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yeloid malignancies, including myelodysplastic

syndromes (MDS), polycythemia vera, primary

myelofibrosis, and acute myeloid leukemia (AML),

have a male predominance.'™ In addition, male
patients with myeloid malignancies have inferior survival com-
pared with female patients.!*” Recently, it has been reported
that the response to treatment with hypomethylating agents
in MDS patients is different for males and females, suggesting
different underlying pathobiology.® Data from previous clinical
cohorts showed different molecular characteristics of myeloid
malignancies dependent on sex. For example, in both AML
and MDS, it was reported that female patients carry more fre-
quently mutations in DNMT3A and TP53, while mutations in
U2AF1 are more frequently observed in males."*’ In addition,
ASXL1 mutations are more frequently observed in males with
myeloproliferative neoplasms (MPN), unclassifiable MDS/MPN
syndrome (MDS/MPN-U), or AML (Suppl. Table S1).>1° It is
currently unknown whether these sex differences in mutational
patterns already occur in “pre-leukemic” clonal hematopoiesis
(CH) and whether this impacts on the development of hemato-
logical malignancies. Here, we investigated sex differences in the
prevalence of CH, the mutational spectra of CH and the impact
of CH on overall survival (OS) and the development of hemato-
logical malignancies in the general population.

This study was performed within the Lifelines Cohort, a
multidisciplinary prospective population-based cohort study
examining in a unique three-generation design the health and
health-related behaviors of 167,729 persons living in the North
of the Netherlands. It employs a broad range of investigative
procedures in assessing the biomedical, sociodemographic,
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behavioral, physical, and psychological factors which contrib-
ute to the health and disease of the general population, with
a special focus on multimorbidity and complex genetics.!!
The Lifelines study was performed in accordance with the
Declaration of Helsinki and approved by the medical ethical
committee of the University Medical Center Groningen. For a
selected cohort of participants (n = 4715 individuals 260 years),
we performed targeted error-corrected next-generation sequenc-
ing to acquire data on CH as described earlier.'> Gene mutations
were called at variant allele frequency (VAF; Suppl. Table S2,
Suppl. Figures S2 and S3) >1% and >10 mutant reads (referred
to as CH). We additionally performed analyses restricting to the
VAF cut-off proposed in the definition of CH of indeterminate
potential (CHIP; VAF >2%)."> Given the interest for CH in the
context of peripheral blood cell abnormalities, the cohort was
enriched for individuals with blood count abnormalities (Suppl.
Figure S1).

Statistical analyses were performed using R version 4.0.2.
Two-group nonparametric data including clone size were sta-
tistically compared using the Mann-Whitney U test. Odds
ratios (ORs), 95% confidence intervals (CIs), and P values for
the association between CH, specific mutated genes, or pres-
ence of >2 mutated genes and sex were derived from logistic
regression and corrected for age. Associations between CH or
specific mutated genes and sex were additionally corrected for
the presence of selected blood count abnormalities and smoking
(Suppl. Tables S3 and S4). Development of incident hematolog-
ical malignancies was retrieved by linkage with the Netherlands
Cancer Registry, maintained and hosted by the Netherlands
Comprehensive Cancer Organization (IKNL). Cumulative inci-
dence graphs for newly diagnosed hematological malignancies
were constructed using the Aalen-Johansen estimator, with
death as a competing risk. OS was visualized by Kaplan-Meier
graphs. Hazard ratios (HRs) with 95% ClIs for death and devel-
opment of hematological malignancy were reported from Cox
proportional hazard regression with age as covariable. All sta-
tistical tests were performed two-sided, and P values below 0.05
were considered significant (Suppl. Materials and Methods).

We investigated the prevalence of CH (VAF 21%) and CHIP
(VAF 22%)" in males and females among 47135 individuals >60
years from the population-based Lifelines cohort. This revealed
no difference in the prevalence of CH and CHIP for males com-
pared to females (CH 1005/2463 males [40.8%] and 953/2252
females [42.3%]; CHIP 667/2463 males [27.1%] and 638/2252
females [28.3%]; Figure 1A; Suppl. Figure S4). Additionally,
we corrected these associations for the presence of blood count
abnormalities and smoking, which did not impact on the results
(Suppl. Tables S3A and S4A). Moreover, when restricting the


mailto:g.huls@umcg.nl
mailto:joop.jansen@radboudumc.nl
http://links.lww.com/HS/A359
http://links.lww.com/HS/A359
http://links.lww.com/HS/A359
http://links.lww.com/HS/A359
http://links.lww.com/HS/A359
http://links.lww.com/HS/A359
http://links.lww.com/HS/A359
http://links.lww.com/HS/A359
http://links.lww.com/HS/A359
https://creativecommons.org/licenses/by-nd/4.0/

Kamphuis et al Sex and Clonal Hematopoiesis

. Males . Females

g 50
@ Prevalence of CH 40
i <40
I 201 <
CH — 1 '?;"; 30
| 820
I 5
CHIP ————— 201 T 10
|
] 40 1 0

o8 09 10 1.1 1 mutated gene 22 mutated genes Female Male
Odds ratio (95% CI)

D

m

- Frameshift gieletipn = In frame deletion - Missense
- Frameshift insertion - In frame insertion -~ Nonsense

Silent
DNMT3A o € DNMT3AMales
TET2 b g
| 2 60
ASXL1 - E
TP53 - o 40
[}
JAK2 [ —e— £ 20 1 . ,
SF3B1 :—o— e 00,., , 2:0 e o ..f»s..‘(?.(;ié&s.- tacd
SRSF2 —— -
DNMT3A Femal
CBL : -§ % emales N
EZH2 [ —eo— 2 60
RUNX1 o E 40
U2AF1 : — o x";o
Other To— £20 1, te 1t 2tk
x 1 . ' - - - ! - - r 5 . ot S 0o o o sint . SR IMERIE I. L,
03 10 30 160 30 20 fo o0 {0 20 30 = o = e "5'?5’ - """";;3" -
Odds ratio (95% Cl) Individuals with mutation (%)
F Males G Females

DNMT3A

DNMT3A

Figure 1. Mutational spectrum of clonal hematopoiesis in males and females. (A) Forest plot indicating the OR and 95% Cls (horizontal lines) for the
association between CH/CHIP and male sex, as derived from multivariable logistic regression with correction for age. (B) Proportion of individuals with one
mutated gene or >2 mutated genes for males (blue) and females (orange) with the percentages indicated in the bar plots. (C) Distribution for the maximum VAF
per individual detected in males and females. (D) Forest plot indicating the OR and 95% Cils for the association between recurrently mutated genes and male sex
corrected for age. A colored line indicates a significantly higher proportion of the respective gene mutation in males (blue) or females (orange). The pyramid plot
displays the proportion of individuals with mutations in most commonly mutated genes for males and females. (E) Lollipop plot indicating the number and type
of mutations on each location of the DNMT3A gene for males and females. The red (PWWP), blue (ADD), and green (MTase) colored regions indicate respective
protein domains. (F and G) Chord diagrams displaying comutational patterns in males and females. The width of the ribbon corresponds to the relative frequency
of the co-occurrence, whereas the length of the arc corresponds to the relative frequency of mutations. Genes with <10 detected mutations in either males or
females were grouped in the category other. ADD = ATRX-DNMT3-DNMT3L domain of DNMT3A; CH = clonal hematopoiesis; CHIP = clonal hematopoiesis of indeterminate potential;
Cl = confidence interval; MTase = catalytic methyltransferase domain of DNMT3A; OR = odds ratio; PWWP = Pro-Trp-Trp-Pro domain of DNMT3A; VAF = variant allele frequency.
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analysis to individuals without blood count abnormalities, we
also do not find an enrichment of CH (OR 0.90, 95% CI, 0.76-
1.06; P = 0.211) nor CHIP (OR 0.92, 95% CI, 0.77-1.11; P
= 0.385) in males or females. No difference in the prevalence
of multiple mutated genes was observed in males compared
to females (P = 0.834; Figure 1B) and the median clone size
(VAF) was comparable for males (3.1%) and females (3.0%; P
= 0.965; Figure 1C).

Although the overall prevalence of CH was comparable
between males and females, the spectrum of mutations showed
sex-specific differences. We observed a significant enrichment of
mutations in ASXL1 (P = 0.018), SE3B1 (P = 0.043), SRSFE2 (P
=0.005), and U2AF1 (P = 0.030) in males compared to females
(Figure 1D; Suppl. Figure S7). In contrast, mutations in the most
commonly mutated gene DNMT3A (P = 0.001) and CBL (P =
0.031) were significantly enriched in females (Figure 1D; Suppl.
Figure S7). This biased mutational spectrum was also observed
using the VAF cut-off at 22% (i.e, CHIP; Suppl. Figure S5).
After additional correction for blood count abnormalities and
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smoking, the associations for SRSF2, U2AF1, DNMT3A, and
CBL were confirmed. For SF3B1, the presence of blood count
abnormalities could play a role in the association with male
sex (Suppl. Table S3B), and the enrichment of ASXL1 in males
could partly be explained by smoking (Suppl. Table S4B). The
enrichment of DNMT3A mutations in females could not be
explained by a difference in clone size, the type of mutations,
or their distribution across the gene coding region (Figure 1E;
Suppl. Figure S6). Finally, the comutational patterns for males
and females revealed comparable clonal complexity for both
sexes (Figure 1F, G). The sex differences in the mutational spec-
trum of CH were in line with the bias previously reported in
myeloid malignancies (Suppl. Table S1).1371 Apparently, the
reported sex differences in the mutational spectrum of myeloid
malignancies are already present at a premalignant stage.
Subsequently we investigated whether CH has sex-specific
implications on the development of hematological malignan-
cies and survival. The cumulative incidence of hematological
malignancies over 5 years for females with CH was 2.6% (95%
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Figure 2. Incidence of hematological malignancies and all-cause mortality for males and females. (A) Cumulative incidence of hematological malig-
nancies in males and females, stratified by the presence of CH. (B) Kaplan-Meier curve for OS stratified by sex and the presence of CH. (C) Forest plot showing
the risk of all-cause mortality associated with CH in males and females, corrected for age. (D) Forest plot showing the risk of all-cause mortality associated with
mutations in specific genes in males and females, corrected for age. The risk of all-cause mortality was not evaluable for SRSF2 mutations in females, as no
deaths occurred in this subgroup. Cox proportional hazard regression models included age as covariable. Absence of mutations in the respective gene was
used as a reference. Genes with <10 mutations in either males or females were grouped in the category other. CH = clonal hematopoiesis; Cl = confidence interval; 0S

= overall survival.
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CL 1.5%-3.6%) compared to 0.5% (95% CI, 0.1%-0.9%) for
females without CH. For males, the cumulative incidence of
hematological malignancies was 2.6% (95% CI, 1.6%-3.6%)
versus 1.5% (95% CI, 0.9%-2.2%) over § years with and with-
out detectable CH, respectively. Overall, there was a significant
increase in risk of incident hematological malignancies when
CH was present (males HR 2.22,95% CI, 1.34-3.67, P = 0.002;
females HR 4.18,95% CI,2.19-7.96, P < 0.001; Figure 2A). No
significant interaction effect between CH and sex was observed,
indicating no sex-specific implications of CH on the develop-
ment of hematological malignancies (P = 0.135).

Male sex associated with inferior OS (Figure 2B). The pres-
ence of CH did not significantly affect OS in males and females
(males HR 1.17, 95% CI, 0.97-1.42, P = 0.105; females HR
1.02, 95% CI, 0.79-1.32, P = 0.895; Figure 2C). In addition,
no significant interaction between sex and CH was observed
(P = 0.681), indicating no sex-specific effect of CH on OS.
Although hampered by low numbers, our data suggests a dif-
ferent impact of certain mutations on survival for males and
females (Figure 2D). Mutations in SRSF2 (P < 0.001) and less
commonly mutated genes categorized as “other” (P < 0.001)
associated with a significantly higher risk of death in males.
The risk of death was not higher for “other” mutated genes in
females and not evaluable for SRSF2 mutations in females, as no
deaths occurred in this subgroup.

In line with a recent study using UK biobank participants,'*
we observed a biased mutational spectrum of CH in males and
females, with enrichment of SF3B1, SRSF2, and ASXL1 in males
and DNMT3A in females. We additionally observed enrichment
of U2AF1 mutations in males and CBL mutations in females,
while we could not reproduce the reported enrichment of TP53
and JAK2 mutations in males. Sex-specific differences in muta-
tional patterns for community-based individuals may be the
result of different exposures to environmental factors, such as
smoking which has been associated with ASXL.1 mutations.'
We previously reported on the association between estimated
exposure to DNA damaging toxicities (including pesticides)
and ASXL1 and spliceosome variants in the oldest old (80+)
Lifelines population.!? Also, in that cohort of highly aged indi-
viduals, we noticed a higher prevalence of spliceosome muta-
tions in males.’? Although our cohort was enriched for blood
count abnormalities, we consider it unlikely that this explains
the observed differences in mutational spectrum between males
and females, since we corrected for the presence of blood phe-
notypes in multivariable analyses.

Males have a higher prevalence of myeloid malignancies.'* In
our study, this male predominance of hematological malignan-
cies could not be explained by the effect of CH, as we observed
no sex-specific impact of CH on the development of hematolog-
ical malignancies and comparable cumulative incidences were
observed for males and females with CH. We hypothesize that
the male predominance in myeloid malignancies might be due to
enrichment of specific mutations in males that increase the risk
to develop hematological malignancies, like ASXL1 and spliceo-
some mutations. Further, the male predominance may partly be
explained by a higher proportion of males who develop hemato-
logical malignancies without detectable CH. Finally, mutations
not included in our panel (such as BCOR, STAG2, ZRSR2) or
mosaic chromosomal lesions may be additional underpinnings
for this male bias.

In conclusion, sex-specific mutational patterns of myeloid
malignancies are already present during the “premalignant”
state of CH.
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