully genotyped by means of the NeuroArray (Ta-
ble 1) (13). C9orf72 was analyzed as follows: After PCR cy-
cling, fragment length analysis was performed on an ABI
3730 genetic analyzer (Applied Biosystems, Foster City, CA)
and the fragments were visualized using the GeneMapper soft-
ware. Positive and negative controls were always included as
reference. Although this method is not able to determine the
exact number of repeats, it can detect repeat numbers up to a
maximum of �60–70. However, the method is able to dis-
criminate repeat counts from 1� n��70. Therefore, it recog-
nizes repeat counts �30, which are generally accepted as
predictive of the presence of long expansions (i.e. in a patho-
genic range).

NeuroArray Genotyping
Patient H251 was also successfully genotyped by means

of the NeuroArray on the Illumina Infinium platform (Illu-
mina, San Diego, CA) (Table 1) (13). The array contains
306 670 highly informative tagging SNPs and 179 467 custom
disease-associated variants covering neurodegenerative dis-
eases and was used for identification of high-throughput ge-

nome-wide variants. Genotyping call rates� 95% and data set
markers with GenTrain scores �0.7 were used for quality
check. Also, the top set of markers (missing genotype rate
95%, Hardy Weinberg’s disequilibrium �1e-10 midp and mi-
nor allele frequency [MAF] �0.01) was used to assess ances-
try via standard principal component analysis and HapMap
Phase 3 release version 3 (ftp://ftp.hgsc.bcm.tmc.edu/Hap-
Map3-ENCODE/HapMap3/HapMap3v3).

RNA Isolation From Leucocyte Samples and
Reverse Transcription Reactions

Total RNA was isolated from selected leucocyte sam-
ples using TRIzol Reagent (Invitrogen, Milan, Italy). Samples
were rapidly homogenized in TRIzol reagent, incubated for
5 minutes at room temperature, chloroform was added, sam-
ples were vortexed for 2 minutes and centrifuged for
15 minutes at 4�C (12 000g). Isopropyl alcohol was added and
samples were briefly vortexed and incubated for 10 minutes at
room temperature, followed by centrifugation for 10 minutes
at 4�C (12 000g). Nucleic acid precipitates were washed in
75% ethanol and centrifuged for 5 minutes at 4�C (7500g).

TABLE 1. NeuroArray Genes Analyzed for Patient H251

1. Gene 2. Clinical

Phenotype

3.Chromosomal

Location

4. Mutation Reported Position (GRCh37)

and Amino Acid Change

5. Variant ID 6. H251

Haplotypes

7. H251 Patient

Carrier Status

APP AD 21q21.3 Chr21:27269905 G>A; E682K

Chr21: 27264170 C>G; A692G

Chr21:27264167 A>G; E693G

Chr21:27264096 G>A; V717I

i5039800

rs63750671

rs63751039

rs63750264

G/G

C/C

A/A

G/G

No mutations

PSEN1 AD 14q24.2 Chr14:73640278 T>C; Y115H

Chr14:73640350 A>G; M139V

Chr14:73640373 G>C; M146I

Chr14:73640371 A>G; M146V

rs63749962

rs63751037

rs63750391

rs63750306

T/T

A/A

G/G

A/A

No mutations

PSEN2 AD, FTD 1q42.13 Chr1: 227071518 C>T; A85V

Chr1:227073304 A>T; N141I

Chr1:227076655 A>G; Y231C

Chr1:227076678 A>G; M239V

rs63750048

rs63750215

rs200754713

rs28936379

C/CA/AA/

AA/A

No mutations

APOE AD 19q13.32 Chr19:45411941 T>C; C112R

Chr 19:45412079 C>T; R158C

rs429358

rs7412

T/T

C/T

No mutations

TREM2 AD, FTD 6p21.1 Chr6:41129295 C>T; Q33X

Chr6:41129207 G>A; R62H

rs104894002

rs143332484

C/C

G/G

No mutations

*CD33 Cognitive decline 19q13.41 Chr19:51728641 A>G; R69G *tag SNP rs2455069 A/G Mutation

C9ORF72 ALS, FTD 9p21.2 Chr9:27573522-27573544; (G4C2)EXP rs143561967 G4C2 No mutation

MAPT FTD 17q21.31 Chr17:44095989 G>A; G335S

Chr17:44101376 G>A G>C; G389R

rs63750095

rs63750512

G/G

G/G

No mutations

GRN FTD 17q21.31 Chr17:42427083 T>C; C105R rs63750441 T/T No mutations

NeuroArray Genes analyzed on patient H251 by Illumina Infinium platform screening. Column 1, gene name; Column 2, clinical phenotype associated with the specified genes
in column 1; Column 3, chromosomal location; Column 4, mutation reported in previous studies associated with disease and genome position according to Homo sapiens (human)
genome assembly GRCh37 (hg19), from Genome Reference Consortium [GCA_000001405.1 GCF_000001405.13] (GRCh37—hg19—Genome—Assembly—NCBI www.ncbi.
nlm.nih.gov > assembly), and corresponding amino acid change; Column 5, variant SNP ID number or accession number used to refer to human-specific variants; Column 6,
patient’s H251 SNP allele genotype revealed in our analysis; Column 7, H251 patient carrier status resulting from our analysis. *CD33 tag SNP rs2455069 is the only mutation
resulting in our patient. Alzheimer disease, AD; Amyotrophic lateral sclerosis, ALS; Frontotemporal dementia, FTD.
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The RNA pellets were allowed to air dry and were resus-
pended in nuclease-free water. Efficient removal of contami-
nant DNA was performed via DNAse treatment (DNAse
RNAse-free, Ambion, Austin, TX) according to the manufac-
turer’s instructions. RNA was then quantified using a Nano-
Drop 1000 and checked by denaturant agarose gel
electrophoresis. One microgram of RNA was reverse tran-
scribed into cDNA using 200 U of SuperScript III reverse tran-
scriptase (Invitrogen, Milan, Italy) in a final volume of 20 lL.
RNA was incubated for 5 minutes at 65�C in a total reaction
volume of 13 lL with random hexamer primers and dNTPs.
Samples were chilled on ice for at least 1 minute. A cDNA
synthesis buffer was added to the reaction and the samples
were incubated for 2 minutes at 20�C. Reverse transcriptase
was added to the reactions and incubated for 10 minutes at
25�C, followed by 42�C for 50 minutes, and 70�C for
15 minutes.

Quantitative Real-Time PCR
In cases when white blood cells were available, quanti-

tative real-time PCR (qPCR) reactions were performed to de-
termine if they carried the heterozygote tag SNP haplotype A/
G (Tables 2 and 3). The subjects tested were H274, H299
(patients with severe AD phenotype carrying the tag SNP);
H247, H217, H188, H251 (D8 family bvFTD members carry-
ing the tag SNP); and 3 healthy controls carrying the tag SNP
and H252, the healthy mother of the family. The reactions
were done in technical duplicates using SYBR green Master
Mix in the 7500 HT real-time PCR system (Applied Biosys-
tems). The reaction mixture contained 100–300 ng of cDNA
template and 4 pmol/lL of each forward and reverse primer in
a final volume of 15 lL. For all experiments, the PCR cycle

parameters were 10 minutes at 95�C, followed by 40 cycles of
95�C for 15 seconds and 60�C for the detection of total CD33
transcripts (CD33 EX_4-5) or 63�C for discrimination be-
tween CD33 transcript variants (CD33 EX_1-2 and CD33
EX_1-2M) for 1 minute. A melting curve analysis was con-
ducted to assess the uniformity of product formation, amplifi-
cation of nonspecific products and primer dimer formation.
Primers for qPCR were designed using the Primer3 tool and
18S was used as a reference gene. The primer sequences used
are specified in Supplementary Data Table S4. Four pairs of
primers were used to detect CD33 transcript levels, specifi-
cally CD33 EX_4-5 amplified total CD33 transcript, CD33
EX_1-2 and CD33 EX_1-2M used to detect CD33 transcripts
with base variants in exon 2 region (C or T) and CD33 SPL
amplified CD33 isoform without exon 2 and SIGLECL1. Gene
expression was determined using the 2e–DDCT method and
mRNA ratio was calculated using the 2e–DCT method. Results
are expressed as mean 6 standard deviation. Statistical analy-
sis on qPCR data was carried out by a 2-tailed t-test (Microsoft
Excel software). Results were considered to be statistically
significant in case of p< 0.05.

RESULTS
We identified an unusual family with 4 affected individ-

uals, including the father H251, the daughter H217, who is the
proband, and her 2 brothers, H188 and H247 (Fig. 1; Table 2).
They all exhibited apathy or inertia with memory impairment
at an early stage, a phenotype characterized mostly by features
of bvFTD with executive-predominant deficits on neuropsy-
chological profiling, and relative sparing or less involvement
of episodic memory characteristic of AD.

The female patient, H217, age 44, was evaluated be-
cause of a 3-year history of behavioral (irritability, agitation,
and dysphoria) and cognitive symptoms (progressive memory
and executive impairment). Her global standard cognitive ex-
amination, Mini-Mental State Examination (MMSE), and the
global evaluation of her cognitive functions through Milan
Overall Dementia Assessment (MODA) yielded no deficiency
scores, even after correcting for age, education, and impair-
ment of functions. The global evaluation of her frontal func-
tions through the Frontal Assessment Battery (FAB) did not
reveal any cognitive compromises, but her inhibitory control
of automatic replies (Stroop test) (14), and her visual, spatial
planning and organizational skills (The Rey-Osterrieth com-
plex figure test), as evaluated by specific frontal tests, were de-
ficient. In addition, the short-term auditory-verbal memory
(verbal word span) values were below the standard. Her short-
term visual-spatial memory (spatial span) and auditory

TABLE 2. Diagnoses of D8-Behavioral Variant Frontotemporal
Dementia Family

1. ID 2. Diagnosis 3. Patients 4. Year of Birth

H188 Behavioral and memory

problems

Male son 1971

H217 Behavioral and memory

problems

Female daughter 1970

H247 Behavioral and memory

problems

Male son 1968

H251 Behavioral Affected father 1942

H252 NA Unaffected mother 1947

Column 1, ID; Column 2, clinical diagnosis; Column 3, patient status; Column 4,
year of birth. NA, not applicable.

TABLE 3. Patients Investigated by Gene Expression Analyses

1. ID 2. Diagnosis 3. Status 4. Year of Birth 5.Haplotype Tag SNP’s rs2455069

H188 Behavioral and memory D8 family male son 1971 A/G

H274 AD Male 1958 A/G

H299 AD Female 1944 A/G

Column 1: ID; Column 2: clinical diagnosis; Column 3: status; Column 4: year of birth; Column 5: haplotype tag SNP’s rs2455069 characterization.
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memory-short term verbal (verbal span figures) recorded val-
ues at the limits of normal. The instrumental and basic activi-
ties of daily living were minimally compromised. The
diagnosis was frontotemporal mild cognitive impairment (15).
FDG-PET images showed a moderate reduction of the tracer
uptake in the lateral and medial precuneus, more evident on
the right side, and in the superior dorsolateral and medial fron-
tal cortex, bilaterally (Supplementary Data Fig. S2). At 1-year
follow up the MODA values, anterograde auditory-verbal
short- and long-term memory (15 words of Rey) scores and
short-term visual-spatial memory (spatial span) and the audi-
tory memory-short term verbal (verbal span figures) values
were below the standard values. The cognitive deficits, includ-
ing the FAB, were further worsened at the follow up of 2019
(Supplementary Data Table S5A, B). Amyloid-PET was nega-

tive for amyloid accumulation in the cerebral cortex (Supple-
mentary Data Fig. S2).

The younger brother, H188, was evaluated for the first
time at the age of 43 years because his wife noted that he
exhibited depression, dysphoria, irritability, and lability. At
the clinical interview, the patient was cooperative, adequately
understood all the tests administered and was able to perform
the entire assessment delineated by the diagnostic protocol.
He was well oriented to time and place and had a well-
preserved family orientation. His language was fluent and ade-
quately communicative. The global assessment tests MMSE
and MODA yielded no pathological values after correction for
age and education. The global examination of executive func-
tions through the FAB also did not demonstrate pathological
values. At this time, FDG-PET revealed a mildly reduced up-

FIGURE 1. D8 disease family pedigree showing segregation of CD33 risk haplotype (RefSeq NM_001772) associated with
cognitive decline. The SNP block is shown in linkage disequilibrium (LD). Circles represent females; squares represent males.
Filled symbols represent affected individuals; the open symbol indicates the unaffected individual. The arrow points to the
proband, the daughter II-2 H217. The SNP rs2455069 (10th SNP in the haplotype of affected individuals) is the tag SNP of the
LD block that we identified through bioinformatics tools (https://snpinfo.niehs.nih.gov-LD Tag SNP selection).
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take in the superior dorsolateral and medial frontal cortex bi-
laterally and in the superior parietal cortex, which was more
evident on the left side (Supplementary Data Fig. S2). At
follow-up, tests evaluating individual functions exhibited
pathological values in short-term spatial memory tests (span
spatial). We noted values at the limits of normal in the ability
of lexical research by letter (phonological verbal fluency). He
exhibited mild problems in performing complex functional
tasks that he had performed normally in the past, such as pay-
ing bills, preparing meals, or shopping. These deficiencies
were characterized as cognitive impairment with behavioral
and memory disorders. The clinical and neuropsychological
evaluation showed a worsening of cognitive decline and fron-
tal behavioral symptoms with development of dementia. The
verbal auditory episodic memory test, executive and problem-
solving test (Wisconsin Card Sorting Test) and visuospatial
and executive test (Rey-Osterrieth complex figure test copy
and recall) were pathological (Supplementary Data Table
S5A, B).

The older brother, H247, was initially referred for evalu-
ation at the age of 46 years with reported cognitive function
deficits with prevalent memory involvement associated with
behavioral disorders (irritability, agitation, and aggressive-
ness). The neuropsychological evaluation confirmed patholog-
ical scores in memory, executive, attention, planning and
problem-solving tests (Stroop test, Rey-Osterrieth complex
figure test copy). The global cognitive examination (MODA)
yielded values below the norm, even after correction for age
and education, highlighting his impaired functions. FDG-PET
demonstrated a more widespread reduced uptake in the frontal
cortex, dorsolateral and bilateral medial regions, as well as in
the left parietal, lateral and medial precuneus bilaterally, more
evident on the left. At follow-up (Supplementary Data Table
S5A, B), he presented with worsening cognitive decline and
functional autonomy in basic and instrumental activity of daily
living. He exhibited frontal behavioral symptoms of apathy,
socially inappropriate behavior, environmental dependence,
perseveration and confabulation (Supplementary Data Table
S5A, B).

The father, H251, had his first evaluation at age 72 be-
cause he exhibited cognitive decline and frontal behavior
symptoms (apathy, socially inappropriate behavior, disinhibi-
tion, a loss of empathy, and anosognosia). The neuropsycho-
logical evaluation indicated pathological scores in memory,
attentional-executive, visual and spatial planning and organi-
zation capacity, planning and problem-solving tests (spatial
span test, Trial Makin Test, Stroop Test, the clock drawing
test, Rey-Osterrieth complex figure test copy and recall, Ra-
ven matrices). His global cognitive examination (MMSE and
MODA) yielded values below normal even after correction for
age and education, and demonstrated global cognitive decline.
The instrumental and basic activities of daily living were com-
promised. The diagnosis was bvFTD and a multidomain cog-
nitive deficit (16, 17) (Table 2). Neuropsychological testing
scores are shown in Supplementary Data Table S5A, B.
Amyloid-PET did not show increased load in the cerebral cor-
tex (Supplementary Data Fig. S2).

FIGURE 2. D8 disease family rs2455069-A>G in
electropherograms. Rs2455069 SNP electropherograms
obtained by Sanger sequencing method of patients where
genomic DNA was amplified by primer set FW: 50-ACT ACG
ACA AGA ACT CCC CAG-30 and RV: 50-CCC TGA GTC TCC
TCC TGT ACT-30. The arrows on each electropherogram
identify the genotype for the tag Rs2455069 SNP. The
sequences confirm that the affected individuals, H188, H217,
H247, and H251, have heterozygote genotype A/G while the
unaffected mother, H252, has homozygote genotype A/A.
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Members of the entire family, including the nonaffected
mother, H252, were analyzed for candidate genes including
the APP, PSEN1, PSEN2, GRN, TREM2, CD33, MAPT, and
APOE genes. All the family members were analyzed in depth
for CD33 as well as for the major candidate genes FTD and
AD by means progranulin (GRN) and MAPT. We analyzed all
the exons and intron exon bounding sequences for the selected

candidate genes by Sanger sequences (Supplementary Data
for primers and methods). The father alone was screened for
C9orf72 hexanucleotide repeat using repeat primed PCR. The
results revealed a <30 repeat count indicating the absence of
mutations. He also underwent NeuroArray genotype analysis.
Although a significant number of polymorphic variations were
identified, we excluded the presence of other mutations that

FIGURE 4. Chromosome 19 q13.41 region. The upper part shows CD33 and all 9 SIGLEC genes in the IgSF region located in
19q13.41. The bottom part shows the GeneHancer interaction between CD33 and SIGLECL1 genes and regulatory elements
GH19J051223 and GH19J051245.

FIGURE 3. CD33 genomic structure. CD33 genomic structure on chromosome 19q13.41. Most SNPs are located outside the
coding sequence; the SNP rs3865444 is in the promoter region. Exon 2 harbors the tag SNP rs2455069.
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could have been responsible for the disease (data are available
upon request) (11–13). Gene analyses demonstrated an associ-
ation with CD33 SNPs block in LD, which may be associated
with the unusual disease phenotype in this family (Figs. 1 and
2; Table 2).

The tag SNP rs2455069-A>G in heterozygous mode of
inheritance was revealed in all the affected individuals, and
identified their haplotype by means of the 9 SNPs in the LD
block: rs1697573, rs273634, rs1566576 rs12609179
rs273638, rs273639, rs1697553, rs3865444, and rs12459419
(Fig. 3).

The genomic location where the block maps also com-
prises a region that includes the Siglecs, and is part of an im-
munoglobulin superfamily (IgSF) of cell surface and soluble
proteins involved in the recognition, binding or adhesion pro-
cesses of cells (Fig. 4). Based on the GeneHancer Regulatory
Elements and Gene Interactions track http://genome.ucsc.edu/
s/cocopow/hg38_GeneHancer, it appears that the CD33 and
SIGLECL1 genes may have an interaction. Specifically, both
GH19J051245 and GH19J051223 on chromosome
19q13.41could be promoters/enhancers that regulate and inter-
act with the CD33 and SIGLECL1 genes https://www.gene-
cards.org/cgi-bin/carddisp.pl?gene¼SIGLECL1 (Fig. 4).

We tested the expression of both CD33 and SIGLECL1
in specific samples in cases where biological material was
available. In particular, we analyzed the gene expression for
D8-H118 and 2 random AD samples, H274 and H299, which
had the heterozygote rs2455069 SNP allele (Table 3) and
(Fig. 5A, B). The primers used for the analysis are specified in
Supplementary Data Table S4.

Our results demonstrate increased expression of the
CD33 and SIGLECL1 genes in both of the AD samples, H274
and H299, while the affected individual D8-H188 showed no
variation in gene expression (Fig. 5A, B).

Alternative splicing mechanisms for the CD33 gene
generate 2 different isoforms, a full-length (CD33M) and a
truncated isoform (CD33m) lacking exon 2. To assess the
expression pattern of these 2 different CD33 isoforms in
patients belonging to the same family with the unusual
phenotype, we performed qPCR on the RNAs extracted
from leucocytes and compared the ratios between CD33M
and CD33m isoforms (Fig. 6A–C). We also analyzed the
total CD33 expression in all of the family members, the
healthy controls and the individuals affected by AD
(Fig. 6B, C). When we compared the data from all of the
healthy controls with those obtained from affected individ-
uals, our results demonstrated an imbalance between the 2
isoforms. The ratio between normal and affected individu-
als was decreased because of the higher expression of
CD33m in the AD individuals and in H217, the affected
daughter, compared with the healthy controls. This obser-
vation likely represents an unusual occurrence. In contrast,
we observed an increase in the ratios in H252, the healthy
mother, in H251, the affected father, and H247 and H188,
the affected sons (Fig. 6A). We note that we detected an
�2.5-fold higher level of total CD33 expression in H217
compared with healthy controls, while AD patients dis-
played a 6-fold increased expression of the total message
(Fig. 6B).

DISCUSSION
As a result of our clinical screening we identified an un-

usual family, D8 (Table 2; Fig. 1), carrying a behavioral phe-
notype with predominant executive/attention and memory
problems that progressed rapidly and also evolved into epi-
sodic memory disturbances and dementia. According to this
cognitive phenotype, FDG-PET at early stages showed a com-
mon pattern of relative hypometabolism involving the frontal
cortex, typically reported in bvFTD, and in the superior parie-
tal cortex/precuneus known to be involved early in AD (18).
Interestingly, all patients displayed cognitive and/or cerebral
cortical metabolic profiles in part shared bvFTD and AD. The
lack of increased amyloid load, at least in 2 of our patients, is
more suggestive of FTD rather than AD neuropathological
substrate (19). We analyzed these patients for FTD and AD
candidate genes, including GRN, MAPT, and APOE. For the
father, we additionally performed an analysis C9orf72, which
excluded the presence of triplet expansion. Our results identi-
fied the presence of a CD33 SNPs block segregating in all the
affected individuals of the family, previously described to be
associated with cognitive decline (10). The exclusion of GRN
mutation is of relevance since a cognitive/metabolic profile in-

FIGURE 5. CD33 and SIGLECL1 mRNA qPCR. qPCR of (A)
CD33 and (B) SIGLECL1 genes (RefSeq NM_173635) on
affected individual H188 who is part of the D8 disease-bearing
family carrying the tag SNP. AD samples (H274; H299)
carrying the tag SNP and healthy controls are represented as
the mean of 3 individuals.
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volving both anterior and posterior cortical regions has been
described (3). The LD block was segregating with the affected
individuals in the identified family (Table 2; Figs. 1 and 2)
and is located in a genomic region upstream of the CD33
gene. Although our analyses show an inconsistent direct ex-
pression effects of the LD block across the different patients,
we cannot exclude the possibility that the unusual phenotype
could be the result of other nonidentified isoforms that will
surface when we analyze total gene expression. In addition,
we cannot exclude the presence of epigenetic effects, such as
different methylation patterns, which may further affect the
expression profiles. Further investigation will be required to
assess these hypotheses. Our analysis shows that the block is
located inside a Siglec region, leading to the hypothesis of its
involvement in the FTD and AD pathogenesis. This large
IgSF may have a role in the development of the clinical
appearance of cognitive decline in our patients (Figs. 4 and
5A, B).

Genome-wide association studies identified microglial
receptor CD33 as being involved in dementia. Most likely, the
CD33 gene underwent comparable evolutionary changes and
developed alleles involved with risk factors causing detrimen-
tal effects on cognition. Increased levels of proinflammatory
mediators have been measured in the brains and cerebrospinal
fluid of AD patients (20). This could be indicative of an AD
network based on activated microglia, the primary cells of in-

nate immunity in the central nervous system. IL-1b, IL-6,
TGF-b, and several other cytokines have been found to accu-
mulate around amyloid plaques (Ab) in the brains of AD
patients (21) and chronic microglial activation may contribute
to the development and progression of neurodegenerative dis-
orders. The roles of microglia also include the phagocytosis of
cellular debris and the uptake and clearance of Ab (22, 23).
Activated microglial cells, which can have either neurotoxic
or neuroprotective effects, express various membrane recep-
tors. We have already demonstrated that the circulating levels
of IL-1 family cytokines and receptors are significantly in-
creased in AD patients (6). In particular, IL-1Ra, sIL-1R1,
sIL-1R3, sIL-1R4, and IL-18BP have characteristic profiles in
AD patients, providing support for the hypothesis that inflam-
mation is a factor of AD (6, 24–26) and that memory features
may be regulated by it. This implies that active and persistent
inflammation biomarkers exist at the tissue level, to which the
organism may respond by activating multiple control mecha-
nisms, albeit inefficiently.

Two CD33 SNPs were described to be associated with
AD (8) and an alternate splice pattern was hypothesized to af-
fect the preservation of a cell’s ability to take up and clear Ab.
The alternatively spliced CD33 isoform lacks the IgV-set do-
main encoded by exon 2, which is implicated in CD33 sialic-
acid binding capacity. CD33 in turn modulates the uptake of
Ab plaques, and the interaction of CD33 with sialic acids is

FIGURE 6. (A–C) Alternative splicing and total expression of CD33. (A) mRNA ratio of alternative splicing expression of 2 CD33
isoforms, a full-length (CD33M) and a truncated (CD33m) isoform lacking exon 2. (B) Total CD33 expression showing an
increased level of �2.5-fold in H217 compared with the healthy controls and a 6-fold increase in AD patients. (C) Table first
column: ID patients and control; second column: Genotype Tag SNP rs2455069 (A>G; MAF: G¼0.335064/1678-
1000Genomes). (A) and (B) show analyses in a pool of healthy controls, a pool of AD samples (H274; H299) carrying the tag
SNP, and D8 family patients H247, H217, H188, and H251, and H252, the healthy mother.
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crucial to permit this effect (7). The protective effect may lead
to the preservation of the Ab clearance functionality (27). Fur-
thermore, it is clear that interactions of CD33 with sialic acids
are crucial for this uptake, and that aberrant CD33 molecules
have an effect on memory (24, 28). In microglia, CD33 binds
extracellular sialylated glycans on other cells or pathogens
and its cytoplasmic domain signals via phosphatidyl-inositol-3
kinase (PI3K) to dampen microglial phagocytosis (20). Our
data confirm the expression of 2 CD33 isoforms, which in
combination, might be linked with the disease phenotype
(Fig. 4A, B) (7, 29). The 2 splice variant transcripts could rep-
resent a full-length variant associated with the “AD-risk” (al-
lele CD33M) and a shorter “AD-protective” isoform (allele
CD33m). The mechanism by which the CD33m isoform
increases b-amyloid clearance remains unknown. However, it
is likely that the CD33m isoform protective properties are
linked to a loss of function (29). It is possible that the lack of
cerebral cortical amyloid load found in 2 of our patients might
be related to the AD-protective role of CD33m isoform. This
hypothesis should be further investigated in a larger series of
patients using additional biomarkers.

The CD33-like locus on chromosome 19q13.4 includes
8 Siglec genes and 2 Siglec pseudogenes (Fig. 2) (30). The
proteins encoded by all Siglec genes in this locus consist of a
signal peptide and one V-set immunoglobulin domain, with
the exception of the long form of the SIGLECL1 gene, which
has an extra V-set domain (31) followed by a variable number
of C2-set immunoglobulin domains (32). Interestingly, we
identified a tag SNP in CD33 exon 2, rs2455069-A>G that
leads to the change Arg69Gly in the CD33 amino acid se-
quence, which in turn leads to a change of allosteric forms that
may compromise the interaction with sialic acids (data not
shown) with a putative strong effect on protein function. This
may compromise the interaction with sialic acids as part of the
LD block associated with the disease in our family. In general,
familial association results are easier to analyze given the re-
duced genomic heterogeneity compared with sporadic
patients. The block crosses the IgSF cluster region and has a
potential regulatory function on gene expression of different
Siglec member isoforms. CD33 and SIGLECL1 exhibit a sig-
nificantly increased expression level in AD and, to a lesser ex-
tent, in the patient family as a consequence of the young age
and to a mixed expression of the memory phenotype. Analysis
by GeneHancer (http://genome.ucsc.edu/s/cocopow/hg38_
GeneHancer) showed a putative shared expression regulatory
mechanism by at least 2 promoters/enhancers (Fig. 4).
GH19J051223 represents a promoter for SIGLECL1, while
GH19J051245 may have some interactions with the
SIGLECL1 gene and a role in regulating CD33 expression,
leading to the hypothesis of a common regulatory pathway.

In conclusion, we infer the existence of expression and a
functional relationship between at least the 2 genes CD33 and
SIGLECL that may be relevant to the pathogenesis of FTD
and AD.
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