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Abstract

Biallelic loss-of-function variants in TYROBP and TREM2 cause autosomal recessive presenile dementia with bone
cysts known as Nasu-Hakola disease (NHD, alternatively polycystic lipomembranous osteodysplasia with sclerosing
leukoencephalopathy, PLOSL). Some other TREM?2 variants contribute to the risk of Alzheimer's disease (AD) and fron-
totemporal dementia, while deleterious TYROBP variants are globally extremely rare and their role in neurodegen-
erative diseases remains unclear. The population history of Finns has favored the enrichment of deleterious founder
mutations, including a 5.2 kb deletion encompassing exons 1-4 of TYROBP and causing NHD in homozygous carriers.
We used here a proxy marker to identify monoallelic TYROBP deletion carriers in the Finnish biobank study FinnGen
combining genome and health registry data of 520,210 Finns. We show that monoallelic TYROBP deletion associ-

ates with an increased risk and earlier onset age of AD and dementia when compared to noncarriers. In addition, we
present the first reported case of a monoallelic TYROBP deletion carrier with NHD-type bone cysts. Mechanistically,
monoallelic TYROBP deletion leads to decreased levels of DAP12 protein (encoded by TYROBP) in myeloid cells. Using
transcriptomic and proteomic analyses of human monocyte-derived microglia-like cells, we show that upon lipopoly-
saccharide stimulation monoallelic TYROBP deletion leads to the upregulation of the inflammatory response

and downregulation of the unfolded protein response when compared to cells with two functional copies of TYROBP.
Collectively, our findings indicate TYROBP deletion as a novel risk factor for AD and suggest specific pathways for ther-
apeutic targeting.
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Background

The TYRO protein tyrosine kinase-binding protein
(TYROBP) gene encodes for DAP12 that functions as a
transmembrane signaling adapter in immune cells of the
myeloid lineage. Within the brain, DAP12 is expressed
by microglia, where it mediates intracellular signaling
from various cell surface receptors including TREM2,
CR3, and SIRP1fB. DAP12 has been identified as a cen-
tral microglial hub in networks regulating Alzheimer’s
disease (AD) pathology and microglial surveillance func-
tions [1, 2].

Genetic associations with different neurodegenera-
tive diseases highlight the indispensable role of TREM2-
DAPI12 signaling in brain health. Biallelic (both alleles
carry a variant, homozygous or compound heterozygous)
loss-of-function variants in either TYROBP or TREM?2
cause Nasu-Hakola disease (NHD) known also as poly-
cystic lipomembranous osteodysplasia with sclerosing
leukoencephalopathy (PLOSL). NHD is a rare recessive
neurodegenerative disorder characterized by bone cysts
and pathological fractures at early adulthood, followed
by early-onset frontotemporal type dementia and death
at the middle age [3, 4]. Additionally, biallelic TREM?2
variants contribute to recessively inherited early-onset
behavioral variant frontotemporal dementia with white
matter abnormalities but without bone involvement [5—
7], while monoallelic missense variants in TREM?2 sig-
nificantly increase the risk of AD [8, 9]. Despite the close
functional connection between TREM2 and DAPI12,
the potential contribution of TYROBP variants to neu-
rodegenerative diseases remain inconclusive [10-12].
One possible explanation for this disparity could be the
extreme rarity of potentially deleterious TYROBP vari-
ants across most of the studied populations.

The Finnish population, characterized by a unique
history of relative isolation and population bottlenecks
followed by rapid expansion, harbors a relatively homo-
geneous genetic background with a small number of del-
eterious variants at higher frequencies than is commonly
observed in other populations. Notably, among the del-
eterious founder mutations enriched in the Finnish
population is a 5.2-kb deletion covering four of the five
exons of TYROBP and causing NHD in homozygous car-
riers [3, 13]. Based on the prevalence of NHD in Finland
(1:500,000-1:1,000,000) [13] and a previous study [11],
the frequency of monoallelic TYROBP deletion carriers is
estimated to be around 1:300—1:500. One previous study
has explored the possibility that the Finnish TYROBP
deletion might be a risk factor for neurodegenerative
diseases in the monoallelic carriers but found no associa-
tion [11]. However, the result may be considered incon-
clusive due to the limited number of identified TYROBP
deletion carriers [11]. Studies in larger cohorts have
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been hindered by the difficulty to detect large structural
variants in generally used genotyping array data, which
mostly comprises single nucleotide variants (SN'Vs).

We hypothesized that assessing TYROBP deletion
in FinnGen, a large, well-characterized biobank-scale
cohort representing 10% of the Finnish population [14],
would provide a more comprehensive understand-
ing on the potential phenotype effect of the monoal-
lelic TYROBP deletion and, more broadly, on the effect
of partial TYROBP loss. The feasibility of FinnGen for
such analyses was recently demonstrated by a study that
identified novel significant phenotype associations in the
monoallelic state for many known recessive disease-caus-
ing variants [15].

In the present study, we identified two SN'Vs as genetic
proxies for the Finnish TYROBP deletion and confirmed
that this deletion is a Finnish founder mutation. Impor-
tantly, our findings revealed that the Finnish TYROBP
deletion associates with an increased risk and earlier
onset of dementia and AD in the monoallelic carriers.
Furthermore, we present a case of monoallelic TYROBP
deletion carrier exhibiting cystic bone lesions remi-
niscent of those detected in NHD patients, but with-
out cognitive symptoms. Finally, we demonstrated that
mono- and biallelic TYROBP deletion induces functional
alterations in microglia-like cells in vitro.

Methods

Study design

The overall aim of our study was to assess the phenotypic
and functional effects of a Finnish founder mutation, 5.2
kb TYROBP deletion, that is known to cause the early-
onset neurodegenerative disease NHD in biallelic state.
We hypothesized that the monoallelic TYROBP deletion
may be a risk factor for neurodegeneration later in life
and may induce functional changes in the microglial cells.
In the first part of the study, we aimed to elucidate the
clinical phenotype of the monoallelic TYROBP deletion
in a large, well-characterized biobank cohort FinnGen.
To achieve this aim, we first identified the founder haplo-
type and genetic proxy markers for the Finnish TYROBP
deletion by utilizing whole genome sequencing (WGS)
of three Finnish NHD patients. Using the proxy mark-
ers, we conducted phenome-wide association study in
FinnGen data freeze 12 (DF12) which contains genome
and digital healthcare data on 520,210 Finnish individu-
als and 2,489 clinical endpoints. To complement the pic-
ture of clinical phenotype induced by TYROBP deletion,
we present case reports of two monoallelic TYROBP
deletion carriers. The first case is a 34-year-old female
presenting classic NHD bone cysts in wrists and ankles.
The second case is a 75-year-old female diagnosed with
idiopathic normal pressure hydrocephalus (iNPH), with
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amyloid B (Ap)-positive frontal cortical brain biopsy and
cerebrospinal fluid (CSF) biomarker profile indicative of
AD-related brain pathology.

In the second part of the study, we aimed to experi-
mentally evaluate the effects of TYROBP deletion using
microglia-like models in vitro. Human monocytes for
monocyte-derived microglia-like cell (MDMi) differ-
entiation were extracted from peripheral venous blood
samples obtained from carriers of the Finnish TYROBP
deletion (> 60 years), non-carrier age-matched controls,
and NHD patients (30—40 years). MDMi cultures in basal
conditions or after treatment with myelin or lipopolysac-
charide (LPS) were used for omics and targeted func-
tional analyses as detailed below. To study the effect of
TYROBP loss-of-function on M-CSF induced signal-
ing, we created Tyrobp knock-out (KO) mouse micro-
glial BV2 cell lines using CRISPR-Cas9 genome editing
and clonal selection or used siRNA to partially silence
Tyrobp (Additional file 1, Supplementary Materials and
Methods).

All study protocols concerning human samples were
approved by Medical Research Ethics Committee of
Wellbeing Services County of North Savo. Written
informed consent was obtained from all participants.
The Ethics Committee of the Hospital District of Helsinki
and Uusimaa (HUS) has coordinated the approval for
FinnGen Study.

Study subjects

NHD patients, monoallelic TYROBP deletion carriers,
and unrelated controls were recruited during 2020-2024
from Neurology clinics at Kuopio University Hospital and
Oulu University Hospital, Kuopio University Hospital
NPH registry [16], Finnish Geriatric Intervention Study
to Prevent Cognitive Decline and Disability (FINGER)
[17], Biobank of Eastern Finland, and Auria Biobank.
Blood samples for monocyte and/or DNA isolation were
collected following written informed consent from each
participant.

The FinnGen Study (https://www.finngen.fi/en) is a
large biobank-scale research project which combines
genome data with digital healthcare data based on
national health registers [14]. FinnGen includes samples
collected by the Finnish biobanks as well as legacy sam-
ples from previous research cohorts that have been trans-
ferred to the biobanks. FinnGen Study approved the use
of the data in the present work.

The study subjects in FinnGen have provided informed
consent for biobank research based on the Finnish
Biobank Act. Alternatively, separate research cohorts
that were collected prior to the Finnish Biobank Act com-
ing into effect (September 2013) and start of FinnGen
(August 2017), were collected based on study-specific

Page 3 of 22

consents and later transferred to the Finnish biobanks
after approval by the Finnish Medicines Agency Fimea.
Participant recruitment followed the biobank proto-
cols approved by Fimea. The Coordinating Ethics Com-
mittee of the Hospital District of Helsinki and Uusimaa
(HUS) statement number for the FinnGen study is
HUS/990/2017. The complete list of ethics committee
approval numbers, study permits, and biobank sample
and data accession numbers are included in the Declara-
tions at the end of the manuscript.

Genotyping

For non-FinnGen study participants, genomic DNA was
extracted from peripheral whole blood using QIAamp
DNA Blood Mini Kit (Qiagen, Hilden, Germany). DNA
for a subset of 50 imputed TYROBP deletion proxy
marker carriers from the FinnGen cohort was obtained
through the Biobank of Eastern Finland.

Library preparation and WGS on Illumina NovaSeq
sequencing platform was carried out at Novogene (Novo-
gene (UK) Company Limited, Cambridge, UK). WGS
data were initially processed using the nf-core sarek pipe-
line (release 3.1) with default settings [18], and the GATK
GRCh38 as the reference genome. After identifying
potential problems in the initial read alignment at and
near the deletion breakpoints, WGS data were aligned
again to the human reference genome (GRCh38) using
a splice-aware aligner STAR (v2.7.9a) [19] with essential
non-default settings: —outFilterMultimapNmax 1, —out-
FilterMismatchNmax 3, —alignIntronMax 10,000 and —
alignMatesGapMax 10,000.

TYROBP deletion-specific PCR was carried out
as described previously [11]. Genotyping of SNV
19:35,901,079-T-G was carried out by Sanger sequenc-
ing. In brief, the target region was amplified by PCR
using primers 5- GCGAACGCAGTCCCTGAATGG- 3’
(forward) and 5-CCTCCCTCTGGACCCAGTAA- 3
(reverse) and the PCR product was cleaned using Nucle-
oSpin Gel and PCR Clean-up mini kit (Macherey—
Nagel, Diiren, Germany). The purified PCR product was
combined with the reverse primer and sent to Macro-
gen Europe (Amsterdam, the Netherlands) for Sanger
sequencing. Sanger sequencing was reliable only from
reverse direction due to the presence of several poly-
T repeats between the forward primer and the variant.
APOE genotyping was carried out with pre-designed
TagMan SNP genotyping assays for rs429358 and rs7412
(both from ThermoFisher Scientific). TagMan SNP
genotyping assays were performed according to manu-
facturer’s instructions, and all samples were assayed in
duplicate.

The whole FinnGen cohort has been genotyped with
multiple Illumina (Illumina Inc., San Diego, USA) and
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Affymetrix (Thermo Fisher Scientific, Santa Clara, CA,
USA) chip arrays as part of the FinnGen Study. Chip
genotype data were imputed using the Finnish popu-
lation-specific imputation reference panel Sequenc-
ing Initiative Suomi project (SISu v4.2), Institute for
Molecular Medicine Finland (FIMM), University of
Helsinki, Finland (http://sisuproject.fi).

FinnGen analyses

Phenotype information and clinical endpoints in
FinnGen are based on different national health reg-
istries, including hospital discharge registers, pre-
scription medication purchase registers, and cancer
registers. A complete list of FinnGen endpoints and
their respective controls are available at https://www.
finngen.fi/en/researchers/clinical-endpoints and can be
explored at https://risteys.finngen.fi/.

In this study we used summary statistics and data
from the FinnGen data release R12. GWAS studies for
FinnGen core endpoints were performed with REG-
ENIE 2.2.4. A detailed description of the analytical
methods is available at https://github.com/FINNGEN/
regenie-pipelines. Phenotype associations for variant
rs1244787406-G across 2489 FinnGen core analysis
endpoints were visualized using LAVAA [20]. Regional
association plots for the endpoint ‘dementia including
primary care registry’ were generated with topr 2.0.0
package in R 4.3.2 [21, 22]. Linkage disequilibrium in-
sample dosage in the TYROBP-locus (3 Mb window
around the lead variant) in FinnGen was computed
using LDstore2 [23] and fine-mapping was carried out
using SuSiE [24] with the maximum number of causal
variants in a locus L= 10.

The map visualizing the regional allele frequency of
rs1244787406-G was created in R based on the region of
birth for minor and major allele carriers. Kaplan—-Meier
curves were drawn in R using package survminer v0.4.9
[25].

Radiological imaging

The monoallelic TYROBP deletion carrier and the NHD
patient were imaged as part of diagnostic procedure with
conventional x-rays (Siemens Ysio Max, Erlangen, Ger-
many) for skeletal features of the hands and feet, and at
3,0 Tesla MRI (Philips Achieva, Best, NL) and 1,5 Tesla
MRI (GE Signa Artist, Milwaukee, USA) with stand-
ard clinical sequences, including T1, T2, FLAIR, DWI,
and susceptibility weighted imaging, for potential brain
pathology. The 3D T1 MRI data were also analyzed by
brain volumetry software, cNeuro (Combinostics Ltd,
Tampere, Finland).

Page 4 of 22

Immunohistochemistry and CSF biomarkers

Diagnostic brain biopsy specimen collected during NPH
shunt surgery were used for immunohistochemical anal-
ysis. Immunostaining for Iba-1 and A was performed as
described previously [26]. Full section brightfield images
were obtained with Hamamatsu NanoZoomer-XR Digi-
tal slide scanner with 20x (NA 0.75) objective (Hama-
matsu Photonics K.K., Shizuoka, Japan) and analyzed
as described previously [26]. In short, AP plaques were
manually outlined in NDP.view2 software (Hamamatsu
Photonics K.K.) to obtain the plaque size. The plaque-
associated microglia with clearly visible soma were
manually counted by an investigator blinded to sample
identity.

CSF samples from the same NPH patients were
obtained by lumbar puncture. Levels of AD-related bio-
markers Ap,,, total Tau (T-Tau), and Tau phosphorylated
at Serine 181 (P-Tau 181) were analyzed using a com-
mercial enzyme-linked immunosorbent assay (Innotest,
Fujirebio, Ghent, Belgium).

Monocyte isolation and MDMi differentiation

To extract peripheral blood mononuclear cells (PBMCs),
60-100 ml peripheral venous blood was collected from
participants and processed within 24 h of sample collec-
tion. PBMCs were extracted by density gradient centrif-
ugation over Ficoll-Paque PLUS (#17-1440 -02, Cytiva,
Marlborough, MA, USA) in SepMate- 50 tubes (#85,450
Stemcell Technologies, Vancouver, Canada). PBMC were
either cryoprotected in CryoStor CS10 (Stemcell Tech-
nologies) or used directly for CD14-positive monocyte
isolation using human CD14 MicroBeads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) and magnetic-acti-
vated cell sorting. When using cryopreserved PBMCs,
the cells were thawed at 37 °C for 5 min, washed in RPMI
medium containing 20% FBS and incubated for 30 min at
37 °C in RPMI/20% EBS to allow the cells to recover from
the thawing prior to monocyte isolation.

To differentiate monocytes into MDMi, monocytes
were plated at 0.5 X 10° cells per well in 12-well plates
(for RNA-sequencing, LC-MS/MS, and alphaLISA)
or in 96-well plates at 1x 10° cells per well (for condi-
tioned medium). Monocyte differentiation into MDMis
was done according to a previously published protocol
[27], by culturing the monocytes for 10-12 days in vitro
(DIV) under standard humidified environment (+ 37
°C, 5% CO2) in MDMi culture medium consisting of
RPMI- 1640 Glutamax (#61,870,036, Gibco, Billings,
MT, USA) supplemented with 1% penicillin/streptomy-
cin and a mixture of the following human recombinant
cytokines: M-CSF (10 ng/ml, #574,804, Biolegend, San
Diego, CA, USA), GM-CSF (10 ng/ml, #215-GM- 010/
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CE, R&D Systems, Minneapolis, MN, USA), NGF-p (10
ng/ml, #256-GF- 100, R&D Systems), CCL2 (100 ng/ml,
#571,404, Biolegend), and IL- 34 (100 ng/ml, #5265-IL-
010/CE, R&D Systems).

RNA extraction and RNA-sequencing

After MDMi differentiation, conditioned medium was
replaced with fresh MDMi culture medium or with cul-
ture medium containing myelin (25 pg/ml) or LPS (200
ng/ml, O26:B6, L5543, Sigma Aldrich), and the cells were
cultured for 24 h prior to sample collection. For total
RNA extraction, cells from 2-3 replicate wells/donor
were collected into ice-cold PBS and RNA was extracted
immediately. Acutely isolated monocytes were placed in
Macherey—Nagel ™ NucleoProtect RNA reagent (Ther-
moFisher Scientific) and stored at +4 °C until RNA
extraction. RNA was isolated using High Pure RNA Iso-
lation Kit (11,828,665,001, Roche), and the RNA extracts
were stored at — 80 °C until further use. Culture prepa-
ration and RNA sequencing of induced pluripotent stem
cell (iPSC) and iPSC-derived microglia (iMG) has been
described earlier [28].

Library preparation and RNA sequencing was con-
ducted by Novogene (UK) Company Limited. In brief,
mRNA enrichment was performed with oligo(dT) bead
pulldown, from where the pulldown material was sub-
jected to fragmentation, followed by reverse transcrip-
tion, second strand synthesis, A-tailing, and sequencing
adaptor ligation. The final amplified and size selected
library comprised 250-300-bp insert cDNA and paired-
end 150 bp sequencing was executed with an Illumina
high-throughput sequencing platform. Sequencing
yielded 4.4-26.9 million sequenced fragments per
sample.

The 150 nucleotide pair-end RNA-seq reads were
quality-controlled using FastQC (version 0.11.7)
(https://www.bioinformatics.babraham.ac.uk/proje
cts/fastqc/). Reads were then trimmed with Trimmo-
matic (version 0.39) [29] to remove Illumina sequencing
adapters and poor quality read ends, using as essential
settings: ILLUMINACLIP:2:30:10:2:true, SLIDINGWIN-
DOW:4:10, LEADING:3, TRAILING:3, MINLEN:50.
Trimmed reads were aligned to the Gencode human tran-
scriptome version 38 (for genome version hg38) using
STAR (version 2.7.9a) [19] with essential non-default set-
tings: —seedSearchStartLmax 12, —alignSJoverhangMin
15, —outFilterMultimapNmax 100, —outFilterMismatch-
Nmax 33, —outFilterMatchNminOverLread 0, —outFil-
terScoreMinOverLread 0.3, and —outFilterType BySJout.
The unstranded, uniquely mapping, gene-wise counts for
primary alignments produced by STAR were collected
in R (version 4.2.2) using Rsubread::featureCounts (ver-
sion 2.12.3) [30], ranging from 3.3 to 22.1 million per

Page 5 of 22

sample. Differentially expressed genes (DEGs) between
experimental groups were identified in R (version
4.2.0) using DESeq2 (version 1.36.0) [31] by employ-
ing Wald statistic and lfcShrink for FC shrinkage (type
="“apeglm”) [32]. Comparisons between TYROBP geno-
type groups were performed adjusting for the APOE ¢
genotype, and between monocytes and MDMi cells by
adjusting for donor (equivalent of paired test). Pathway
enrichment analysis was performed on the gene lists
ranked by the pairwise DEG test log2 FCs in R using
clusterProfiler::GSEA (version 4.4.4) [33] with Molecular
Signatures Database gene sets (MSigDB, version 2022.1)
[34].

Proteomics analysis

MDMi were cultured and treated as described above for
RNA-sequencing. Cultured MDMi were lysed in RIPA
lysis buffer (50 mM Tris—Cl, 150 mM NacCl, 1% NP- 40,
0.05% sodium deoxycholate, 0.01% SDS, pH 7.5) by incu-
bation on ice for 20 min with intermediate vortexing. Cell
debris and undissolved material were removed by centrif-
ugation at 16.000 x g for 10 min at 4 °C, and protein con-
centration was determined using a BCA Assay (Thermo
Fisher Scientific). 10 pg of each sample were diluted 1:2
in water and benzonase (Sigma-Aldrich) digestion was
performed with 10 units for 30 min at 37 °C to remove
remaining DNA/RNA. Protein digestion was performed
with 125 ng LysC and 125 pg trypsin (Promega) using
the single-pot solid-phase enhanced sample prepara-
tion (SP3) [35]. The peptide solution was filtered through
0.22 pm Costar SPIN-X columns (Corning) and dried by
vacuum centrifugation. Samples were dissolved in 20 pL
0.1% formic acid using a sonication batch (Hielscher) and
the peptide concentration was measured using the Qubit
protein assay (Thermo Fisher Scientific).

An amount of 350 ng of peptides were separated on
an in-house packed C18 analytical column (15 cm X75
pum ID, ReproSil-Pur 120 C18-AQ, 1.9 um, Dr. Maisch
GmbH) using a binary gradient of water and acetonitrile
(B) containing 0.1% formic acid at flow rate of 300 nL/
min (0 min, 2% B; 2 min, 5% B; 70 min, 24% B; 85 min,
35% B; 90 min, 60% B) and a column temperature of 50
°C. A Data Independent Acquisition Parallel Accumula-
tion—Serial Fragmentation (DIA-PASEF) method with
a cycle time of 1.4 s was used for spectrum acquisition.
Briefly, ion accumulation and separation using Trapped
Ion Mobility Spectrometry (TIMS) was set to a ramp
time of 100 ms. One scan cycle included one TIMS full
MS scan and The DIA-PASEF windows covered the m/z
range from 350-1,000 m/z with 26 windows of 27 m/z
with an overlap of 1 m/z. The raw data was analyzed
using the software DIA-NN version 1.8 [36] for protein
label-free quantification (LFQ). A one protein per gene
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canonical fasta database of Homo Sapiens (download
date March 1st 2023, 20,603 entries) from UniProt and
a fasta database with 246 common potential contamina-
tions from Maxquant [37] were used to generate a spec-
tral library in DIA-NN with a library free search which
included 10,615 proteins. Trypsin was defined as pro-
tease. Two missed cleavages were allowed, and peptide
charge states were set to 2—4. Carbamidomethylation of
cysteine was defined as static modification. Acetylation
of the protein N-term as well as oxidation of methionine
were set as variable modifications. The false discovery
rate for both peptides and proteins was adjusted to less
than 1%. Data normalization was disabled.

Identification of differentially expressed, APOE & gen-
otype-corrected proteins between experimental groups,
non-normalized LFQ intensities as the starting point,
and the subsequent pathway enrichment were done as for
the RNA-seq data, except using version 4.2.3 for R and
version 1.38.3 for DESeq2 [31].

AlphaLISA

CD14 +monocytes were isolated from PBMC as
described above and lysed in AlphaLISA lysis buffer.
MDMi were prepared from monocytes as described
above and lysed in AlphaLISA lysis buffer. The lysates
were stored at — 20 °C until measured.

Total DAP12 levels were measured from the cell lysates
using AlphaLISA Surefire Ultra Total DAP12 Detection
Kit (ALSU-TDAP12-A-HV, Revvity), and the results were
normalized to GAPDH levels measured from the same
lysate using AlphaLISA Surefire Ultra Human and Mouse
Total GAPDH Detection Kit (ALSU-TGAPD-B-HYV, Rev-
vity). Samples were measured as duplicates.

Cytokine measurement in conditioned medium

MDMi were treated with 200 ng/ml LPS for 24 h. Condi-
tioned medium was collected, centrifuged at 5,000 X g at
+4 °C for 10 min, supplemented with protease inhibitor,
and stored at — 80 °C. IL- 1pB, IL- 6, and IL- 10 were meas-
ured using a custom U-plex assay (Meso Scale Diagnos-
tics, Rockville, MD, USA). A phase contrast image was
captured before the LPS treatment on IncuCyte S3, and
the data were normalized to cell confluency. TNFa was
measured from the conditioned medium using commer-
cial ELISA kit (88-7346 - 22, Thermo Fisher) according to
manufacturer’s instructions. Data is shown as average of
three replicate wells/donor measured in duplicates.

Myelin isolation

Myelin was isolated from adult male C57BL/6 ] mice
using the sucrose gradient protocol described elsewhere
[38, 39]. 0.85 M and 0.32 M sucrose solutions were used
for the gradient and Beckman Ultracentrifuge with Ti
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50.2 rotor for the centrifugation. The concentration of
the myelin preparation was determined using Pierce BCA
Protein Assay kit (23,225, Thermo Scientific) and stored
at — 80 °C until used.

Statistical analysis

Statistical analyses and data visualization were performed
in R 4.3.2 [22] and GraphPad Prism v10. Chi-squared
test was used to analyze regional allele frequency.
Survival analysis comparing disease-free survival of
rs1244787406-G carriers and noncarriers was performed
in R where Kaplan—Meier curves were drawn using pack-
age survminer v0.4.9 [25] and cox proportional hazards
model was performed with package survival v3.2-7 [40,
41]. Independent samples T-test was used to analyze
normally distributed immunohistochemistry and CSF
biomarker data between the APOE €33 and €3e4 groups
and cytokine data between monoallelic TYROBP dele-
tion carriers and noncarriers. Additional information on
the statistical test, sample size, and technical replicates is
given in the figure legends.

Results

Intronic SNVs in TYROBP and NFKBID are proxy markers

for the Finnish TYROBP deletion

To identify genetic proxy markers for the Finnish
TYROBP deletion, we performed WGS analysis on three
NHD patients unrelated up to at least 3rd degree. WGS
confirmed biallelic deletion spanning approx. 5.2 kb and
encompassing the exons 1-4 of TYROBP in all three
NHD patients (Fig. 1A).

The haplotype containing the Finnish TYROBP dele-
tion shared by all Finnish NHD patients has been shown
to cover at least 68.915 kb immediately upstream of
the deletion (Fig. 1B) [3, 13]. We focused our search of
TYROBP deletion-associated single nucleotide variants
(SNVs) to this shared haplotype region, even though
the shared area of homozygosity in the NHD patients
included in our study was considerably larger, at least
1.95 Mb, spanning both up- and downstream of the dele-
tion. A total of seven SNVs homozygous for the minor
allele in the NHD patients were detected in the shared
haplotype region (Table 1). All the identified variants
were intronic or intergenic with minor allele frequency
(MAF) of 0.0031-0.79 in the Finnish population [42].
Interestingly, the two variants closest to the deletion,
rs1002399693 (19:35,905,673 G> C in TYROBP intron 4,
MAF =0.0032) and rs1244787406 (19:35,901,079 T> G
in NFKBID intron 1, MAF =0.0031) were enriched in the
Finnish population compared to non-Finnish Europeans,
and had MAF matching the estimated carrier frequency
of the Finnish 5.2-kb TYROBP deletion [11].
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Fig. 1 The Finnish 5.2 kb TYROBP deletion. A WGS data show homozygous 5.2-kb deletion encompassing TYROBP exons 1-4 in a Finnish NHD
patient. The horizontal lines indicate WGS reads spanning across the deletion. The deletion breakpoints are located within a 23-bp identical
sequence (black, underlined). B Schematic of the TYROBP deletion founder haplotype. The boxes indicate haplotype blocks identified using
microsatellite markers (grey bars) [13]. The grey shading indicates the haplotype region shared by all Finnish NHD patients, while the red shading
indicates the 5.2-kb TYROBP deletion. Asterisks denote the haplotypes detected in the NHD patients in the current study. Purple lines indicate

the SNVs identified in the current study within the shared haplotype region. C Regional allele frequency of rs1244787406-G in Finland. The black line
separates the early settlement region along the southern and western coastlines from the late settlement region that was permanently inhabited
from the sixteenth century onwards by internal migration (arrows) mainly from the current South Savo region in the southeastern Finland. The
circles represent the birth places of the grandparents of the Finnish NHD patients according to [43]. The highest present day allele frequencies

of the TYROBP deletion proxy marker rs1244787406-G are detected in the late settlement area and coincide with the previously reported regional

enrichment

Next, we explored the TYROBP deletion haplotype
and individual SNVs in the FinnGen data. Two vari-
ants were not available in FinnGen, and thus, haplotype
based on imputed, phased genotypes of five SNVs was
used to identify putative TYROBP deletion carriers.
Among the 520,210 individuals, the haplotype consisting
of five SN'Vs identified 2,231 putative TYROBP deletion

carriers, corresponding to MAF =0.0021. All the same
2,231 individuals and one additional individual were
identified when using only the SNV rs1244787406 T >
G or rs1002399693 G > C, suggesting that either of these
SNVs alone could be used as a proxy marker for the 5.2-
kb TYROBP deletion. Since the imputation Info score
for these variants in FinnGen is only 0.84, we confirmed
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Table 1 The 5.2 kb TYROBP deletion-associated haplotype identified based on WGS
FinnGenr12 gnomAD v4.0.0

rsID Location (GRCh38) Alleles, Ref > Alt MAF INFO MAF Finnish MAF NFE Finnish

enrichment
rs12462044 19:35,837,074 A>G NA NA 0.096 0.081 1.19
rs12462535 19:35,837,076 T>A NA NA 0.11 0.094 1.17
rs807656 19:35,847,275 Cc>G 0.78 0.97 0.79 0.72 1.10
rs1137844 19:35,852,177 C>G 0.38 0.98 0.38 0.31 1.23
rs11084835 19:35,886,985 C>T 0.32 0.98 0.32 0.3 1.07
rs1244787406 19:35,901,079 T>G 0.0022 0.84 0.0032 0.000029 110.34
rs1002399693 19:35,905,673 G>C 0.0022 0.84 0.0031 0.00003 103.33

Variants indicated in bold were included in the final haplotype used to identify putative TYROBP deletion carriers in the FinnGen data

MAF Minor allele frequency, NFE Non-Finnish European

the presence of both variants in the WGS data from
three Finnish NHD patients and one monoallelic carrier
of the 5.2-kb TYROBP deletion, and the rs1244787406
T> G by Sanger sequencing in three NHD patients and
four monoallelic carriers (Additional file 1 Fig. S1 A-B).
Furthermore, we confirmed the presence of monoallelic
TYROBP deletion in 49 FinnGen subjects with imputed
rs1244787406-G and rs1002399693-C alleles with high
(> 0.99) genotype probability. One sample with low geno-
type probability (0.52) was found to be homozygous for
TYROBP common variant (Additional file 1 Fig. S1 C).
The rs1244787406 T> G was used as the proxy marker
for TYROBP deletion in all the further analyses con-
ducted in FinnGen data.

We next calculated the frequency by the region of birth
for the identified putative TYROBP deletion carriers
using MAFs for rs1244787406-G in FinnGen. There was
no statistically significant difference in the regional dis-
tribution (chi-square test, n.s.). The highest frequencies
were observed in North Ostrobothnia (MAF =0.0040)
and North Savo (MAF =0.0036), while the lowest were
found in Ostrobothnia (MAF =0.00063) (Fig. 1C). This
regional enrichment is consistent with the previously
reported birthplaces of Finnish NHD patients, their par-
ents and grandparents [13, 43]. Together, these results
suggest that the rs1244787406-G can be reliably used as

(See figure on next page.)

a proxy marker to identify carriers of the Finnish founder
mutation, the 5.2-kb TYROBP deletion.

Monoallelic TYROBP deletion associates with an increased
risk and earlier onset-age of dementia and AD

To elucidate the phenotypic effect of the monoallelic
TYROBP deletion, we performed phenome-wide associa-
tion scan (PheWAS) against 2,489 clinical core endpoints
available in FinnGen. PheWAS for rs1244787406-G indi-
cated increased risk of five endpoints related to dementia
and Alzheimer’s disease (Fig. 2A, Table 2).

To investigate whether the rs1244787406 T > G affects
the age of disease onset, we generated Kaplan—Meier
survival curves for dementia in general (including AD)
(Fig. 2B) and more specifically for AD only (Fig. 2C) illus-
trating disease free survival from birth to the age at first
diagnosis for cases and the age at the end of follow-up for
controls. For both dementia and AD, the TYROBP dele-
tion proxy marker rs1244787406-G significantly lowered
the age at first diagnosis (Fig. 2B-C, Table 3). The effect
remained significant when APOE &4 (rs429358) allele was
included in the same model (Table 3), suggesting that
TYROBP increases the risk of AD and dementia indepen-
dently of APOE &4.

To determine whether the association of TYROBP
locus with dementia and AD was driven by the

Fig. 2 Phenotype associations for the TYROBP deletion proxy marker rs1244787406-G. A Phenotype association study covering 2,489

endpoints indicates significantly increased risk for dementia and AD among carriers of rs1244787406 minor G allele. The dashed line represents
genome-wide significance threshold P= 5x 1078, B-C Kaplan-Meier survival plots showing the proportion free from dementia (B) and AD (C)
among rs1244787406-G carriers (purple line) and non-carriers (black line). Shading indicates 95% confidence intervals. X-axis indicates age

at the first diagnosis for cases and age at the end of follow-up for controls. D Regional association plot of the TYROBP locus shows the negative
log10-transformed P-values on the y axis for the endpoint‘Dementia (including primary healthcare outpatient registry)' derived from FinnGen.

The vertical dashed line represents genome-wide significance threshold P= 5x 1078, Each dot represents an individual SNV, and the dot color
represents LD with the LD reference variant (purple diamond). The dotted line in the upper panel delineates the area shown in the lower panel. The
red vertical lines indicate the 5.2 kb TYROBP deletion break points while the shaded grey area represents the TYROBP deletion associated shared

haplotype region in the lower panel
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Table 2 Phenotype associations for rs1244787406 (19:35 901 079 T> G) in FinnGen
OR (95% Cl) P-value AF case AF control

Dementia, including primary healthcare outpatient 2.10(1.74-2.52) 3.2%- 15 0.0039 0.0025
registry
Dementia 2.14(1.77-2.59) 491e-15 0.0039 0.0025
Unspecific neurodegenerative disorder 2.20(1.81-2.68) 9.75e- 15 0.0042 0.0025
Any dementia 2.20(1.81-2.68) 4.76e-14 0.0040 0.0025
Alzheimer’s disease 2.36 (1.87-2.99) 3.07e-13 0.0045 0.0025
AF Allele frequency
Table 3 Hazard ratios for dementia and Alzheimer’s disease endpoints in FinnGen cohort

Dementia, including primary healthcare outpatient registry  Alzheimer

HR 95% Cl p-value HR 95% ClI p-value
151442787406 2.14 1.85-2.47 <2e-16 2.59 2.16-3.11 <2e-16
rs429358 230 2.25-2.34 <2e-16 2.74 2.67-2.81 <2e-16
sex 113 1.10-1.16 <2e-16 1.07 1.04-1.11 <2e-16

The model includes TYROBP deletion proxy marker rs1442787406, APOE €4 allele rs429358 and sex

Cl Confidence interval, HR Hazard ratio

TYROBP deletion proxy markers or other variants
in the locus, we produced regional association plots
of the TYROBP locus (Fig. 2D). The two identified
TYROBP deletion proxy markers were in high linkage
disequilibrium (LD; r*= 1), had the highest associa-
tion signal in the locus and were the only significantly
associated variants within the known shared TYROBP
deletion haplotype. Other variants within the TYROBP
locus were in weaker LD (r?< 0.8) with the lead vari-
ants and were located within the deleted sequence or
in the haplotype region shared only by some, but not
all TYROBP deletion carriers (Fig. 2D, Fig. 1A).

To better understand the role of the variants located
within the deleted region detected in FinnGen, we fur-
ther analyzed our WGS data from three NHD patients
and one monoallelic deletion carrier. Variants in the
region 19:35,905,884—19:35,905,910 were found to be
artefacts arising from the TYROBP deletion (Addi-
tional file 1 Fig. S2). The deletion breakpoints are
located within 120 bp repeated sequence that is almost
identical on both sides of the deletion but differs on 15
bases along the repeat. Due to the repeated sequence,
reads spanning the deleted area are mapped to one
side of the deletion only and the different bases appear
as SNVs. However, when large deletions are allowed in
the alignment, the reads are aligned correctly and span
the deleted sequence, indicating that these SN'Vs were
artefacts arising from the deletion (Additional file 1
Fig. S2).

Monoallelic TYROBP deletion induces cystic bone lesions
Bone cysts in the wrists and ankles are an integral fea-
ture of NHD caused by the loss of TYROBP or TREM?2.
One report has described osteolytic lesions in mono-
allelic siblings of an NHD patient carrying two differ-
ent TYROBP missense variants [44]. We report here a
case of a monoallelic 5.2-kb TYROBP deletion carrier
with classic painful NHD bone cysts but no detectable
brain pathology, cognitive findings, or neuropsychiatric
symptoms at age 34 years. Monoallelic 5.2-kb TYROBP
deletion carrier status was detected in a clinical genetic
analysis and confirmed with deletion-specific PCR (Addi-
tional file 1 Fig. S1 C). To exclude the possibility of NHD
caused by compound heterozygosity, i.e. biallelic state
due to the presence of two different NHD-causing vari-
ants, WGS analysis was carried out. Only common vari-
ants (MAF 0.7-0.71 in the Finnish population according
to gnomAD) in TYROBP and no variants in TREM?2 were
identified in the WGS, confirming that the only NHD-
associated variant in the patient was monoallelic 5.2-kb
TYROBP deletion.

The bone and joint structures of the monoallelic
TYROBP deletion carrier were otherwise unremark-
able, except for two small cystic-appearing translucencies
in the wrists (lunates) and slight ulnar minus variance
(Fig. 3A), and cystic-appearing translucencies in the
left calcaneus and the left distal tibia (Fig. 3B), bearing
resemblance to the classical findings in NHD. The carri-
er’s sibling with biallelic 7YROBP deletion and diagnosed
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B

MRI FLAIR MRI SWI

Fig. 3 Clinical imaging of a monoallelic TYROBP deletion carrier and an NHD patient. A-B Radiographs of wrists and ankles of the monoallelic
TYROBP deletion carrier show small cystic-appearing translucencies in the lunate bones of the wrists and the left calcaneus and distal tibia

of the ankle, as delineated by arrowheads (C) Post-traumatic and postoperative radiographs of the NHD patient’s right wrist over time span

of 5 years. The bone structure is patchy already in the earlier radiograph (on the left), with cystic-appearing translucencies notably in the lunate
and capitate. Five years later the primary findings are even more pronounced and all carpal bones as well as the distal radius and ulna present

as abnormal (within the ellipse). D Radiograph of the NHD patient’s ankles shows numerous abnormal translucencies in the distal heads of the tibia
and fibula, talar, calcaneal, and cuboid bones. E Magnetic resonance images (MRI) of the monoallelic TYROBP deletion carrier. No signal or structural
pathologies are observable, and there is no evidence of marked atrophy on any of the contrast sets (FLAIR, T1- or T2-weighted, or susceptibility
weighted images (SWI)). F Computed tomography (CT) and MRl images of the brain of the NHD patient show bilateral calcifications of the basal
ganglia and frontal white matter as hyperdensities in the CT scan, denoted by purple arrowheads. Some punctate signal voids can be observed

in the corresponding regions on MRI by SWI both at 3.0 T and at 1.5T field strengths (arrows). FLAIR, T2- or T1-weighted images show no obvious
signal pathology. Marked cortical and temporomesial atrophy is however present and shows rapid progression over time
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with NHD showed multiple, widespread cystic bone
lesions in the hands, wrists, ankles, and feet, with path-
ological fractures in the right wrist, all consistent with
NHD (Fig. 3C-D). No structural or signal pathology was
observed on MRI (Fig. 3E) and the brain structural vol-
umes showed no quantitative evidence for atrophic brain
pathology in the monoallelic TYROBP deletion carrier.
The sibling with NHD, however, showed clear findings
consistent with NHD: bilateral calcifications of the basal
ganglia and frontal white matter, and marked cortical
and temporomesial atrophy with rapid progression over
time (Fig. 3F). These findings indicate that monoallelic
TYROBP deletion can cause cystic bone lesions similar to
those seen in NHD patients.

Monoallelic TYROBP deletion may not affect Ap pathology
in the frontal cortex and CSF

AD-associated variants in TREM2, encoding the recep-
tor associated with TYROBP, are known to reduce the
clustering of microglia around the AP plaques [45]. To
qualitatively evaluate whether the TYROBP loss pheno-
copies the AD-associated TREM?2 variants, we utilized
immunohistochemical staining in frontal cortex biopsies
to assess microglial clustering around the A plaques

A
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(Fig. 4A) in one monoallelic TYROBP deletion carrier
and ten non-carriers with different APOE genotypes
from Kuopio normal pressure hydrocephalus registry,
a cohort containing surgical frontal cortex biopsies col-
lected during ventriculoperitoneal shunt placement to
treat suspected NPH [16]. In addition, AD-related CSF
biomarkers AB42, P-Taul81 and total Tau were assessed
in the same individuals. There were no major differences
in microglial clustering or CSF biomarkers between the
TYROBP deletion carrier and the non-carriers. The mon-
oallelic TYROBP deletion carrier had more plaques per
mm? of tissue as compared to the non-carriers (Fig. 4B),
but AP plaque size and microglial clustering around the
AP plaques were within the same range as in the non-
carrier individuals (Fig. 4C-D). Analysis of AD related
biomarkers in the CSF indicates significantly decreased
AP42 levels among the APOE €3e4 carriers compared
to APOE €3e3 carriers (Fig. 4E) but no differences in the
levels of P-Taul81 or total Tau between the genotypes
(Additional file 1, Fig. S3 A-D). The CSF biomarker con-
centrations for the monoallelic TYROBP deletion car-
rier were within the same range as for the other APOE
€3e4 carriers. These findings suggest that the monoal-
lelic TYROBP deletion may not have major effects on
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Fig. 4 Effect of the Finnish 5.2-kb TYROBP deletion on AD-related AR pathology. A A representative image of frontal cortex biopsy immunostained
for microglia (Iba- 1, brown) and A (red). Scale bar 50 um. B-D Number (B) and size (C) of AR plaques, and the number of AR plaque-associated
microglia (D) in immunohistochemical images shown in (A); n= 1-5 individuals per genotype. E AB42 levels in the CSF; n= 1-4 individuals

per genotype. Data are shown as mean = SD. Independent samples T-test for T*"/A®* and T//A%*. *: P < 0.05. T, TYROBP common variant; T,

monoallelic TYROBP deletion; A>3, APOE €3€3; A>*, APOE €3¢4
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AD-related neuropathology. However, a larger number of
samples are still needed for the quantitative analyses.

TYROBP deficient monocytes can be differentiated

into microglia-like MDMi

To understand the effects of the TYROBP deletion in
myeloid lineage cells, we obtained monocytes from
NHD patients with biallelic TYROBP deletion (hereafter
referred to as NHD), monoallelic TYROBP deletion car-
riers, and control individuals (Fig. 5A). Since microglia
are the primary myeloid cell type in the brain and the
only central nervous system resident cell type expressing
DAP12 protein derived from TYROBP, we next differen-
tiated the monocytes into microglia-like MDMi by cul-
turing the cells for 11-13 days in the presence of M-CSF,
GM-CSE, NGE-p, CCL2, and IL- 34, similarly to previous
publications [27, 46]. First, we confirmed that the DAP12
protein was robustly expressed in the monocytes and
MDM;, and that both the monocytes and MDMi derived
from the TYROBP deletion carriers displayed reduced
DAP12 levels when compared to controls (Fig. 5B). A
similar effect was observed at RNA level in both mono-
cytes and MDMi, where the monoallelic TYROBP dele-
tion carriers had reduced TYROBP RNA levels as
compared to the control individuals carrying the com-
mon variant of TYROBP, while no TYROBP RNA was
detected in cells derived from the NHD patients homozy-
gous for the TYROBP deletion (Fig. 5C). These results
suggest a gene dose-dependent reduction in TYROBP/
DAPI12 levels in myeloid cells derived from individuals
with one or two copies of TYROBP deletion compared to
individuals with TYROBP common variant.

To evaluate the success of microglia-like differentiation,
global RNA-sequencing of monocytes and MDMi was
carried out (Additional file 2). Furthermore, gene expres-
sion profiles of MDMi and monocytes were compared
to iPSC and iMGs [28]. PCA analysis indicated that the
two microglia-like models, MDMi and iMG, share simi-
lar gene expression profiles, distinct from their respective
precursor cells, monocytes and iPSC (Fig. 5D). Gene set
enrichment analysis (GSEA) further confirmed upregu-
lation of microglial genes (Fig. 5E) and downregulation
of monocyte genes (Fig. 5F) in the MDMi. TREM?2, the
key microglial gene and receptor associated with DAP12,
was expressed in the MDMi but not in monocytes and
was not affected by the TYROBP genotype (Fig. 5G).
Immunocytochemistry staining revealed a significant
expression of the key microglial markers CX3 CR1, IBA1,
P2RY12, PU.1, TMEM119, and TREM2 in the MDMj,
whereas these markers were not abundantly detected in
the monocytes and no unspecific staining was observed
in negative controls (Additional file 1, Fig. S4). These
results indicate a robust differentiation of the monocytes
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into microglia-like MDMi cells. Thus, MDMi are a valid
model to study the effects of TYROBP deletion in micro-
glia-like cells.

TYROBP deletion induces changes in the inflammatory
response, unfolded protein response, and cellular
metabolic pathways in MDMi cells

To examine the effects of TYROBP deletion in microglia-
like cells, we carried out differentially expressed gene
(DEG) and protein (DEP) analyses in the MDMi cells
derived from NHD patients, monoallelic TYROBP dele-
tion carriers and individuals homozygous for TYROBP
common variant. Myelin debris and LPS challenge for 24
h were used to mimic different CNS stress conditions and
to activate the TREM2 and TLR4-mediated pathways,
respectively. Monoallelic TYROBP deletion induced only
two DEGs in untreated and myelin-treated conditions
when compared to TYROBP common variant carriers
(Fig. 6A-B, Additional file 3). In contrast, in the LPS-
treated condition, several DEGs were observed (Fig. 6C,
Additional file 4). A similar trend was observed in the
number of differentially expressed proteins (Fig. 6D-F,
Additional file 5). Biallelic TYROBP deletion had a more
robust effect on the gene and protein expression in all
conditions when compared to individuals homozygous
for the TYROBP common variant (Additional file 1 Fig.
S5 A-E, Additional file 6) or monoallelic TYROBP dele-
tion carriers (Additional file 1 Fig. S6 A-E, Additional
file 7). As expected, TYROBP was not detected in the
NHD MDMi at either the transcript or protein level,
whereas a well-established NHD microglial marker
CD163 was significantly upregulated at both transcript
and protein levels in NHD MDMi when compared to
individuals homozygous for TYROBP common variant in
all comparisons, except in the DEG analysis of untreated
cells (Additional file 1 Fig S5).

Gene ontology enrichment was conducted to gain
insight into the altered cellular processes induced
by mono- or biallelic TYROBP deletion. Monoallelic
TYROBP deletion induced significant upregulation of
the inflammatory response, TNFa signaling via NFKB,
KRAS signaling up, interferon gamma response, cho-
lesterol homeostasis, apoptosis, and allograft rejection
pathways both at the transcript and protein levels upon
LPS treatment (Fig. 6G). Simultaneously, a significant
downregulation of the unfolded protein response (UPR)
and myc targets pathways was observed at both tran-
script and protein levels (Fig. 6G). Closer inspection
of the downregulated pathways revealed, among oth-
ers, reduced transcript and protein levels of EIF2 AK3,
which encodes PERK, one of the three sensors of UPR,
suggesting that specifically the PERK arm of UPR might
be downregulated in monoallelic TYROBP deletion
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Fig. 5 Characterization of the MDMi cell model. A Study design to assess functional effects of the TYROBP deletion in MDMi cells. B Decreased

DAP12 protein levels in the monocytes and MDMi of monoallelic TYROBP deletion carriers compared to cells from individuals homozygous

for the TYROBP common variant. DAP12 protein levels were normalized to GAPDH levels in the same lysate. Monocytes:TCV, n=4:T% nh=2

MDMi: TY, n = 2; %! n=3.C TYROBP RNA levels are decreased in monocytes and MDMi of monoallelic TYROBP deletion carriers compared to cells

from individuals homozygous for TYROBP common variant, while no TYROBP RNA is detected in NHD patients homozygous for the TYROBP

deletion. Monocytes: T, n=2; %' n=2; NHD, n= 2; MDMi: T, n= 8, 7% n=3; NHD, n= 2. D Principal component analysis reveals that MDMi

and iPSC-derived microglia (iIMG) group closely together according to their expression profiles, which were different from their respective precursor

cells, monocytes and iPSCs. E-F GSEA analysis shows that microglial genes are upregulated (E) while monocyte genes are downregulated (F)

in the MDMi cells compared to monocytes. G TREM?2 is not expressed in monocytes and is upregulated during MDMi differentiation in all genotype

groups. Monocytes: T, n= 2, T%! n=2; NHD, n= 2; MDMi: T, n= 8, T%' n=3: NHD, n= 2. Data in B, C, and G are shown as mean +SD. Each data

point represents one individual
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carriers (Fig. 6H). No significant pathway enrichment
was observed in untreated, or myelin-treated MDMi
from monoallelic TYROBP deletion carriers when com-
pared to individuals homozygous for TYROBP common
variant.

Multiple inflammation related gene sets were upregu-
lated in the NHD compared to TYROBP common vari-
ant or monoallelic TYROBP deletion MDMi, including
interferon gamma response, TNFa signaling via NFKB,
IL2-STAT5 signaling, and IL6-JAK-STAT3 signal-
ing (Additional file 1 Fig S5 E, S6 F), which were also
significantly upregulated in the NHD brain microglia
according to a recent single nucleus RNA-sequenc-
ing (sn-RNAseq) analysis [47]. Notably, these gene
sets were upregulated in the NHD MDMi in all treat-
ment conditions, suggesting a strong proinflammatory
transcriptional profile in these cells even without an
external stimulus. While the UPR was not among the
top downregulated pathways in NHD MDMi when
compared to controls, we explored it in more detail to
assess potential similarities and differences in MDMi
derived from monoallelic TYROBP deletion carri-
ers and NHD patients in comparison to controls. Two
common downregulated targets, PSAT1 and NPMI,
were detected in this pathway (Fig. 6I).

To further validate the inflammatory phenotype
induced by TYROBP deletion, secretion of IL-6,
IL-1B, TNFa, and IL-10 was measured in the condi-
tioned medium collected from the MDMi cells after
24-h LPS stimulation (Fig. 6J-K). IL- 1P secretion was
significantly elevated in the MDMi from monoallelic
TYROPB deletion carriers as compared to control
MDMi from individuals homozygous for the TYROBP
common variant. Even higher increase in IL- 1P secre-
tion was observed in MDMi from a NHD donor. IL- 6
levels did not differ between MDMi from monoallelic
TYROBP deletion carriers and controls. Over 100-fold
increase in secretion of IL- 10 was observed in MDMi
from NHD patient compared to other genotypes, in
line with the previous snRNA-seq analysis in the brain
microglia from NHD patients [47]. TNFa levels did not
differ between the genotypes.

(See figure on next page.)

Page 15 of 22

Complete TYROBP deficiency affects M-CSF-induced
signaling

DAP12 encoded by TYROBP has a central role in medi-
ating signaling from different cell-surface receptors. To
assess how TYROBP deletion affects downstream sign-
aling, we generated Tyrobp KO BV2 microglial cell lines
by lentiviral CRISPR-Cas9 editing (Additional file 1 Fig.
S7 A-B). In addition, we used siRNA-mediated Tyrobp
silencing to mimic cells with monoallelic TYROBP dele-
tion (Additional file 1 Fig. S7 A-B). M-CSF is known to
induce DAP12-dependent phosphorylation of spleen
tyrosine kinase (Syk) in macrophages, osteoclasts, and
BV2 microglia [26, 48, 49]. Thus, we stimulated DAP12
deficient and control BV2 cells with M-CSF and assessed
the subsequent phosphorylation of Syk as a readout of
activation. M-CSF induced a robust increase in the phos-
phorylation of Syk in control and Tyrobp siRNA-treated
cells, but not in Tyrobp KO cells (Additional file 1 Fig. S7
C). Total Syk levels remained unaltered between control
and Tyrobp siRNA-treated cells, while approximately 20%
reduction in total Syk levels was observed in the Tyrobp
KO cells (Additional file 1 Fig. S7D). These results indi-
cate that bi- but not monoallelic Tyrobp deficiency abol-
ishes the phosphorylation of Syk in response to M-CSE.

Discussion

In this study we show that monoallelic 5.2-kb TYROBP
deletion is a novel risk factor for AD, leading to two-
fold increased risk of AD and dementia with an earlier
onset age in the monoallelic carriers when compared to
non-carriers. Furthermore, we observed that monoal-
lelic TYROBP deletion induces cystic bone lesions typi-
cal to NHD caused by biallelic TYROBP or TREM?2 loss.
The monoallelic TYROBP deletion leads to reduced lev-
els of DAP12 protein (encoded by TYROBP) in myeloid
cells, suggesting that reduction in DAP12 protein levels
is the primary mechanism behind these effects, poten-
tially leading to reduced signaling from DAP12-associ-
ated receptors. We used microglia-like MDMi derived
from peripheral blood monocytes from the carriers to
study the effects of TYROBP deletion. MDMi express
microglial markers and have gene expression signature

Fig. 6 Increased inflammatory response and decreased unfolded protein response in LPS-treated MDMi cells with TYROBP deletion. A-C

Volcano plots of differentially expressed genes and (D-F) proteins in the monoallelic TYROBP deletion carrier MDMi cells compared to controls
upon untreated (A, D), myelin-treated (B, E) and lipopolysaccharide (LPS)-treated (C, F) conditions., TV n=3-12.T% n=3.(G) Pathway enrichment
of genes (left panel) and proteins (right panel) differentially expressed in the monoallelic TYROBP deletion carrier MDMi cells compared to TYROBP
common variant MDMi cells. H-1 Heat maps showing the top up- and downregulated targets in the UPR and MYC pathways in the monoallelic

(H) and biallelic (I) TYROBP deletion carriers compared to controls. J-K Inflammatory response was assessed by measuring interleukin-6 (IL-6),

IL-1B, IL-10 (J), and tumor necrosis factor a (TNFa; K) levels in the conditioned media of T, T%! and NHD MDMi upon 24 h LPS treatment. Each
data point indicates one individual, an average of 1-3 replicate wells. T, n=3-4:T%! n=3-4: NHD, n=1-2. All data in J are shown as mean + SD.
Independent samples T-test, *: P< 0.05. T, TYROBP common variant; T%' monoallelic TYROBP deletion: NHD, Nasu-Hakola disease
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reminiscent of iPSC-derived microglia. Our findings indi-
cate that MDMi derived from monoallelic TYROBP dele-
tion carriers display upregulated inflammatory response
and downregulated unfolded protein response pathways
upon LPS stimulation as compared to control MDMis.

To our knowledge, this is the first report to demon-
strate a genetic association at genome-wide significant
level between the TYROBP locus and AD risk, as well
as an earlier onset of dementia and AD. TYROBP locus
has not been pinpointed in any previous genome-wide
association studies for AD, while targeted investiga-
tions have led to conflicting results. Enrichment of rare
coding variants in TYROBP was detected in a cohort of
early-onset AD patients [12], while no predicted patho-
genic TYROBP variants were detected in a cohort of
Turkish dementia patients [10]. A previous study among
3,220 older Finns did not detect any association between
monoallelic TYROBP deletion and cognitive impair-
ment [11]. Due to the rarity of TYROBP deletion, only 11
monoallelic carriers were identified in the previous study,
potentially limiting its power to detect associations. To
overcome this limitation, we utilized FinnGen, the largest
available Finnish cohort with genotype and health regis-
try data on 520,210 individuals and detected 2,231 puta-
tive monoallelic TYROBP deletion carriers using a proxy
marker. This approach allowed us to detect increased risk
and earlier age of onset for AD and dementia among the
monoallelic TYROBP deletion carriers compared to non-
carriers, which was not dependent on APOE status. The
previous study reported very low or absent AB pathol-
ogy in the neocortex of two autopsied TYROBP deletion
carriers [11]. Here, we did not observe differences in A
pathology both in the brain tissue and the CSF between
single monoallelic TYROBP deletion carrier and non-
carriers. A higher number of brain tissue and CSF sam-
ples should be analyzed to draw definitive conclusions on
whether AB pathology and the Ap-associated microglial
clustering or CSF biomarkers are affected by monoallelic
TYROBP deletion.

While earlier genetic evidence has been inconclu-
sive, network based analyses have identified TYROBP
as a central hub in networks regulating AD pathology
and microglial sensory functions [1, 2], highlighting the
potential role of TYROBP in AD. Paradoxically, studies
in mouse models have suggested that partial or com-
plete loss of Tyrobp helps to normalize learning behav-
ior deficits and electrophysiological properties associated
to cerebral AP amyloidosis [50, 51] and tauopathy [52].
Consequently, it has been postulated that reduction of
DAP12 levels might present a therapeutic opportunity
in AD. This starkly contrasts with our present findings in
humans indicating that reduced DAP12 levels caused by
monoallelic TYROBP loss significantly increase the risk
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and lower the age of onset of AD. These contradictory
findings might arise from species-specific differences [47]
or the fact that the AD mouse models cannot fully reca-
pitulate the complexity of the human disease. Neverthe-
less, they emphasize the importance of human data and
humanized models in the search for therapeutic targets
in AD.

To begin to understand the functional effects of mono-
allelic TYROBP deletion, we used global transcriptomic
and proteomic analyses in a monocyte-derived micro-
glia-like cell model. We found that 24-h LPS stimula-
tion induces upregulation of inflammatory pathways and
downregulation of MYC and UPR pathways in the mon-
oallelic TYROBP deletion carrier MDMi as compared
to MDMi derived from control individuals. Among the
top downregulated targets, we highlight PERK (encoded
by EIF2 AK3). This is one of the three kinases that ini-
tiate the UPR signaling. Another identified target was
PSAT1, a phosphoserine aminotransferase, whose lev-
els were reduced at both transcript and protein levels in
the MDMi from monoallelic TYROBP deletion carriers.
Intriguingly, emerging results suggest that PERK and
PSAT1 converge on metabolic reprogramming that is
needed for promoting the immunosuppressive function
in M2 macrophages [53] and differentiation of osteoclasts
[54]. Specifically, the studies suggest that PERK signaling
mediates the upregulation of PSAT1 leading to increased
production of a-ketoglutarate, which is an essential
cofactor for JMJD3-mediated histone demethylation.
This epigenetic mechanism controls genes related to
immunosuppression in M2 macrophages and early stages
of osteoclastogenesis. Accordingly, this notion unites the
two seemingly unconnected pathological processes, bone
abnormalities in the monoallelic TYROBP deletion carri-
ers and increased immune response in the microglia-like
cell model. However, further studies focusing on insults
relevant for AD, including AP, should be applied in more
sophisticated cell models, such as iPSC-derived neuron-
microglia co-cultures to better understand the functional
effects of monoallelic TYROBP deletion.

Cystic bone lesions accompanied by pain, swelling
and pathological fractures in the ankles and wrists are
the hallmark of the osseous stage of NHD caused by the
loss of TYROBP or TREM?2 and precede the neurologi-
cal symptoms. Remarkably, we show that similar cystic-
like bone lesions can be detected in the monoallelic
carriers of TYROBP deletion, corroborating an earlier
observation in monoallelic siblings of an Austrian NHD
patient carrying different TYROBP variants [44]. Intrigu-
ingly, genetic silencing or pharmacological inhibition of
PSAT1 in mouse osteoclasts leads to an impairment in
osteoclast multinucleation [54], similar to that observed
in monocyte-derived osteoclasts of NHD patients [55].
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Interestingly, some deleterious biallelic TREM2 variants
lead to frontotemporal dementia without bone involve-
ment [6, 7]. Together, this evidence suggests that DAP12
encoded by TYROBP may be more critical for the osteo-
clast function than TREM2.

One of the functions of TREM2-DAP12 pathway in
microglia is to promote anti-inflammatory signaling [56].
Thus, the upregulation of immune response pathways
observed in monoallelic TYROBP deletion carrier and
NHD MDMis might be due to the inability of these cells
to promote anti-inflammatory signaling. Consequently,
these cells may be unable to resolve the immune response
once it is activated, similar to the inability of PERK or
PSAT1-deficient macrophages to initiate immunosup-
pressive activity [53]. This was reflected in the increased
secretion of proinflammatory IL-13 in both monoallelic
TYROBP deletion carrier and NHD MDMi as compared
to controls. A recent snRNA-seq analysis in post-mor-
tem brain of NHD patients observed microglial signa-
ture related to tissue repair functions driven by STATS3,
RUNXI1, and TGEFpB [47]. While we did not detect an
exactly similar signature in our MDMi cell model, many
of the enriched pathways related to immune response
are the same in the NHD patient-derived MDMi and the
microglia in post-mortemn NHD brain. In addition to the
obvious difference between primary microglia and the
microglia-like cell model, these differences may arise
because post-mortem microglia represent the end stage
of the disease, while the MDMi derived from patients
in the early neurological stage and cultured in vitro may
represent the earlier disease stage.

To study the effects of DAP12 reduction on microglial
signaling, we assessed phosphorylation of Syk in response
to M-CSF. In line with previous findings in macrophages
(48], Tyrobp KO BV2 microglial cells were unrespon-
sive to M-CSF stimulation. In contrast, cells with mildly
reduced DAP12 levels increased the phosphorylation of
Syk similar to control cells. This suggests that complete
and partial loss of DAP12 have different effects on the
downstream signaling. Thus, further studies are required
to fully understand the effect of DAP12 reduction on
microglial signaling, particularly in the context of specific
ligand-induced TREM2 receptor activation.

Our study has some limitations. We have used an
imputed proxy marker to identify TYROBP deletion carri-
ers in the FinnGen data since data on large structural vari-
ants is not available in FinnGen. It is possible that the use
of a proxy marker leads to both inclusion of non-carriers
(false positives) and exclusion of true deletion carriers
(false negatives). However, we confirmed in a subcohort
of 50 individuals from FinnGen by Sanger sequencing
that the imputed proxy marker carriers are true 5.2-kb
TYROBP deletion carriers, except for a rare case of very
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low imputation Info score, i.e. low quality of the imputed
genotype, suggesting that our proxy marker reliably
identifies the TYROBP deletion carriers. While loss of
TYROBP expression is the most plausible consequence
of the 5.2-kb deletion, we cannot exclude the possibility
that the deletion has additional effects besides reduced
DAP12 protein levels in myeloid lineage cells demon-
strated in our study. While the deleted sequence does not
contain any other coding regions besides the exons 1-4 of
TYROBP, it is possible that the region contains regulatory
elements, and their absence might affect the expression of
other genes. Replication of our genetic association finding
in other populations or additional cohorts is challenging
since the 5.2 kb TYROBP deletion is a Finnish population
specific founder mutation, and our study was conducted
using the largest available data release of the unique
FinnGen study, combining genotype data and longitudi-
nal health registry data of more than 500,000 individuals,
covering approximately 10% of the Finnish population.
Other NHD causative TYROBP variants are known glob-
ally, especially in the Japanese population. However, they
are extremely rare, and thus, finding enough monoallelic
carriers in a well characterized cohort is unlikely. Never-
theless, our findings are logical due to the close functional
connection between DAP12 (encoded by TYROBP) and
TREM2, and the association of TREM?2 variants with AD
risk. While our genetic association finding is robust, a lim-
itation of the study is that we are only beginning to under-
stand the functional effects of the monoallelic TYROBP
deletion by using a monocyte-derived microglia-like cell
model from a small number of donors. However, this is
the first report exploring the functional effect of the mon-
oallelic TYROBP deletion in microglia-like cells. Our key
findings related to altered genes and pathways are sup-
ported by both transcriptomic and proteomic analyses. It
is well-established that each human in vitro model has its
own set of advantages and disadvantages and while iPSC-
derived microglia cells better mimic the ontogeny of pri-
mary microglia, the monocyte-derived microglia-like cells
have been recently used to study the underlying cellular
mechanisms linked to genetic alterations in the neurode-
generative diseases [27, 57-60]. In this context, our find-
ings indicated that monocyte-derived microglia-like cells
express abundantly a panel of key microglial markers com-
monly used to validate the identity of in vitro microglial
cells, such as CX3 CR1, IBA1, P2RY12, PU.1, TMEM119,
and TREM2. Additionally, we compared the bulk RNA-
sequencing -based gene expression profile of used mono-
cyte-derived microglia-like cells with the gold-standard
microglial cell model, iPSC-derived microglia, and found
that these two models share similar gene expression pro-
files. Importantly, PCA analysis revealed that these two
microglia-like models grouped closely together according



Martiskainen et al. Molecular Neurodegeneration (2025) 20:50

to their expression profiles, which were different from
their respective precursor cells, monocytes and iPSCs.
Although these characterizations support the notion that
the monocyte-derived microglia-like cells already provide
valuable insights into the cellular mechanisms underlying
the monoallelic TYROBP deletion, further studies in other
relevant human models, such as iPSC-derived microglia-
neuron co-cultures are still needed.

Conclusions

In summary, this study identified the monoallelic 5.2-
kb TYROBP deletion as a novel risk factor which lowers
the onset age of AD and dementia, demonstrated for the
first time NHD-like bone cysts in a monoallelic TYROBP
deletion carrier, and provided insights into key biological
pathways altered in microglia-like cells due to TYROBP
deletion.
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