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Objectives: COVID-19 caused a global pandemic with millions of deaths. Fat mass and obesity-associated
gene (FTO) (alias m®A RNA demethylase) and its functional rs17817449 polymorphism are candidates to
influence COVID-19-associated mortality since methylation status of viral nucleic acids is an important
factor influencing viral viability.

Methods: We tested a population-based cohort of 5233 subjects (aged 63-87 years in 2020) where 70
persons died from COVID-19 and 394 from other causes during the pandemic period.

Results: The frequency of GG homozygotes was higher among those who died from COVID-19 (34%) than
among survivors (19%) or deaths from other causes (20%), P <0.005. After multiple adjustments, GG ho-
mozygotes had a higher risk of death from COVID-19 with odds ratio = 2.01 (95% confidence interval;
1.19-3.41, P <0.01) compared with carriers of at least one T allele. The FTO polymorphism was not asso-

Polymorphism

ciated with mortality from other causes.

Conclusions: Our results suggest that FTO variability is a significant predictor of COVID-19-associated

mortality in Caucasians.

© 2024 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

SARS-CoV-2 infection caused the global pandemic of COVID-19
disease with nearly 775 million cases and 7 million cumulative
deaths worldwide. The Czech Republic was among the countries
most affected [1], with more than 4.5 million confirmed cumula-
tive cases and almost 43,500 deaths (//covid19.who.int, accessed
March 07, 2024).

Several factors, such as hypertension, male sex, non-white eth-
nicities, or diabetes and obesity, have been found to significantly
increase the risk of infection and less favorable prognosis [2,3]. Im-
portantly, studies with different protocols (both case-control stud-
ies and genome-wide association studies) have identified dozens
of genes/loci that correlate with susceptibility to the SARS-CoV-
2 infection and/or COVID-19 severity (for review see [4-6]). Host
genomic biomarkers may explain inter-individual variability in the
risk of infection and progression to severe COVID-19 clinical mani-
festations/mortality. Genetic variants may affect viral entry survival
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and replication, and modulate antiviral immunity, but the mecha-
nistic link to COVID-19 remains unclear.

Among the first genetic variants associated with COVID-19
were polymorphisms within the angiotensin-converting enzyme
(ACE1), apolipoprotein E (APOE), and chemokine receptor 5 (CCR5)
genes. Blood group A and various human leucocyte antigen (HLA)
types are widely recognized as being risky. Variants transferred
to the modern human genome from Neanderthals (at oligoadeny-
late synthetase [OAS1] and leucine zipper transcription factor-like
1 [LZTFL1]), are among the strongest predictors of disease severity.
Finally, the last evidence also pointed to the importance of host
variants within the interferon-induced antiviral factor (IFITM3), an-
giotensin 2 receptor (AGTR2), and trans-membrane protease ser-
ine 2 (TMPRSS2). It is important to note that the associations of
common polymorphism with clinical outcomes are relatively weak,
with odds ratios mostly between 1.1 and 1.7, although some rare
variants (several interferon genes) may have stronger effects [7].

Fat mass and obesity-associated gene (FTO) (m6A [N6-
methyladenosine] demethylase; Online Mendelian Inheritance in
Man acc. No. 610966) would seem a promising candidate to in-
fluence infection susceptibility and severity since variability within
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this gene (a cluster of tagging single nucleotide polymorphisms
[SNPs] within the first intron of the gene with a very high degree
of linkage disequilibrium) has been shown to be associated with
obesity [8,9] and type II diabetes mellitus [10]. Subsequent studies
broadened/widened the importance of this gene in the determina-
tion of renal failure [11], myocardial infarction [12], several types
of cancer [13] or even osteoporosis [14].

This wide spectrum of heterogeneous clinical complications as-
sociated with FTO variability could have an epigenetic background.
Indeed, FTO has been rapidly recognized as an epigenetic modifier
both at the DNA [15] and at RNA [16] level. FTO m6A demethylase
activity has been described as an important factor influencing viral
viability and replication [17-19].

In the past, variants within the FTO have also been associated
with infection susceptibility (albeit not virus-cased), namely tuber-
culosis [20]. No detailed genetic-epidemiology analyses have been
performed so far in the field of virus infection, despite the fact,
that the effect of FTO on viral viability has recently been suggested
[17-19].

In this report, we investigated the potential role of vari-
ability in the FTO 1%' intron tagging SNPs (rs17817449,
NG_012969.1:2.80493T>G) in COVID-19 mortality in a population-
based cohort of subjects followed up during the COVID-19
pandemic for cause-specific mortality.

Methods
Data collection

Subjects are from the Czech branch of the HAPIEE (Health Al-
cohol and Psychological Factors in Eastern Europe) study. Over-
all, 8857 men and women aged 45-69 years in 2002 were exam-
ined in the baseline survey in 2002-2005 [21]. At baseline, partici-
pants completed extensive questionnaires on their health, lifestyle
and health behaviors, and socio-economic and psychosocial cir-
cumstances and were invited to physical examination on a sepa-
rate occasion, during which they a provided a blood sample. A total
of 6552 persons provided blood samples which allowed successful
extraction of DNA.

Deaths in the cohort were identified by linkage with the na-
tional mortality register from 2002 until the end of June 2022.
Deaths in the period 1 March 2020-30 June 2022 were used in
this report; these 2 years cover the most severe pandemic period,
while the mortality data from the second half of 2022 are not yet
available.

This report is based on 5233 subjects with DNA samples who
were alive on 1 March 2020. During ~2 years of interest (1 March
2020-30 June 2022) 70 subjects died from COVID-19 (ICD-10 code
U07.1) and a further 394 subjects died from other causes.

Table 1

Descriptive characteristics of subjects in the study.
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DNA has been isolated from whole ethylenediaminetetraacetic
acid tetrasodium (EDTA) blood, as described in detail by Miller
et al. [22]. Tagging FTO first intron polymorphism rs17817449 has
been analyzed by polymerase chain reaction-RFLP (restriction frag-
ment lenght polymorphism) and kompetitive allele specific PCR
(KASP™) methods as described in detail elsewhere [23,24].

Statistical analysis

Cross-tabulations and multinomial logistic regression were used
to assess differences in FTO genotype between survivors vs those
who died during the pandemic period of our interest. Baseline
anthropometric measurements, socio-demographic indicators, and
health variables were used as covariates, including diabetes, age,
sex, history of ever smoking prevalence, body mass index, educa-
tion, and marital status. STATA statistical software was used.

Results

There were 464 deaths among eligible participants during the
two main pandemic years between 1 March 2020 and 30 June
2022; 70 of these deaths were coded as COVID-19. Descriptive
baseline characteristics of the study subjects by survival status are
summarized in Table 1. There were some important differences
between survivors and those who died from COVID-19 and from
other causes. Survivors were younger, more likely to be female, had
lower body mass index, and were less likely to be married, to re-
port diabetes, and to have higher education.

The distribution of individual FTO genotypes in the entire co-
hort (Table 2) was similar to the other Caucasian populations
(42.7% of the G allele within the HAPIEE study and 40.4% of the G
allele within pooled Caucasian studies, according the http://www.
ncbi.nlm.gov/snp/rs17817449) with apparent excess of GG homozy-
gotes among participants who have died from COVID-19. These dif-
ferences were similar among both sexes.

The FTO SNP was not significantly associated with all-cause
mortality during the pandemic, regardless of the type of compar-
ison (P = 0.15 for GG vs GT vs TT comparison). When mortality
was analyzed by the cause of death, the G allele of the rs17817449
polymorphism was associated with COVID-19 mortality in a reces-
sive manner (there was no association with GT heterozygotes). GG
homozygotes were significantly more frequent among those who
died from COVID-19 compared with survivors (P = 0.005).

The FTO GG genotype remained associated with an increased
risk of COVID-19 mortality both before and after multiple adjust-
ments, with an adjusted odds ratio of 2.01 (95% confidence in-
terval; 1.19-3.41, P <0.01) compared with survivors (Table 3). No

Survivors ~ COVID-19 deaths  Other deaths  P*
N 4769 70 394
Age on 01/2020, mean 73.0 78.7 78.4 <0.001
Sex, %
Males 40.5 64.3 57.9 <0.001
Females 59.5 35.7 42.1
Body mass index (kg/m?), mean  27.8 29.9 28.8 <0.001
Smoking, % 21.0 13.2 24.4 0.08
Diabetes, % 7.8 14.3 15.0 <0.001
Education, %
Below secondary 46.3 63.8 53.4 0.003
Secondary 39.1 26.1 32.6
University 14.6 10.1 14.0
Married, % 75.2 85.7 82.0 0.002

2 P-value for difference between groups (chi-square or analysis of variance as appropriate).
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Table 2
FTO polymorphism distribution by survival status and sex.

(a) Total population

FTO Survivors COVID-19 deaths Other deaths

rs17817449 N % N % N %
4769 70 394

TT 1593 334 19 27.1 124 31.5

TG 2274 47.7 27 38.6 191 48.5

GG 902 18.9 24 343 79 20.0

(b) Males

FTO Survivors COVID-19 deaths Other deaths

rs17817449 N % N % N %
1929 45 228

TT 633 32.8 13 28.9 70 29.7

TG 923 47.8 17 37.8 108 47.9

GG 373 19.3 15 333 50 224

(c) Females

FTO Survivors COVID-19 deaths Other deaths

rs17817449 N % N % N %
2840 25 166

TT 960 33.8 6 24.0 54 32.9

TG 1,351 47.6 10 40.0 83 49.7

GG 529 18.6 9 36.0 29 17.4

significant association was observed between mortality from other
causes and FTO genotypes regardless of the type of comparison and
adjustment applied.

Discussion

To our best knowledge, this study is the first to associate
the risk of COVID-19 death with the variability within the RNA
demethylase—FTO.

The FTO genotype has been previously associated with the risk
of several non-communicable diseases (such as obesity, renal fail-
ure, myocardial infarction, or diabetes).

The association between FTO and the risk of death from COVID-
19 is biologically plausible, given the recently identified functions
of this gene. The FTO gene encodes a protein that is an important
epigenetic modulator—it encodes a nucleic acid demethylase, that
catalysis the demethylation both of the DNA [15] and RNA [16].

FTO is an mSA (N6-methyladenosine) demethylase—it catalyzes
the most common post-transcriptional modification of all RNA
molecules, including viral RNA [25]. m®A modification is depen-
dent on methyltransferases and proteins recognized as m6A writ-
ers, readers, and erasers [26]. FTO (together with ALKBH5 and
ALKBH3) is one of the most potent m®A erasers—it catalyzes the
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demethylation of modified RNA [25]. This modification significantly
influences the replication and assembly of viral particles.

RNA methylation is one of the most important post-
transcriptional regulation, not only in vertebrates [27], but it
is also a key effector of viral RNA replication [26]. m®A is the most
common type of viral RNA modification, regulating viral genomic
RNA synthesis, its stability, and potentially also translation. In
fact, m®A present in SARS virus RNA affects virus replication
[28]. It has been described that SARS-CoV-2 RNA is modified by
mBA machinery [29]. SARS-CoV-2 infection decreased the FTO
expression within the cell line, and in a separate experiment, the
knockdown of FTO resulted in a significant increase in viral titer.
This clearly confirms the importance of FTO in viral replication.
It can be speculated that in the presence of the functional FTO
protein, increased demethylation of m®A leads to the disruption
of the SARS-CoV-2 viability, lower numbers of virus particles, and
consequently probably leads to the milder disease course.

Importantly, FTO expression levels are associated with demethy-
lation efficacy. Using the human cell models, it has been shown
that FTO overexpression leads to a reduction of m®A content, and
FTO knockdown leads to an increase of m®A content in RNA [16].
Unfortunately, no consistent data are available on FTO expression
according to first intron gene variability. Several reports have ex-
amined tissue FTO expression in dependence on the first intron
SNPs. However, the results are inconsistent (probably mainly as a
consequence of the fact that samples from different tissues have
been analyzed and the body mass index values of the examined
subjects were often extreme), with some suggesting lower expres-
sion in risky homozygotes [30].

SARS-CoV-2 virus RNA contains a high proportion of m6A modi-
fications [28] and retains at least one predicted strong FTO binding
site [19]—FTO is one of the RNA binding proteins that are critical
host factors for SARS-CoV-2 infection. Functional in silico mutation
stimulation identified FTO as a potential biomarker of COVID-19.

It has been proved, that selective inhibition of the FTO activity
by Rhein causes a significant reduction of SARS-CoV-2 infectivity
and, at high concentrations, could completely block the infection
[17]. Importantly, it has been emphasized, that the concentrations
used showed no signs of cytotoxicity and could therefore be used
in a potential treatment of COVID-19.

Interestingly, genome-wide association studies [31,32], or
whole-genome sequencing [33] failed to find an FTO as a candidate
gene for COVID-19 severity. This discrepancy may be explained by
the fact that while the abovementioned studies generally included
critically ill and hospitalized subjects, they did not distinguish be-
tween COVID-19 survivors and non-survivors. Unfortunately, we do
not have data on COVID-19 incidence in the cohort to assess this
potential explanation.

Our study has several strengths. It is one of the few relatively
larger cohort studies reporting genetic determination of COVID-19

Table 3
0Odds ratios (95% confidence interval) for mortality by FTO genotype (GG homozygotes vs others).
FTO Unadjusted Model 1 Model 2 Model 3
rs17817449
COVID-19 deaths
T allele carriers 1.00 1.00 1.00 1.00
GG homozygotes 2.24 (1.36-3.68) 2.20 (1.33-3.64) 2.08 (1.25-3.45) 2.01 (1.19-3.41)
P 0.002 0.002 0.005 0.01
Non-COVID-19 deaths
T allele carriers 1.00 1.00 1.00 1.00
GG homozygotes 1.08 (0.83-1.39) 1.06 (0.81-1.38) 1.03 (0.79-1.35) 0.99 (0.75-1.30)

P 0.58 0.69

0.80 0.93

Model 1: adjusted for age, sex, and diabetes.
Model 2: adjusted for age, sex, body mass index, and diabetes.

Model 3: adjusted for age, sex, body mass index, diabetes, smoking, education, and marital status.
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mortality, susceptibility, and severity. The cohort includes an eth-
ically and genetically homogeneous population from a geograph-
ically relatively small region. Thus, the ethnicity or differences
in population-based measures against the spread of the epidemic
would play only a minor role in the outcome. Importantly we have
got also information about the mortality from other causes, which
is extremely important given that FTO has been suggested to have
also effect on general mortality [34], an observation that we have
not confirmed. Finally, about a third of the study sample has con-
firmed FTO genotyping results by two independent methods [24],
minimizing the possibility of false positive results.

However, there are several limitations. First, the number of
COVID-19 deaths was relatively small, although the proportion of
excess deaths in the cohort was consistent with national data.
While the possibility of a false positive finding is low, it cannot
be excluded. Second, the coding of COVID-19 as the main cause of
death is not absolutely reliable and some deaths may have been
miscoded. But, if this was the case, and if the effect of FTO is spe-
cific to COVID-19, our results would be underestimates. Finally, as
we do not have a confirmatory population, our result requires an
independent confirmation.

We conclude that genetic variability within the FTO, m6A
demethylase, may be an important predictor of COVID-19-
associated mortality. Further roles of FTO variability in COVID-19
etiology, such as the risk of infection per se or association with less
severe illness need to be further investigated.
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