






Cell-type specific assessment of CH variants

To explore the cell-type specificity of CH variants, we assessed 
sharing of variants between sorted cell types (Table 2B). Two 
protein-truncating variants (MD-CH affecting TET2 in ROY CTRL 
GK008 and LD-CH affecting NFE2 in ROY CTRL GK017), predicted to 
have high oncogenic potential based on COSMIC and/or ClinGen- 
CGC-VICC guidelines (Horak et al, 2022), were detected in all three 
cell types. Both showed markedly lower VAFs in CD4+ T cells 
(0.05 and 0.01, respectively; Table S5) compared with NK and 
myeloid cells, where VAFs ranged from 0.10 to 0.17. Since this 
pattern suggested early clonal origin, likely at the level of he
matopoietic stem or progenitor cells, with preferential expansion 
in NK and myeloid lineages, both variants were retained in the CH 
analysis as post-zygotic. Shared variants between NK and mye
loid cells were observed in 25 subjects (19 LOY, 6 ROY), suggesting 
a common clonal origin with lineage-specific expansion. CH 
variants exclusive to NK cells were found in 21 subjects (11 LOY, 
10 ROY). In contrast, CD4+ T cell-specific variants were rare, de
tected in only six individuals (4 ROY, 2 LOY).

The analysis of association between CH and LOY showed the 
total of 39 known MD/LD drivers, with 13 that possibly coexist with 
LOY: ASXL1, DNMT3A, BRCA1, MED12, KMT2D and ATM in NKs and TET2, 
ASXL1, DNMT3A, KMT2D, BRCA1, ATM, and MGA in myeloid cells 
(Fig 4A and B). Similarly, we found 65 and 67 UD-CH events in NK/ 
myeloid cells, respectively, possibly co-occurring with LOY. The 
effect of LOY on total CH burden (a sum of VAFs of all post-zygotic 
variants detected in a sample) is presented in Fig 5. A significant 
Spearman correlation (⍴ = 0.52, adjusted P = 0.00041) was observed 
in myeloid cells, but not in CD4+ T or NK cells, suggesting that LOY 
and CH tend to co-occur in granulocytes and monocytes, and LOY 
may be the primary driver of CH in myeloid lineage. On the 

contrary, CH in NK cells may be less frequently driven by LOY, as 
also supported by numerous variants with VAFs not proportional to 
%LOY (Fig 4, Table S5).

At the individual level, CH displays considerable complexity 
(Table S5). In the LOY group, clonal expansion appears to be driven 
by LOY in NK and myeloid cells in selected cases (e.g., M454), often 
accompanied by LD-CH or UD-CH. VAFs correspond to LOY levels in 
some individuals but not in others (e.g., GK037, M428), suggesting 
that LOY is not always the primary driver of CH. Other cases, like 
KAD054, further highlight the diversity in clonal architecture and 
variable contributions of LOY and post-zygotic variants across cell 
types. In ROY subjects, classical cases are observed where ex
pansion is driven by oncogenic myeloid variants coexisting with 
variants of uncertain significance in lymphoid or unknown driver 
genes (e.g., subject M401). Some individuals (e.g., patient M394), 
exhibit NK-specific LD-CH variants with high oncogenic potential as 
a likely driver, alongside additional variants of other CH types. 
Donor GK008 showed a complex pattern with one specific MD-CH 
variant in myeloid cells and additional UD-CH variant(s) specific to 
CD4+ T or NK cells.

Functional analysis of UD-CHs

Unknown driver variants were found in 48 subjects and may 
contribute to clonal hematopoiesis, especially in individuals 
without deleterious variants in known canonical drivers or LOY. As 
no recurrently mutated unknown driver genes were identified, we 
focused on their molecular functions and associated biological 
processes. To reduce the possibility of inclusion of variants of 
uncertain significance (VUS), we analyzed only protein-truncating 
and highly deleterious missense variants (M-CAP > 0.025). Five 
main processes were identified: regulation of transcription by RNA 
polymerase II and DNA-templated transcription (12 genes: HBP1, 
ABRA, CTBP2, ETV3, ZNF100, HNF1A, BMAL1, MTA2, NKAP, RBM10, 
MED12L, ADORA3), regulation of splicing or transcriptional and 
post-transcriptional regulation of RNA (three genes: DCDC2, 
PLEKHH1, CFAP96), Rho GTPases and small GTPase-mediated signal 
transduction connected to cytoskeleton remodeling (six genes: 
SYDE1, DMPK, MYH3, ABRA, RRAD and HEG1), calcium homeostasis 
(six genes: HEG1, RRAD, RYR1, GRIN2B, HTR5A, ATP2B3) and 
ubiquitin-protein transferase pathways (two genes: RBBP6 and 
PDZRN3).

To identify biological processes potentially disrupted by de
tected post-zygotic variants in all driver genes, we performed Gene 
Set Enrichment Analysis (GSEA). The analyzed cohort was stratified 
according to the chromosome Y status and disease status, which 
resulted in four groups: CTRL-ROY, CTRL-LOY, AD-ROY and AD-LOY. 
Results from two gene ontology databases are shown in Table S6. 
In the AD-LOY group, significant enrichment (Q < 0.05) was ob
served for gene sets related to “immune system process” (NES = 
2.62, q = 10-4) and “hemopoiesis” (NES = 2.49, Q < 10−3), driven by 
genes including ASXL1 and ATM, suggesting perturbation of he
matopoietic regulation and immune response. The AD-ROY group 
showed enrichment in regulatory gene sets, specifically targets of 
the miR-29 family (NES = 2.21, q < 0.01) and MYC transcription factor 
(NES = 2.07, q = 0.039). This enrichment was associated with mu
tations in epigenetic modifiers DNMT3A and TET2, indicating 

Table 2. Recurrently affected genes and subjects with cell-type-specific 
CH variants.

CH type Gene LOY ROY

(A)

MD-CH TET2 2 3

MD-CH DNMT3A 1 2

MD-CH SRSF2 0 2

LD-CH KMT2D 2 0

Cell type LOY ROY

(B)

CD4 2 4

NK 11 10

MYEL 7 4

NK/MYEL 19 6

CD4/NK/MYEL — 2

(A) Number of subjects with CH variants affecting known myeloid (MD-CH) 
and lymphoid (LD-CH) driver genes recurred in LOY and ROY groups; (B) 
number of subjects with cell-type-specific CH variants: MD-CH, LD-CH, and 
unknown driver genes (UD-CH).
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dysregulation of epigenetic and transcriptional networks. In the 
CTRL-ROY group, enrichment was significant for “leukemia” and 
“acute leukemia” terms (NES = 2.12, Q = 0.03), driven by key myeloid 
malignancy-associated genes DNMT3A, IDH1, SRSF2, and TET2. This 
points towards a disruption of hematopoietic stem cell function 
predisposing to myeloid neoplasia. We did not detect any sig
nificantly enriched gene sets in the CTRL-LOY group. The analysis of 
mRNA expression of the 192 UD-CH genes in GeneCards database 
showed that the vast majority of them were clearly and highly 
expressed in immune cells. SYTL5, TRIM71, IL1RAPL1, MAGEC1, SALL3, 
OR5K1, PCDHA12 expressed at intermediate-low level, whereas 
FAM237A, OR5T1, AMER3 were at low levels, and PRAMEF17 had 
no expression detectable above background in hematopoietic 
cells.

Discussion

CH and LOY are common events in elderly; however, their co- 
occurrence is a matter of debate. We used FACS to isolate multiple 
hematopoietic cell lineages from each participant combined with 
deep WES. This approach enables robust detection of post-zygotic 
variants restricted to specific cell types and provides statistically 
meaningful LOY-point mutation co-occurrence estimates even in a 
modest-sized cohort, demonstrating the feasibility of scaling up 
this strategy. Querying public repositories with Ensembl Variant 
Effect Predictor (McLaren et al, 2016), we found that 57% of post- 
zygotic variants in our combined WES dataset are novel, 11% match 
catalogued post-zygotic only entries, and 32% bear mixed germline/ 
post-zygotic annotations, underscoring our multi-lineage design as 

Figure 2. Association between loss of Y chromosome (LOY) and CH types.
(A, B, C, D) LOY and MD-CH; (B) LOY and LD-CH; (C) LOY and UD-CH; (D) LOY and all CH combined (Any-CH). Proportions of subjects with each CH type were compared 
between LOY and ROY groups within AD patients (AD) and controls (CTRL) using logistic regression adjusted for age and age2. Odds ratios (ORs) with 95% confidence 
intervals (CI) are shown. P-values were Benjamini-Hochberg adjusted for eight comparisons (P.adj), with significant adjusted P < 0.05 marked by an asterisk. Arrows 
indicate CIs extending beyond axis limits.
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strongest point of the study. This support extending this 
framework to additional cell types and considerably larger cohort 
to refine variant catalogues and elucidate lineage-specific 
architecture.

We show that LOY infrequently co-occurs with variants in 
established drivers of myeloid and lymphoid malignancies, both in 
AD and CTRL cohorts (Fig 2A and B), suggesting that LOY alone does 
not drive the accumulation of highly pathogenic changes. We 
found altogether 39 sequence variants for known MD/LD drivers 
and maximally 14 (35%) of them could co-exist with LOY in the same 
hematopoietic clone (Fig 4A and B). Additionally, the VAFs of de
tected MD-CH variants were significantly lower in LOY subjects (Figs 
3A and 4A), further supporting the lack of co-occurrence (Kamphuis 
et al, 2023; Mas-Peiro et al, 2023) or even mutual exclusivity of LOY 
and CHIP (Brown et al, 2023). The overall frequency of MD-CH in our 
cohort was 10.2%, irrespective of AD or LOY status, and recurrently 
affected MD genes were TET2, DNMT3A, and SRSF2, which is con
sistent with the literature (Genovese et al, 2014; Jaiswal et al, 2014, 
2017; Niroula et al, 2021; Dawoud et al, 2023; Woo et al, 2024). 
However, when stratifying the cohort according to disease status, 
we found that only 6.1% of AD patients had variants in myeloid 
drivers in comparison to 15.4% of CTRLs. Although this difference 
did not reach statistical significance, most probably due to the 
small cohort size, it is consistent with other studies, which report 
that CHIP is associated with reduced risk of AD (Bouzid et al, 2023). 
It should also be stressed that even though AD patients in our 
cohort are ~10 yr older than controls, we do not see the accu
mulation of MD-CH with age in this group, which is in contrast to 
reports showing higher frequency of CHIP in older individuals 
(Niroula et al, 2021; Kamphuis et al, 2023), and supporting the 
hypothesis of CHIP being the factor reducing the AD risk. However, 

the small sample size in our study remains a key limitation that 
could influence both the strength and direction of the observed 
associations. Indeed, recent findings indicate that CHIP mutations 
are more common in AD patients compared with age-matched 
controls and confer a higher risk of AD (Naito et al, 2025 Preprint; 
Choi et al, 2025 Preprint). Therefore, the results of our study should 
be validated by further research on larger cohorts.

Similar to MD-CH, there was also no enrichment of LD-CH in LOY 
individuals; however, the OR for AD cohort was higher than for UD- 
CH, though not statistically significant, likely due to the rarity of 
these events and small cohort size (Fig 2B). The distributions of 
VAFs of LD-CH variants were similar in LOY and ROY groups (Fig 3A). 
Variants in genes driving lymphoid malignancies are usually 
classified as variants of uncertain significance (VUSs) with lower 
pathogenicity scores, and similar distribution of VAFs in LOY and 
ROY subjects could further support the hypothesis that LOY is not 
associated with highly pathogenic changes, but rather is followed 
by accumulation of VUSs. In contrast to MD-CH and LD-CH, UD-CH 
and Any-CH variants were significantly overrepresented in AD 
patients with LOY (Fig 2C and D), although there were no differ
ences in the distributions of their VAFs between LOY and ROY 
individuals, both in AD patients and CTRLs (Fig 3A and B). Addi
tionally, comparison of the variants identified in our study 
revealed overlap with previously reported LOY-associated tran
scriptional effects (LATEs) genes: 18 UD-CH and 2 LD-CH genes 
had been reported to be dysregulated in myeloid cells of LOY 
subjects with AD (Dumanski et al, 2021; Jąkalski et al, 2025), whereas 
51 UD-CH, 4 LD-CH, and 2 MD-CH genes corresponded to hypo
methylated genes found in granulocytes and monocytes of AD-LOY 
patients (Jąkalski et al, 2025). These might suggest a role for LOY as 
a primary driver of these non-pathogenic passenger mutations in 

Figure 3. VAFs of different types of CH variants versus loss of Y chromosome (LOY).
The boxplots present the distribution of VAFs of variants detected in LOY and ROY subjects. (A, B) VAFs of MD-CH, LD-CH and UD-CH variants in the cohort stratified 
according to the subject’s chromosome Y status only (AD patients and controls combined); (B) VAFs of UD-CH variants in AD patients and controls. In case if more than 
one variant of the same CH type was detected in a subject, only the variant with the highest VAF was included in the analysis. The differences between distributions of 
VAFs in LOY and ROY subjects were tested using the Mann-Whitney U test. The P-values were adjusted for multiple testing using Benjamini-Hochberg method 
assuming five tests. Statistically significant adjusted P-value was marked with an asterisk. The line inside the boxplot represents the median; the cross inside the box 
represents the mean; the upper border of the box represents Q3; the lower border of the box represents Q1; whiskers extend from minimum to maximum. VAF, variant 
allele frequency; AD, Alzheimer disease; LOY, loss of Y chromosome; ROY, retention of Y chromosome; CH, clonal hematopoiesis; MD, myeloid driver; LD, lymphoid 
driver; UD, unknown driver; Q3, third quartile; Q1, first quartile.
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Figure 4. CH versus loss of Y chromosome (LOY) across analyzed cell types.
Scatterplots display the percentage of cells carrying each CH variant type (x-axis) versus the corresponding percentage of cells with LOY (y-axis). (A, B, C) MD-CH versus 
LOY in CD4+ T cells, NK cells and myeloid cells; (B) LD-CH versus LOY in the same cell types; (C) UD-CH versus LOY in the same cell types. Each point represents one variant 
detected in one subject. All variants detected in a given subject were shown. Gray background encodes Y chromosome status on the subject level (LOY ≥ 15% in any cell 
fraction); point shape denotes cell type. Gene symbols are annotated for MD-CH and LD-CH variants.
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the AD cohort. It must be underscored that LOY at cellular 
fractions ≥30% has been associated with MD-CH, LD-CH, and UD-CH 
in the general population (Dawoud et al, 2023). However, deter
mining whether LOY and CHIP truly co-occur within the same cell 
requires single-cell level analysis. In our cohort, LOY was detected 
in 15–97% of cells across 83 samples from 54 individuals (median 
for NK—16.4%, and for myeloid cells—38.2%). Given that the median 
VAF of mutations detected in NKs was 22%, and in myeloid cells 23% 
in LOY subjects, it is not possible to reliably infer the co-occurrence 
of LOY and CHIP within the same cell.

We also analyzed the UD-CHs for their pathogenicity and potential 
to drive CH. Overall, we uncovered 192 UD genes in 48 subjects, and 
these variants were predominantly observed in myeloid and NK cells. 
Twenty percent of UDs represent protein truncating mutations and 
these likely perturb immune homeostasis and hematopoietic regu
lation in which these proteins participate. The analysis of gene ex
pression also showed that the vast majority of UD-CH genes are 
expressed in hematopoietic cells, supporting their potential relevance 
for CH. Further analysis of biological processes and molecular 
functions showed that in the AD-LOY cohort, post-zygotic mutations 
are significantly enriched in gene sets related to hematopoiesis, 
suggesting that LOY in combination with CH may perturb immune 
homeostasis. Moreover, shared UD-CHs were frequent between NK 
and myeloid cells especially in LOY subjects. Thus, LOY can act as a 
clonal driver in myeloid cells (and partially also in NKs), but its role is 
not universal and clonal expansions frequently occur independently 
of LOY. It is important to consider that some of the observed UD-CHs 
may represent passengers, expanding not through their own selective 
advantage but by clonal expansions initiated by LOY or other drivers. 
In this context, LOY may play a more central initiating role, potentially 
leading to the accumulation of additional mutations.

Consistent with the above, we demonstrate a relationship be
tween the total burden of observed CH variants and LOY in the 
myeloid lineage, primarily driven by UD-CHs (Fig 5). This supports the 
notion that CH is not driven by a restricted set of genes but may 

involve a considerably broader range of mutations affecting regu
latory processes in hematopoietic cells and this issue should be 
studied using sorted subpopulations of blood cells rather than using 
bulk DNA derived from all leukocytes. This could help in refining CH 
beyond already known driver genes. The lack of gene-level recur
rence, particularly among UD-CHs, highlights the heterogeneous 
nature of CH and suggests that rare, possibly individual-specific, 
mutations may contribute to clonal expansion. However, the 
functional relevance of many detected variants remains uncertain. 
Distinguishing true drivers from passengers remains a major 
challenge and requires larger cohorts and extensive functional 
validation. Overall, our approach to analysis of clonal expansion 
using deep WES in sorted cells suggests a complex picture of CH with 
potentially many more additional drivers, pointing to a still largely 
unexplored heterogeneity of CH-related sequence variants that may 
or may not be coexisting with LOY. However, given the relatively 
small size of our cohort and lack of functional studies, conclusions 
about the biological significance of UD-CH variants should be viewed 
as preliminary. The enrichment of UD-CHs in LOY-positive individ
uals may reflect a biological signal but could also result from in
creased genomic instability, rather than causality. Many of the 
variants identified reside in genes without established role in he
matopoiesis or Alzheimer’s disease and were prioritized based on 
in silico predictions alone. Thus, whereas our deep WES approach in 
sorted cells reveals a complex and underexplored CH mutational 
landscape, further studies are essential to validate the functional 
roles of UD-CH variants and their possible contributions to disease.

Materials and Methods

Study participants

Sixty-six AD patients were recruited at the Adult Psychiatry Clinic of 
the University Clinical Center in Gdańsk, the Clinic of Internal 

Figure 5. Total CH burden versus loss of Y chromosome across cell types.
For CD4+ T-cells, NK-cells, and myeloid cells in respective facets, these scatterplots illustrate the strength and direction of the monotonic association between total CH 
burden (defined as sum of VAFs of all post-zygotic variants detected in a sample; x-axis) and loss of Y chromosome level (y-axis). Axes are equal-scaled, variables are 
converted to ranks within their respective cell-type, and bottom and left rugs indicate marginal rank distributions. Each subject is shown as a pie glyph depicting the 
proportional contribution of MD-CH (blue), LD-CH (green) and UD-CH (red) variants. Samples lacking detectable CH are rendered as solid grey pies. Dashed black lines 
are least-squares fits to the ranked data, visually representing Spearman’s correlation coefficient ⍴ and its BH adjusted P-values.
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Diseases and Gerontology of the Jagiellonian University in Kraków 
and the Memory Clinic at Uppsala University Hospital. Fifty-two 
controls (CTRLs), recruited from the general population of Gdańsk, 
Kraków, and the EpiHealth study in Uppsala, met inclusion criteria 
of being over 65 yr old with no self-reported history of cancer or 
dementia. Subjects were recruited between 2015 and 2022. Written 
informed consent was obtained from all participants. The study 
was performed in accordance with the Declaration of Helsinki and 
approved by the Independent Bioethics Committee for Research at 
the Medical University of Gdańsk (decision number NKBBN/564/ 
2018 with amendments), the Bioethical Committee of the Regional 
Medical Chamber in Kraków (decision number 6/KBL/OIL/ 
2014 with amendments), and the Uppsala Regional Ethical Review 
Board (Regionala Etikprövningsnämnden in Uppsala [EPN]: Dnr 
2005-244, Ö48-2005; Dnr 2015/092; Dnr 2015/458; Dnr 2015/458/2, 
the latter with update from 2018).

Isolation of target leukocyte subpopulations and determination 
of LOY

Target leukocyte subpopulations (CD4+ T cells, NK cells, gran
ulocytes, and monocytes) were isolated from peripheral blood with 
FACS, following two published protocols, presented in Dumanski 
et al (2021) and Wójcik et al (2024). The proportion of cells with LOY 
(%LOY) in each cell type was determined at the DNA level using 
mLRR-Y values from Illumina SNP arrays (Forsberg et al, 2014) and/ 
or droplet digital PCR (ddPCR) to study the AMELX/AMELY genes 
(Danielsson et al, 2020). Cell subpopulations with ≥15% of cells 
lacking the Y chromosome were classified as LOY, and subjects 
were assigned to the LOY group if any target subpopulation met 
this criterion.

WES and post-zygotic variants identification

WES was outsourced to Macrogen Europe. Libraries were prepared 
using the SureSelect Human All Exon V7 kit (Agilent Technologies) with 
a low-input protocol and sequenced on the NovaSeq6000 Illumina 
Platform using 2 × 150 bp paired-end reads to achieve an average on- 
target coverage of 150X. The sequencing coverage and quality sta
tistics for each sample are summarized in Table S1.

Raw FASTQ files were assessed using the FastQC tool (http:// 
www.bioinformatics.babraham.ac.uk/projects/fastqc) and processed 
with Trim Galore! (v0.6.7) (http://www.bioinformatics.babraham. 
ac.uk/projects/trim_galore) to remove Illumina-specific adapter 
sequences and poor-quality reads, when necessary. The reads were 
mapped to the human reference genome (hg38) using Burrows- 
Wheeler Alignment tool (BWA-MEM) (Li & Durbin, 2009). Reads were 
converted to uBAM format and read groups were extracted from the 
raw data. Post-zygotic single nucleotide variants (SNVs) and small 
indels were identified according to GATK4 best practices (Van der 
Auwera and O’Connor, 2020), and variant calling was performed 
separately using Platypus v0.8.1.1. A list of 97 myeloid and 335 lym
phoid driver genes was curated based on current CH research 
(Tables S2 and S3) (Beauchamp et al, 2021; Niroula et al, 2021; 
Ljungström et al, 2022; Pich et al, 2022; Brown et al, 2023; Dawoud 

et al, 2023; Vlasschaert et al, 2023) with all other protein-coding genes 
categorized as unknown drivers.

SNVs and small indels were identified using Platypus Variant 
Caller v0.8.1.1 (Rimmer et al, 2014) in tumor-only mode. Variants in 
reads with poor mapping quality (<30), and variants supported 
by high-quality bases (≥30) in fewer than five reads were excluded 
from the analysis. Detected variants were functionally annotated 
using ANNOVAR (Wang et al, 2010). In-house R script was used 
to compare variants identified across cell types from a given 
subject to designate them as germline (if present in all cell types) 
or post-zygotic (if present in one or more, but not all cell types). 
To facilitate detection of post-zygotic changes we included 
variants flagged as PASS and alleleBias, and filtered by their 
frequency in the general population, retaining only those with a 
minor allele frequency (MAF) ≤ 0.01 across all gnomAD pop
ulations (“popmax”) or not listed in gnomAD (v2.1.1) (Chen et al, 
2024).

Only variants located in exons (frameshift insertions/deletions, 
nonsense, and missense variants) were included in the analysis. To 
minimize the possibility of inclusion of germline variants with 
imbalanced VAFs or sequencing artefacts, we focused on changes 
classified as post-zygotic and occurring only once in the cohort 
(singleton variants), except for highly oncogenic variants in my
eloid driver genes, which were included even if occurred in more 
than one subject.

For MD-CH variants, we retained only those with a sequencing 
depth ≥20, at least three alternate reads with balanced forward/ 
reverse strand coverage, and tissue allele frequency ≥0.01.

For LD-CH and UD-CH variants, more stringent quality criteria 
were applied, retaining only those with sequencing depth ≥20, at 
least five alternate reads with balanced forward/reverse strand 
coverage, and a tissue allele frequency ≥0.02.

Filtered variants were manually inspected across all analyzed 
cell types using the Integrative Genomics Viewer (IGV) (Robinson 
et al, 2017) to confirm their post-zygotic origin and determine cell- 
type specificity. If a variant was detected in one cell type but not in 
others, BAM files from all cell types were examined in IGV to assess 
whether Platypus may have missed it. In such cases, the variant 
was considered present in a given cell type if it was supported by 
at least five alternate reads with high base quality (≥60), and 
the site had a total read depth of at least 20 with mapping 
quality ≥60.

Statistical analysis

Fisher’s exact test and logistic regression adjusted for age and age2 

was used to assess the association between LOY and CH types in 
AD and CTRL donors, with the association strength expressed as OR 
with 95% CI. Differences in the distribution of age, %LOY and VAFs 
were evaluated using the Mann-Whitney U test. Spearman’s rank- 
based correlation was calculated within each cell type between the 
total CH burden (sum of variants’ VAFs) and the LOY level, and 
visualized with a least-squares line fitted to the ranked values of 
these two variables. All P-values were adjusted for multiple 
comparisons using Benjamini-Hochberg (BH) method. Fisher’s 
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exact test, logistic regression and the Mann-Whitney U tests were 
performed with TIBCO Statistica v13.3 (TIBCO Software Inc.), 
whereas Spearman’s rank-based correlation analysis and GSEA 
were carried out using R v4.4 (R Core Team, 2025).

GSEA and mRNA expression analysis

GSEA was conducted using clusterProfiler v4.14.6 (Yu et al, 2012) 
with default settings, except that the minimum gene set size 
was set to five. Genes with post-zygotic SNVs were ranked by 
classification, frequency and predicted functional impact. The 
analysis integrated multiple annotation databases, including 
Gene Ontology (Ashburner et al, 2000) Biological Process 
(GO_BP) and Molecular Signatures Database (Subramanian 
et al, 2005) (MSigDb 2024.1.hs). Gene sets with permutation- 
based BH adjusted P-values < 0.05 were considered signifi
cantly enriched. We also analyzed the mRNA expression of the 
192 UD-CH genes, focusing on hematopoietic cells, using data 
from GeneCards database (www.genecards.org) (Stelzer et al, 
2016). A gene was classified as expressed above background if 
in GeneCards any mRNA level in any immune cell type (bone 
marrow, whole blood, white blood cells, lymph node, or thy
mus) shows (100 × FPKM) 1/2 > 1 for bulk RNA-seq or (intensity) 
2/3 > 1 for microarray data, or if protein expression in any 
blood and immune tissue (serum, plasma, monocyte, neu
trophil, B-lymphocyte, T-lymphocyte, CD4+ T cells, CD8+ T cells, 
NK cells, PBMCs, platelets, lymph node, tonsil, bone marrow 
stromal cell, or bone marrow mesenchymal stem cell) was log10 

(ppm) > −1.

Data Availability

All raw sequencing data generated in this study have been 
submitted to the EGA—European Genome-Phenome Archive 
(EGA: https://ega-archive.org/) under accession number 
EGAS00001008234.
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Rychlicka-Buniowska E, Jaszczyński J, Heintz J, Lannfelt L, Giedraitis V, 
et al (2020) Longitudinal changes in the frequency of mosaic 
chromosome Y loss in peripheral blood cells of aging men varies 
profoundly between individuals. Eur J Hum Genet EJHG 28: 349–357. 
doi:10.1038/s41431-019-0533-z

Dawoud AAZ, Gilbert RD, Tapper WJ, Cross NCP (2022) Clonal myelopoiesis 
promotes adverse outcomes in chronic kidney disease. Leukemia 36: 
507–515. doi:10.1038/s41375-021-01382-3

Dawoud AAZ, Tapper WJ, Cross NCP (2023) Age-related loss of chromosome Y 
is associated with levels of sex hormone binding globulin and clonal 
hematopoiesis defined by TET2 , TP53 , and CBL mutations. Sci Adv 9: 
eade9746. doi:10.1126/sciadv.ade9746

Dumanski JP, Lambert JC, Rasi C, Giedraitis V, Davies H, Grenier-Boley B, 
Lindgren CM, Campion D, Dufouil C, European Alzheimer’s Disease 
Initiative Investigators, et al (2016) Mosaic loss of chromosome y in 
blood is associated with Alzheimer disease. Am J Hum Genet 98: 
1208–1219. doi:10.1016/j.ajhg.2016.05.014

Dumanski JP, Halvardson J, Davies H, Rychlicka-Buniowska E, Mattisson J, 
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Ganster C, Kämpfe D, Jung K, Braulke F, Shirneshan K, Machherndl-Spandl S, 
Suessner S, Bramlage CP, Legler TJ, Koziolek MJ, et al (2015) New data 
shed light on Y-loss-related pathogenesis in myelodysplastic 
syndromes. Genes Chromosomes Cancer 54: 717–724. doi:10.1002/ 
gcc.22282
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Loss of Y chromosome in Alzheimer's patients co-occurs with somatic

http://doi.org/10.26508/lsa.202503533
Vol 9 | No 2 | e202503533

http://doi.org/10.26508/lsa.202503533

