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Loss of the Y chromosome (LOY) is one of the most common somatic
genomic alterations in hematopoietic cells in men. However, due to
the high prevalence of LOY as the sole cytogenetic finding in the

healthy older population, differentiating isolated LOY associated with
clonal hematologic processes from aging-associated mosaicism can be dif-
ficult in the absence of definitive morphological features of disease. In the
past, various investigators have proposed that a high percentage of
metaphases with LOY is more likely to represent expansion of a clonal
myeloid disease-associated population. It is unknown whether the pro-
portion of metaphases with LOY is associated with the incidence of
myeloid neoplasia-associated genomic alterations. To address this ques-
tion, we identified bone marrow samples with LOY as an isolated cyto-
genetic finding and used targeted next generation sequencing-based
molecular analysis to identify common myeloid neoplasia-associated
somatic mutations. Among 73 patients with a median age of 75 years
(range, 29-90), the percentage of metaphases with LOY was <25% in 23
patients, 25-49% in 10, 50-74% in 8 and ≥75% in 32. A threshold of
≥75% LOY was significantly associated with a morphological diagnosis
of myeloid neoplasm (P=0.004). Furthermore, ≥75% LOY was associated
with a higher lifetime incidence of a diagnosis of myelodysplastic syn-
dromes (MDS) (P<0.0001), and in multivariate analysis ≥75% LOY was a
statistically significant independent predictor of myeloid neoplasia (odds
ratio 6.17; 95% confidence interval: 2.15-17.68; P=0.0007]. Higher LOY
percentage (≥75%) was associated with greater likelihood of having
somatic mutations (P=0.0009) and a higher number of these mutations
(P=0.0002). Our findings indicate that ≥75% LOY in bone marrow cells is
associated with an increased likelihood of molecular aberrations in genes
commonly seen to be altered in myeloid neoplasia and with morpholog-
ical features of MDS. These observations suggest that ≥75% LOY in bone
marrow should be considered an MDS-associated cytogenetic aberration. 
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ABSTRACT

Introduction

Loss of the Y chromosome (LOY) was first described in 1963 in cultured periph-
eral blood leukocytes.1 LOY is one of the most common acquired somatic genomic
alterations in men; present in approximately 6% of all male bone marrow kary-
otypes and in 16% of karyotypes from abnormal marrows.2,3 The incidence of LOY
in bone marrow cells increases proportionally with age, with up to 20% of healthy
men over 80 years of age showing LOY by conventional marrow karyotyping.4,5

LOY is observed in association with myeloproliferative neoplasms (MPN),
myelodysplastic syndromes (MDS), acute myeloid leukemias (AML) and B-cell



lymphomas/leukemias, often in the context of other chro-
mosomal abnormalities.2,6-8 LOY is one of the most com-
mon recurrent cytogenetic abnormalities seen in MDS,
with an incidence of up to 30% in males.3,5,8-13 The inci-
dence of isolated LOY in MDS is lower, ranging from 4 to
10%.8,14 Although there is no definitive association
between LOY and clinical or biological characteristics in
MDS, some groups have reported a higher incidence of
ring sideroblasts, lower bone marrow myeloid to ery-
throid ratio, blast proportion, and blood leukocyte count
in MDS patients with LOY than in those without LOY.9

MDS patients with isolated LOY have longer overall and
leukemia-free survival compared to MDS patients with
normal cytogenetics; conversely, in AML, chronic myeloid
leukemia and chronic lymphocytic leukemia, isolated
LOY has been associated with a poorer prognosis.2,14-20

These observations suggest that MDS with LOY might be
associated with a unique biology.

In individual cases, it can be difficult to distinguish
whether LOY in MDS is a disease-associated alteration or
just incidental aging-associated somatic mosaicism. In cur-
rent World Health Organization (WHO) diagnostic crite-
ria, LOY by itself cannot be used to define MDS, unlike
other more strongly MDS-associated cytogenetic aberra-
tions such as del(5q) or del(7q).21 Although the incidence of
LOY increases with age, the percentage of metaphases
with LOY in healthy people typically does not increase
with age, so that a high proportion of metaphases may be
more likely to represent a marker of disease rather than
progressive clonal expansion of an inconsequential LOY
cell population during aging.5,22 Some studies have suggest-
ed that 75-100% of metaphases with LOY in bone mar-
row are likely to be disease-associated rather than being
age-associated.2,23,24

Recently, large genome-wide association studies
enrolling more than 200,000 men in the UK Biobank
demonstrated an association of germline single nucleotide
polymorphisms of 156 autosomal loci as well as differen-
tial methylation of various genes with LOY.4,25-27 Whether
any of the LOY-associated single nucleotide polymor-
phisms or epigenetic changes contribute to a risk of hema-
tologic neoplasia is unclear. 

While LOY involving a higher proportion of metaphases
has been consistently associated with MDS, it is uncertain
whether there is a corresponding increased incidence of
pathogenic MDS-associated mutations, which typically
affect genes involved in DNA methylation, DNA damage
repair, chromatin modification, RNA processing, tran-
scription and signal transduction.28 In addition, although
karyotype evolution has been reported in patients with
LOY over time, the rate at which patients with LOY accu-
mulate additional mutations is unknown.23 The goal of
this study was to evaluate the landscape of somatic muta-
tions in patients with LOY.   

Methods

The cytogenetic databases of Brigham and Women’s Hospital
and Massachusetts General Hospital (Boston, MA, USA) were
searched for patients with isolated LOY cytogenetic abnormality
on conventional karyotyping of bone marrow cells (defined as ≥3
metaphases with isolated LOY) reported between 01/2005 and
08/2018. Patients with lymphoid or plasma cell malignancies
involving bone marrow and those who had received chemother-

apy within the preceding 3 months were excluded, as were those
without a matching marrow specimen for morphological evalua-
tion.  

Medical records were reviewed to identify age at presentation,
clinical diagnosis, and clinical course including treatment.
Marrow aspirate smears and biopsy cores were re-evaluated by
two hematopathologists (OW and MO) and were classified
according to the revised 2017 WHO classification of myeloid
neoplasms.21 Marrow samples that did not fulfill WHO-defined
diagnostic criteria were separated into cases with minimal dys-
plasia (affecting <10% cells in any lineage) and no dysplasia. 

Fresh marrow aspirates at the time of initial presentation of
LOY or concurrent blood samples were subjected to next-gener-
ation sequencing (NGS)-based molecular analysis for genes asso-
ciated with hematologic neoplasms. For marrow samples that
had not undergone NGS for clinical indications, NGS was per-
formed on DNA extracted from the corresponding archived
frozen cytogenetic cell pellets. NGS panels including 95 (Rapid
Heme Panel of Brigham and Women’s Hospital) or 103 (Heme
SnapShot Panel of Massachusetts General Hospital) genes of
importance in myeloid neoplasia (hotspots in oncogenes and
most of the coding regions of tumor suppressors) (Online
Supplementary Table S1) were used for mutation analysis. The for-
mer is an amplicon-based approach using an Illumina Truseq
Custom Amplicon kit (San Diego, CA, USA), with an average
depth of 1500x.29 The latter is an anchored multiplex polymerase
chain reaction-based panel (Archer DX, Boulder, CO, USA) with
an average demultiplexed coverage of 350x.30 After filtering for
recurrent assay specific false positives, single nucleotide variants
and small insertions/deletions at an allele fraction of ≥0.05 were
filtered based on population databases to eliminate likely
germline variants. Somatic variants were further classified based
on information available in literature, in silico tools, ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/), Catalog of Somatic
Mutations in Cancer (https://cancer.sanger.ac.uk/cosmic) and pub-
lished guidelines for the interpretation and reporting of sequence
variants in cancer.31 Only likely pathogenic and pathogenic vari-
ants identified in patients’ samples were analyzed for this study.       

The selection of patients and analysis of clinical/laboratory
results for this study were approved by the Partners Healthcare
Institutional Review Board (Protocol #: 2009P001369). Statistical
analysis was performed using JMP®, version 14 (SAS Institute
Inc., Cary, NC, USA). A P-value of <0.05 was considered statisti-
cally significant. Individual P-values and tests performed are pro-
vided in the Results section. Briefly, in addition to descriptive sta-
tistics, analysis of distribution of categorical variables were per-
formed using the Fisher exact test or Pearson χ2 test. Continuous
variables were compared by one-way analysis of variance
(ANOVA) or the Wilcoxon/Kruskal-Wallis test with χ2 approxi-
mation. A log-rank test was used to compare progression among
patients with long-term follow-up. Multivariate analysis with a
row-wise method for estimation of correlation and logistic
regression analysis were used to compare predictor variables; and
generate correlation coefficients, confidence intervals and corre-
lation probabilities. 

Results

Identification of cases
We identified 106 LOY cases reported as an isolated

cytogenetic abnormality from 88 patients (Online
Supplementary Figure S1A). Of these 106 samples, 15 were
subsequently excluded from analysis because of lack of
molecular analysis data (i.e., they failed the quality control

M.M. Ouseph et al.

556 haematologica | 2021; 106(2)



for NGS assay). The final study set comprised the remain-
ing 91 samples from 73 patients.

Age at presentation and extent of loss of chromosome Y
Most (86%) patients were older than 65 years; the medi-

an age was 75 years (range, 29-90; mean 73 years) (Online
Supplementary Figure S1B). Twenty-three patients had
<25% metaphases with LOY, 10 had 25-49%, 8 had 50-
74%, and 32 had ≥75%. Bivariate analysis did not demon-

strate any significant correlation between age and percent-
age of metaphases involved by LOY (Table 1, Online
Supplementary Figure S1C). All identified patients had
undergone bone marrow evaluation for either a history of
cytopenias or cytosis; 56 patients (77%) had at least one
cytopenia at the time of marrow evaluation. There was no
association between percentage of metaphases with LOY
and affected lineage or severity of peripheral blood
cytopenias. 

High-proportion LOY is likely an MDS associated aberration
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Figure 1. Loss of chromosome Y in ≥75% metaphases is associated with morphological features of myeloid neoplasia and progression to myelodysplastic syn-
drome. (A) Mosaic graph demonstrating pathological diagnoses in relation to percentage of metaphases involved by loss of chromosome Y (LOY) ; divided into four
bins for ease of comparison. ≥75% LOY is significantly associated with myeloid neoplasia; while <25% LOY is associated with no/minimal dysplasia. (B) Failure plot
demonstrating presence or absence of evidence of progression in patients with LOY with no dysplasia/minimal dysplasia at presentation. Each dot represents diag-
nosis of myelodysplastic syndrome during follow up. The red line represents patients with ≥75% LOY, while the blue line represents patients with <75% LOY. 
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Loss of chromosome Y in ≥75% metaphases 
is significantly associated with a morphological 
diagnosis of a myeloid neoplasm, especially 
myelodysplastic syndrome

A WHO-defined diagnosis was made in 39/73 patients
(53% of the total): 35 patients were diagnosed with differ-
ent subtypes of MDS (MDS with single lineage dysplasia,
MDS with multilineage dysplasia, MDS with ring siderob-
lasts and multilineage dysplasia, MDS with excess blasts-
1, MDS with excess blasts-2, and therapy-related MDS),
as shown in Table 1. Four patients were diagnosed with
myelodysplastic/myeloproliferative neoplasm with ring
sideroblasts and thrombocytosis. No other MDS/MPN
subtypes were identified and none of the patients met cri-
teria for MPN or AML. 

Among the remaining 34 patients who did not meet
diagnostic criteria for any WHO-defined myeloid neo-
plasm, 14 had minimal dysplasia not meeting the 10%
diagnostic threshold for a diagnosis of MDS and one
patient had a hypocellular bone marrow suggestive of
aplastic anemia. The remaining 19 patients had a morpho-
logically normal bone marrow evaluation. Of note, 73%
of patients with minimal bone marrow dysplasia not diag-
nostic of MDS had blood cytopenias at presentation,
while only 30% of patients with a morphologically nor-
mal bone marrow study had peripheral blood cytopenias;
however, this difference did not reach statistical signifi-
cance due to small numbers (P=0.32; Wilcoxon/Kruskal-
Wallis test, χ2 approximation). 

There was a significant association between higher per-
centages of metaphases with LOY and diagnosis of
myeloid neoplasia (Figure 1A). Bone marrow samples
with ≥75% LOY had a very high likelihood of a morpho-
logical diagnosis of a myeloid neoplasm (P=0.004; Fisher
exact test, Pearson χ2 P-value), while samples with <25%
LOY were associated with no/minimal dysplasia
(P=0.0484; Fisher exact test, Pearson χ2 P-value).

Loss of chromosome Y in ≥75% metaphases
is significantly associated with progression 
to myelodysplastic syndrome

Subsequent bone marrow evaluation had been per-
formed on 34 patients who did not meet criteria for a
WHO-defined diagnosis of myeloid neoplasia at the initial
presentation with LOY, with an interval of 0.4 to 152.8
months (median 34.1 months) after the initial bone mar-
row evaluation. In the subsequent marrow evaluation, 4/7
patients (57%) with ≥75% LOY had a marrow morpho-
logical diagnosis of MDS, compared to only 1/27 patients
with <75% LOY (P<0.0001; log-rank test, χ2 = 22.979)
(Figure 1B). 

Loss of chromosome Y in ≥75% metaphases 
is significantly associated with mutations in myeloid
neoplasia-related genes

Among the 73 LOY patients with NGS performed at
presentation, 25/32 (78%) patients with ≥75% LOY had
pathogenic mutations in tested myeloid neoplasia-associ-
ated genes. The frequency of mutations was associated
with LOY burden: 5/8 (63%) patients with 50-74% LOY,
5/10 (50%) with 25-49% LOY, and 8/23 (35%) with
<25% LOY had mutations (Table 2, Online Supplementary
Tables S2 and S3). The mean number of mutations per
patient was 2.2 in samples with ≥75% LOY, 1.3 in sam-
ples with 50-74% LOY, 0.8 in samples with 25-49% LOY,

and 0.6 in samples with <25% LOY. Bivariate analyses
demonstrated that ≥75% LOY was significantly associat-
ed with greater likelihood of having somatic mutations
commonly associated with myeloid neoplasm (P=0.0009;
one-way ANOVA) and a higher number of such muta-
tions (P=0.0002; one-way ANOVA) (Figure 2).
Multivariate analysis demonstrated a positive correlation
between total number of mutations as well as number of
mutated genes and % LOY (row-wise method) (Figure 3,
Online Supplementary Tables S4 and S5). In multivariate
analysis using a logistic regression model with effective
likelihood ratio test, % LOY was found to be a statistical-
ly significant predictor of diagnosis of myeloid neoplasia
(odds ratio [OR] 1.03,  95% confidence  interval [95% CI]:
1.02-1.04; P=0.0005) per 20% increase in LOY; OR 6.17
(95% CI: 2.15-17.68; P=0.0007) for ≥75% LOY) (Table 3).

The most commonly mutated genes were TET2,
SF3B1, U2AF1, ZRSR2 and ASXL1 (Table 2, Online
Supplementary Tables S2 and 3). Analysis of variance
demonstrated that the variant allele frequencies (VAF) for
pathogenic variants were significantly higher in patients
with ≥75% LOY than in those with <25% LOY
(P=0.000027, F-ratio=9.4; one-way ANOVA) (Table 2).
Patients with ≥75% LOY had an overall higher incidence
(50%) of mutations in spliceosome components (SFB31,
SRSF2 and U2AF1), JAK2 and RUNX1 compared to the
incidence of 9% in patients with LOY <25%, 10% in
those with 25-49% LOY and 13% in patients with 50-
74% LOY (P=0.011; Pearson χ2 test) (Table 2).32 In addi-
tion, patients with ≥75% LOY had a higher incidence
(50%) of two or more mutations compared to the inci-
dence of 9% of in patients with <25% LOY, 10% in those
with 25-49% LOY and 38% in patients with 50-74%
LOY (P=0.01; Pearson χ2 test) (Table 2). Furthermore, a
large subset of patients with ≥75% LOY had these muta-
tions in combination with mutations in TET2, DNMT3A
and/or ASXL1 (28%), compared to 4% of those with
<25% LOY, 10% of 25-49% LOY patients and 25% of
50-74% LOY patients (P=0.01; Pearson χ2 test) (Table 2).
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Table 1. Age and pathological diagnoses in the study population. 
                                                         [%] LOY
                                                 <25%        25-49%       50-74%      ≥75%

Age (years)                                                                                                             
25-49                                                  1                     0                     0                   2
50-74                                                 11                    4                     4                  11
75-100                                               11                    6                     4                  19

Pathological diagnosis                                                                                          
No dysplasia                                    8                     4                     4                   4
Minimal dysplasia,                         6                     3                     1                   4
not diagnostic of MDS
MDS/t-MDS                                      9                     3                     3                  20

MDS-SLD                                    6                     1                     1                   4
MDS-MLD                                   2                     2                     1                  10
MDS-RS-MLD                            0                     0                     0                   3
MDS-EB-1                                   0                     0                     0                   1
MDS-EB-2                                   1                     0                     0                   1
t-MDS                                          0                     0                     1                   1

MDS/MPN-RS-T                              0                     0                     0                   4
[%] LOY: percentage of metaphases with loss of Y chromosome; MDS: myelodysplastic
syndrome; MDS-SLD: MDS with single lineage dysplasia; MDS-MLD: MDS with multilin-
eage dysplasia; MDS-RS-MLD: MDS with ring sideroblasts and multilineage dysplasia;
MDS-EB-1: MDS with excess blasts-1; MDS-EB-2: MDS with excess blasts-2; t-MDS: thera-
py-related MDS; MDS/MPN-RS-T: myelodysplastic/myeloproliferative neoplasm with
ring sideroblasts and thrombocytosis. 



Mutations with a high VAF as well as presence of two or
more mutations, especially including mutations in TET2,
DNMT3A and/or ASXL1, are known to correlate strongly
with the presence of MDS or to have a clinical course
indistinguishable from that of MDS with the same muta-
tion profile.32

Incidence of somatic mutations in patients with ≥75%
loss of chromosome Y is higher than that in the 
age-matched general population

We compared the proportion of patients with any muta-
tion in myeloid neoplasia-related genes to the incidence of
clonal hematopoiesis of indeterminate potential compiled
from the published literature (Table 4).33 The overall inci-
dence of mutations in myeloid neoplasia-related genes in
our cohort of patients with any LOY was higher (58%)
than that seen in healthy individuals >70 years of age (10-
15%). Moreover, the incidence was much higher when
only patients with ≥75% LOY were considered (81%),
close to the incidence of somatic mutations seen in

patients with MDS (85-90% in most series with broad
testing panels). 

Progression of loss of chromosome Y over time 
We identified 30 sequential samples with matching NGS

data from 12 patients for evaluation of changes over time.
These samples were obtained at varying time intervals after
the first (median 22 months; range, 7-72 months). Of these
12 patients, seven did not demonstrate morphological fea-
tures diagnostic of myeloid neoplasia at initial presentation
with LOY (Figure 4). On follow-up, four of these seven
patients progressed to having overt MDS, all of whom
showed either an increased percentage of metaphases with
LOY or persistent 100% LOY. The remaining three patients
did not demonstrate evidence of progression to a myeloid
neoplasm, despite an increase in the percentage of LOY
metaphases in two. Of the five patients who had morpho-
logical diagnostic features of MDS at presentation, three
maintained 100% LOY, while the remaining two showed
an increase in percentage of LOY over the follow-up period. 

High-proportion LOY is likely an MDS associated aberration
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Figure 2. Loss of chromosome Y in ≥75%
metaphases is associated with somatic
mutations in myeloid neoplasia-related
genes. (A) Box plot demonstrating per-
centage of metaphases with loss of chro-
mosome Y (LOY) compared to number of
myeloid neoplasia related genes mutated.
(B) Scatter plots demonstrating relation
between total number of mutations and
pathologic diagnosis in patients with
≥75% LOY and <75%. MDS/MPN-RS-T:
myelodysplastic/myeloproliferative neo-
plasm with ring sideroblasts and thrombo-
cytosis; MDS/t-MDS: myelodysplastic syn-
drome/therapy-related myelodysplastic
syndrome.
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The number of somatic mutations identified by NGS
was variable for patients over the follow-up period. Two
out of three patients who did not demonstrate progression
to MDS showed a loss of detectable mutations (with an
initial KDM5A mutation with a VAF of 0.05 and PPM1D
with a VAF of 0.06) while the remaining patient showed
no change in number of mutations. Of the four patients
who showed progression to MDS, three had an increase
in the number of mutations, while one patient did not
demonstrate any change in number of mutations. Among
five patients who had diagnostic morphological features
of MDS at presentation, one patient showed a loss of
detectable mutations (CUX1 with an initial VAF of 0.14)

with persistence of diagnostic MDS morphological fea-
tures, while one patient did not demonstrate any change
in number of mutations over time. The remaining three
patients showed increases in the numbers of mutations
over the follow-up period. The mutations that accumulat-
ed over time in patients who had a diagnosis of MDS
occurred in TET2 (2 patients, VAF 0.18 and 0.21), ZRSR2 (1
patient, VAF 0.14), RUNX1 (1 patient, VAF 0.05), ASXL1 (2
patients, VAF 0.36 and 0.09), SETBP1 (2 patients; VAF 0.24
and 0.18), STAG2 (1 patient; VAF 0.23), IDH1 (1 patient,
VAF 0.31), STAT3 (1 patient, VAF 0.37), CBL (1 patient,
VAF 0.23), CBLB (1 patient, VAF 0.13) and PHF6 (1 patient;
VAF 0.29). 
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Figure 3. Percentage of loss of chromosome Y demonstrates positive correlation with total number of mutations as well as number of mutated genes by multi-
variate analysis. Scatterplot matrix demonstrating correlation between age, percentage of metaphases with loss of chromosome Y, total number of mutations and
number of genes mutated. Correlation coefficient for individual correlations provided in each scatterplot. Horizontal bar graphs demonstrating distribution of each
parameter is also shown. LOY: loss of Y chromosome.



Discussion

LOY as a sole cytogenetic finding is one of the most
common somatic genomic alterations in blood and mar-
row of elderly men.5,34 LOY as a post-zygote genomic
alteration occurs at varying rates in different tissues,
including non-hematopoietic cells.5,35,36 Interest in LOY is
increasing because of the mounting evidence of a role of
LOY in various disorders including atherosclerosis, late-
stage age-related macular degeneration, Alzheimer dis-
ease, and autoimmune disorders such as primary biliary
cirrhosis and autoimmune thyroiditis.36-43 In addition,
mosaic LOY in blood has been associated with a higher
risk of all-cause mortality and overall shorter life
expectancy.39,43-45 LOY in blood is associated with an
increased incidence of concurrent diagnosis of non-
hematopoietic malignancies such as head and neck, col-
orectal, prostatic and pancreatic carcinomas and may
contribute to the increased incidence of some tumors in
males.39,46-53 LOY in neoplastic tissues has been reported
in various solid tumors, including carcinomas of urothe-
lium, pancreas, esophagus, head and neck, and kid-
ney.46,49,54-57

LOY is also one of the most common recurrent cytoge-
netic abnormalities seen in MDS. As MDS is predomi-
nantly observed in older people, it is difficult to separate
age-associated LOY from disease-associated LOY.
Although marrow sampling has an inherent age bias
since the incidence of myeloid neoplasms increases with
age, marrow samples taken from young patients evaluat-
ed for hematologic disorders do not demonstrate the
same high incidence of LOY as that seen in the elderly.34

Consistent with published literature, in our cohort most
patients were older than 65 years, with a median age of
75 years. 

In an analysis conducted in 1992, in which convention-
al karyotyping was used, the incidence of LOY was esti-
mated at approximately 11% in patients with MDS and
4% in those with AML.8 Subsequently, in 1997, Garcia-
Isidoro et al. demonstrated the presence of LOY in 29%

of male patients diagnosed with MDS using fluorescence
in situ hybridization studies on bone marrow.9

Some studies have suggested that the proportion of
metaphases with LOY could be used to separate age-
associated LOY from disease-associated LOY. In previ-
ous analyses, the degree of LOY was not correlated with
the severity of peripheral blood cytopenias.58,59 In an
analysis published in 2000, Wiktor et al. identified that
using 81% Y chromosome loss as a cut-off maximized
the combined sensitivity (28%) and specificity (100%)
for predicting the presence of disease states associated
with LOY.2 In a subsequent study in 2011 by Wiktor and
colleagues, restricted to men >50 years old,23 a myeloid
neoplasm (MDS, MPN and AML) could be diagnosed in
64/161 patients with >75% metaphases with LOY.23 In
another series, a cutoff of 21.5% LOY in CD34-positive
blood cells was proposed to discriminate between age-

High-proportion LOY is likely an MDS associated aberration
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Table 2. Loss of chromosome Y is associated with somatic mutations that are frequently present in myeloid neoplasia.  
                                                                                                                                  [%] LOY (total number of patients)
                                                                                                                         <25% (23)               25-49% (10)               50-74% (8)            ≥75% (32)

Number of somatic mutations (number of patients with mutations; 
mean VAF)

TET2                                                                                                                                  2 (1; 0.33)                              0                              5 (4; 0.36)               12 (9; 0.40)
SF3B1                                                                                                                                1 (1; 0.23)                              0                              1 (1; 0.41)              10 (10; 0.36)
U2AF1                                                                                                                                        0                                       0                                       0                         4 (4; 0.25)
ZRSR2                                                                                                                                        0                                       0                                       0                         4 (3; 0.48)
ASXL1                                                                                                                                1 (1; 0.43)                      1 (1; 0.05)                      1 (1; 0.07)                 4 (3; 0.32)
JAK2                                                                                                                                           0                              1 (1; 0.46)                              0                         3 (3; 0.37)
SETBP1                                                                                                                                      0                                       0                                       0                         2 (2; 0.41)
CBL                                                                                                                                            0                                       0                              1 (1; 0.49)                 2 (2; 0.27)
SH2B3                                                                                                                                        0                                       0                                       0                         2 (2; 0.27)

STAG2                                                                                                                                         0                                       0                                       0                         2 (2; 0.31)
Total number of somatic mutations (number of patients with mutations)                 13 (7)                              7 (5)                               9 (5)                        65 (25)
Number of patients with mutations in spliceosome components,                               2 (8.7)                             1 (10)                            1 (12.5)                     16 (50)
JAK2 and RUNX1 (%)
Number of patients with ≥2 mutations (%)                                                                        2 (8.7)                             1 (10)                            3 (37.5)                     16 (50)
Number of patients with combinations of mutations in TET2,                                       1 (4.4)                             1 (10)                             2 (25)                      9 (28.1)
DNMT3A and/or ASXL1 (%)

Number of mutations and variant allele fraction in commonly mutated myeloid neoplasia-related genes. For details please see Online Supplementary Tables S2 and S3. [%] LOY:
percentage of metaphases with loss of Y chromosome; VAF: variant allele fraction.

Table 3. Multivariate analysis demonstrates that percentage loss of
chromosome Y is a statistically significant independent predictor of a
diagnosis of myeloid neoplasia. 
Characteristic        Odds ratio (95% CI)                               P-value 
                                                                                    (effective likelihood 
                                                                                           ratio test)

% LOY                         1.026 (1.02-1.04) per 20% increase              0.0005
                                      8.83 (2.51-34.89) for entire range
≥75% LOY                  6.17 (2.15-17.68)                                               0.0007
Age                               0.99 (0.95-1.03) per 10 years                           0.69
                                      0.60 (0.04-7.87) for entire range                        
Presence of              2 (0.78-5.15)                                                        0.15
mutations                   
Number of                 1.21 (0.86-1.71) per gene mutated                 0.27
genes mutated         3.12 (0.40-24.53) for entire range                      
Total number            1.22 (0.90-1.65) per mutation                          0.18
of mutations              4.02 (0.48-33.35) for entire range                                         

Multivariate analysis using a logistic regression model for prediction of a diagnosis of
myeloid neoplasia with odds of diagnosis of myeloid neoplasia, 95% confidence inter-
val and P-value. 95% CI: 95% confidence interval; % LOY: percentage of metaphases
with loss of Y chromosome).



and disease-associated LOY in MDS, but CD34 selection
for chromosome analysis is not used in the clinical set-
ting.14

In our series, marrow samples with ≥75% LOY had a
high likelihood of morphological diagnosis of myeloid
neoplasia, most commonly MDS. Our data also suggest
that patients with ≥75% LOY who initially have a non-
diagnostic marrow have a higher likelihood of progres-
sion to a morphological diagnosis of MDS on follow-up.
The presence of <25% LOY metaphases, on the other
hand, was associated with normal bone marrow mor-
phology and a low likelihood of progression to MDS.
These observations further support the notion that LOY
involving a high proportion of metaphases might be a dis-
ease-associated genomic alteration. 

To our knowledge, no published study has evaluated
the presence of myeloid-type mutations in patients with
isolated LOY. In our cohort, patients with ≥75% LOY had
a high prevalence (>80%) of somatic mutations associat-
ed with myeloid neoplasia, especially MDS. Although
these mutations, as with LOY, can be seen in aging pop-
ulations (so-called age-related clonal hematopoiesis or
clonal hematopoiesis of indeterminate potential), the inci-
dence of these frequent alterations was much higher
when LOY was ≥75% compared to the incidence found
in age-matched populations from the literature. These
findings suggest that ≥75% LOY is associated with an
MDS-type mutation signature and therefore likely repre-
sents disease-associated clonal proliferation.22

The molecular mechanisms behind the association of
LOY, aging and neoplasia are not completely understood.
There is no clear association between LOY and numerical
abnormalities of other chromosomes.9,27,53 LOY does not
seem to reflect an overall propensity to loss of small-sized
chromosomes.60,61 Alternative proposed causes for a high
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Table 4. Prevalence of mutations in myeloid neoplasia-related genes in the
cohort with ≥75% loss of chromosome Y is comparable to the reported preva-
lence in patients with myelodysplastic syndrome. 
                                                  Mutation frequency
                                     Myelodysplastic     Current        Current ≥75%     Healthy
                                          syndrome       LOY cohort       LOY cohort    individuals 
                                                                                                                 >70 years

Proportion of patients          72-90%                   58%                       81%                  5-10%
with any mutation

Splicing factor genes                                                                                                       
SF3B1                                15-32%                   12%                       32%                0.1-0.2%
SRSF2                                10-17%                    2%                         3%                   <0.1%
U2AF1                                 7-12%                     4%                        13%                  <0.1%
ZRSR2                                 3-11%                     4%                        10%                        

DNA methylation genes                                                                                                  
TET2                                    20-32%                   13%                       26%                0.3-0.4%
DNMT3A                              5-13%                     4%                         3%                   1.5-2%

Histone modification genes                                                                                           
ASXL1                                  11-23%                    6%                        10%                0.3-0.4%
EZH2                                    5-12%                     2%                         7%                         

Transcription factors                                                                                                       
SETBP1                                 2-5%                      2%                         7%                         
BCOR/BCORL                       4%                       3%                         3%                   <0.1%

Cohesin complex genes                                                                                                  
STAG1/STAG2                      4-7%                      1%                         3%                         

Signaling genes                                                                                                                 
NRAS/KRAS                         5-10%                     2%                         3%                         
CBL                                       2-5%                      3%                         7%                   <0.1%
JAK2                                      2-5%                      4%                         7%                     0.2%

Tumor suppressor gene                                                                                                 
TP53                                     5-10%                     2%                         3%                   <0.1%

Comparison of mutation frequency in patients with loss of chromosome Y with a reported inci-
dence of mutations in the healthy aging population and patients with myelodysplastic syn-
drome. The table is adapted from  Table 45-3 of the paper by Hasserjian et al.33 % LOY: percentage
of metaphases with loss of Y chromosome. 

Figure 4. Progression of somatic mutations in 12 patients with loss of chromosome Y. Striped bars represent a pathological diagnosis of no dysplasia or minimal
dysplasia, while solid bars represent pathological diagnosis of myelodysplastic syndrome (Each alphabet letter corresponds to one patient). The height of bars rep-
resents the percentage of metaphases with loss of chromosome Y. Black dots on bars highlight number of mutations identified for the corresponding samples. LOY:
loss of Y chromosome.



incidence of LOY with aging include the presence of
shortened telomeres as well as late S-phase replication of
the Y chromosome.38,62 Smoking appears to be the most
common epidemiological association with mosaic LOY in
the bone marrow.4,25,63

It is unclear how LOY contributes to the phenotypes
associated with LOY. LOY may not be limited to
myeloid lineages, as more frequent LOY has been report-
ed in CD3-positive cells in the blood of elderly patients
with MDS compared to those without MDS.14 While
some investigators have suggested an immune regulato-
ry component, deregulation of proteins encoded by the
male-specific region of the Y chromosome region has
been seen in neoplasms with LOY, raising the possibility
of a direct function of these proteins in carcinogene-
sis.48,64,65 In vitro models have demonstrated a tumor sup-
pressor role of the Y chromosome in the context of pro-
static carcinoma.66 Furthermore, identification of tumor
suppressor roles of ZFY and UTY, which localize to the
male-specific part of Y, suggests a more active role of
LOY in oncogenesis.53 Both these genes have homo-
logues on the X chromosome which escape X inactiva-

tion.53,67 However, constitutional 45, XO (Turner syn-
drome) is not associated with an increased incidence of
myeloid neoplasms.68

In conclusion, our findings demonstrate that a high pro-
portion of metaphases with LOY (≥75% metaphases) in
marrow is associated with a high frequency of molecular
alterations in genes commonly mutated in myeloid neo-
plasia and strongly associated with a contemporaneous or
subsequent diagnosis of MDS. These observations sug-
gest that high-proportion LOY is likely to be a true MDS-
associated cytogenetic aberration rather than an inciden-
tal finding due to aging. 
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