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Abstract
Although sickle cell anemia results from homozygosity for a single mutation at position 7 of

the b-globin chain, the clinical aspects of this condition are very heterogeneous.

Complications include leg ulcers, which have a negative impact on patients’ quality of life

and are related to the severity of the disease. Nevertheless, the complex pathogenesis of this

complication has yet to be elucidated. To identify novel genes associated with leg ulcers in

sickle cell anemia, we performed whole-exome sequencing of extreme phenotypes in a

sample of Brazilian sickle cell anemia patients and validated our findings in another

sample. Our discovery cohort consisted of 40 unrelated sickle cell anemia patients selected

based on extreme phenotypes: 20 patients without leg ulcers, aged from 40 to 61 years, and

20 with chronic leg ulcers. DNAwas extracted from peripheral blood leukocytes and used for

whole-exome sequencing. After the bioinformatics analysis, eight variants were selected for

validation by Sanger sequencing and TaqManVR genotyping in 293 sickle cell anemia patients

(153 without leg ulcers) from two different locations in Brazil. After the validation, Fisher’s

exact test revealed a statistically significant difference in a stop codon variant (rs12568784 G/T) in the FLG2 gene between the GT

and GG genotypes (P¼ 0.035). We highlight the importance of rs12568784 in leg ulcer development as this variant of the FLG2 gene

results in impairment of the skin barrier, predisposing the individual to inflammation and infection. Additionally, we suggest that the

remaining seven variants and the genes in which they occur could be strong candidates for leg ulcers in sickle cell anemia.
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Introduction

Sickle cell anemia (SCA) is an inherited blood disease
which results from a homozygous point mutation of the

b-globin chain at position 7, leading to substitution of glu-
tamic acid for valine (Human Genome Variation Society,
HGVS, <https://www.ncbi.nlm.nih.gov/projects/SNP/
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snp_ref.cgi?rs¼334>).1 Vaso-occlusion events and hemo-
lytic anemia occur as a result of this amino acid substitu-
tion2 and can affect different organs. Although SCA is a
monogenic disorder, individuals with the condition (homo-
zygous for hemoglobin bSbS) show a wide phenotypic
variability.

The causal relationship between sickle cell disease (SCD,
which includes SCA) and leg ulcers was not established
until the publication of a paper by Cummer and LaRocco
in 1940.3 Ulcerations of the skin and underlying tissues may
occur in sickle cell patients as well as in those with other
hematological disorders and affect the medial and lateral
regions of the ankle. The pathogenesis of chronic leg ulcers
in sickle cell patients is complex and has yet to be fully
elucidated. Factors predisposing to chronic ulceration in
these patients include poor skin perfusion, increased local
edema due to venous incompetence or abnormal autonom-
ic vascular control, microvascular thrombosis, reduced
oxygenation, reduced bioavailability of nitric oxide, and
mild cutaneous trauma.4

Ulceration is more common in patients with the bSbS

genotype than in those who are heterozygous for Hb S.5,6

Its incidence is lower in patients with low lactate dehydro-
genase levels,7 higher hemoglobin concentrations or high
levels of fetal hemoglobin.8 Age-adjusted comparisons
showed that the frequency of leg ulcers in SCA patients
with a-thalassemia trait and HbSC patients was lower
than in homozygotes for Hb S, suggesting that the proba-
bility of having leg ulcers could be associated with the
intensity of hemolysis.9 Similarly, other studies have
observed an association between hemolytic markers and
leg ulcers.5,9–11 Cutaneous leg ulcers are also seen in other
forms of hemolytic anemia without sickling, including
hereditary spherocytosis, pyruvate kinase deficiency, and
thalassemia.12–22

Hydroxyurea is one of the few FDA-approved therapies
to treat SCD. This therapy is used to induce the maximal
fetal hemoglobin response through different molecular
pathways, reducing the severity of the disease in many
patients.23 Limited evidence suggest that hydroxyurea is
not associated with leg ulcers in SCD.24,25 Interestingly,
Minniti et al.,26 in a study comprising 505 patients at the
National Institutes of Health, did not observe differences in
ulcer prevalence between SCD patients that were taking or
not taking hydroxyurea. Besides hydroxyurea therapy, fre-
quent transfusions of red blood cells may greatly decrease
disease’s severity. This therapy reduces the Hb S concen-
tration and increases hemoglobin levels improving
tissue perfusion.

The prevalence of leg ulcers depends on geographic
location and environmental factors. In the United States,
for example, about 2.5% of people with SCD have leg
ulcers, while in Jamaica, the corresponding figure is over
40%.4 Traumas have been reported to play an important
role in the development of these lesions, which are predom-
inantly a result of mosquito bites, a common occurrence in
areas with a tropical climate.7 In Brazil, the prevalence of
leg ulcers among adult patients with SCD varies from
23.4% to 50.0%,27 making this complication an important
public health problem.

Studies with twins have shown strong heritability of
venous functions in humans,28 suggesting that genetic
modifiers that modulate the risk of vaso-occlusion play a
part in leg ulceration in SCA patients. However, few studies
have examined the association between genetic factors and
leg ulcers.9,29,30 In one such study, a strong relationship
between this complication and single nucleotide variants
(SNVs) in candidate genes that could affect sickle vaso-
occlusion was reported. Associations were observed
between leg ulcers in SCA and SNVs in Klotho (KL), TEK
receptor tyrosine kinase (TEK), and genes from the TGF-
beta/BMP pathway.9 Additionally, Ofosu et al.29 showed
that HLA-35 and Cw4 genotypes were more present in
patients with leg ulcers history and Vicari et al.30 associated
some variants in interleukin-1b and interleukin-6 genes
with complications in SCA, including leg ulcers.

The exome represents about 1% of the genome, with
approximately 30 million base pairs, but accounts for
about 85% of the mutations identified in Mendelian dis-
eases.31 Family-based phenotypes and extreme phenotypes
are often used as part of sampling strategies in whole-
exome sequencing (WES). In an extreme phenotype study
design, the frequency of the alleles that contribute to the
characteristic is enriched at the end of the distribution. It
should therefore be possible to identify new candidate
alleles using a relatively small sample.32 In an attempt to
identify novel candidate genes associated with leg ulcers in
SCA, we performed WES of extreme phenotypes in a
sample of Brazilian SCA patients and validated our find-
ings in another cohort.

Materials and methods

Patients’ recruitment

Patients have been accompanied in routine appointments
and interviewed regarding their leg ulcers history, data
confirmed by their medical records. As a result, cases
(with active or already healed leg ulcers) and controls
(without a history of leg ulcers until blood collection)
have been distinguished.

Selection of patients with extreme phenotypes in the

discovery cohort

The discovery cohort consisted of 40 unrelated SCA
patients from the Hematology and Hemotherapy Center,
University of Campinas, Campinas, SP, Brazil. The enroll-
ment period was between January 2015 and August 2016.
We compared the most severe cases in the cohort (with
active or already healed chronic leg ulcers) with the mild
cases (without a history of leg ulcers and over 40 years of
age as the appearance of this complication after the age of
30 is unusual33—we tried to be as stringent as possible in
this case). None of them presented a-thalassemia trait.
Twenty cases with leg ulcers (average age 43.55� 8.94
years) and 20 controls without this complication (average
age 45.85� 6.67 years) were included at this stage.
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Selection of the validation cohort

The validation cohort comprised 293 unrelated patients
with SCA: 153 aged over 21 years without leg ulcers (aver-
age age 35.8� 8.58 years, since the development of the first-
time leg ulcers in Brazilian SCA patients is usual during
adolescence, before 20 years of age) and 140 with active or
already healed leg ulcers (average age 37.44� 10.8 years).
Of the 293 patients, 116 were from the Bahia Hematology
and Hemotherapy Foundation (HEMOBA), Salvador, BA,
Brazil, while 177 were from the Hematology and
Hemotherapy Foundation of Pernambuco (HEMOPE),
Recife, PE, Brazil. We did not exclude the patients with
a-thalassemia trait, once the number of patients with and
without this trait was not significantly different between
cases and controls (P> 0.05).

Laboratorial parameters

Medical records of the entire discovery cohort (n¼ 38) and
of the most representative part of the validation cohort
(from the Hematology and Hemotherapy Foundation of
Pernambuco–HEMOPE, Recife, PE, Brazil; n¼ 177) have
been consulted. Lactate dehydrogenase levels, hemoglobin
concentrations, and fetal hemoglobin levels have been com-
pared between cases and controls throughMann–Whitney-
Wilcoxon Test. The values were collected before the use of
hydroxyurea or red blood cell transfusion therapy. We
emphasize that the number of patients who took hydroxy-
urea in case and control groups was similar in both cohorts,
and no statistically significant difference was
observed (P> 0.05).

DNA extraction

DNAwas extracted from peripheral blood. This was done
with the QIAamp DNA Blood Mini Kit (Qiagen, Hilden,
Germany) for the discovery cohort and with in-house
reagents by the phenol–chloroform method for the valida-
tion cohort.

Ethics statement

All patients signed a voluntary informed consent form for
collection, storage, and sequencing of DNA samples. The
study protocol complied with the principles of the
Declaration of Helsinki and was approved by the
Research Ethics Committees of the Faculty of Medical
Sciences, Unicamp, HEMOBA/Fiocruz and HEMOPE
(ref. no. 53001315.6.1001.5404).

Whole-exome sequencing

DNA concentrations were quantified by the fluorescence-
detection method (Qubit, Life Technologies Corp.,
Carlsbad, CA, USA). Exome libraries were prepared for
each DNA sample from the discovery cohort with
Nextera Rapid Capture Exome (Illumina Inc., San Diego,
CA, USA), and then sequenced (2� 100 bp per read) on
seven flowcell lanes on the Illumina HiSeq 2500 platform
at the central high-performance technologies laboratory
(LaCTAD, Campinas, SP, Brazil).

Bioinformatics analysis

Sequencing reads were mapped to the GRCh38 reference
using BWA (<http://bio-bwa.sourceforge.net>)34 fol-
lowed by GATK Pipeline (<https://software.broadinsti
tute.org/gatk>)34,35 which generated a gVCF file for each
sample. Joint genotyping was then performed for all the
samples, and a single VCF file was produced as output.
VCFtools 0.1.15(<http://vcftools.sourceforge.net>)36 was
used to exclude variants with score quality <3037–39 or
read depth <10; multiallelic variants; variants present in
sex chromosomes or in mitochondrial DNA; sites with >5
% missing genotypes;40 variants with MAF <0.1; and var-
iants not in Hardy–Weinberg equilibrium (HWE).39 To
complete the analysis, we used PLINK 1.9 (<http://
pngu.mgh.harvard.edu/purcell/plink>)41 to perform
identity-by-descent analysis and Fisher’s exact test. The
remaining variants were extracted from the original VCF
file and annotated with wANNOVAR (<http://wannovar.
wglab.org>).42 The synonymous variants were excluded,
deleterious variants and variants that had not been classi-
fied by SIFT (<http://sift.jcvi.org>), PolyPhen2 (<http://
genetics.bwh.harvard.edu/pph2>)43 or FATHMM
(<http://fathmm.biocompute.org.uk/>)44 were selected
from the CSV file.

Validation

All variants selected were confirmed by Sanger sequencing
in the discovery cohort. The validation cohort was geno-
typed for these variants using Sanger sequencing or the
TaqManVR genotyping assay (Applied Biosystems, Foster
City, CA, USA). R software (<https://www.R-project.
org/>)45 was used to calculate HWE and to determine sta-
tistical significances in genotype and allele frequencies
between cases and controls using Fisher’s exact test with
Bonferroni corrections to P-values.

Results

Laboratorial parameters

We compared the lactate dehydrogenase levels, hemoglo-
bin concentrations, and fetal hemoglobin levels between 38
patients from the discovery cohort, and 177 patients from
the validation cohort, separated in cases and controls. The
fetal hemoglobin levels were different between cases and
controls from both cohorts (for the discovery cohort: mean-
¼ 10.31% in cases and 14.46% in controls, P-value¼ 0.046;
for the validation cohort: mean¼ 5.21% in cases and 8.71%
in controls, P-value< 0.001). The lactate dehydrogenase
levels were similar between cases and controls for both
cohorts (means varying from 906.33 to 1069.77 U/L), and
P-values greater than 0.05. The hemoglobin concentrations
were not different between cases and controls in the dis-
covery cohort (mean¼ 8.49 g/dL for cases and 9.06 g/dL
for controls), with P-value¼ 0.11, whereas for the valida-
tion cohort, the difference observed was statistically signif-
icant, with P-value¼ 0.02 (mean¼ 7.62 g/dL for cases and
8.04 g/dL for controls).
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WES quality control

The samples from the discovery cohort (40 SCA patients)
had an average depth of coverage of 45.21� 12.98�. The
average number of reads for the samples was 365,898,080
� 54,334,241. Identity-by-descent analysis revealed two
possibly blood-related individuals in each group, and one
of each pair was randomly excluded from the subse-
quent analysis.

Selection of variants for validation

After the bioinformatics analysis (n¼ 38) eight variants
with P-values less than or near 0.05 were chosen (Table 1).

All the selected variants are the result of missense muta-
tions (Table 1) apart from rs11454536 (insertion) and
rs12568784 (stop codon). All the variants were confirmed
by Sanger sequencing in the discovery cohort (87.5% con-
sistency) except for rs13428956 (in the FOXD4L1 gene),
which was localized to a homologous region. As the
exome reads are shorter (100 bp), they were probably

aligned to another region of the genome. This variant was
therefore excluded from the validation analysis.

The seven remaining variants were genotyped by
Sanger sequencing (rs1975937 and rs12568784) or with
the TaqManVR assay (rs4857302, rs3782489, rs11800462,
rs201853154, and rs11454536) in the independent validation
cohort of 293 SCA patients (Table 2).

No homozygotes for the variant allele were found for
rs201853154. We believe this can be attributed to a genotyp-
ing error although the results of the TaqManVR genotyping
assay were confirmed by Sanger sequencing in more than
10% of the samples. This could explain the P-value for
HWE being less than 0.05 (Table 2).

Only variant rs12568784 (P¼ 0.03) showed a P-value of
less than 0.05 for the GT and GG genotypes. The difference
between cases and controls for allele distribution (G and T)
bordered significance (P¼ 0.07) (Table 2).

For rs12568784, a similar distribution for alleles and gen-
otypes was observed when the discovery and validation
cohorts were compared except for the GG and GT geno-
types in the cases (Figure 1).

Table 1. Variants selected by whole-exome sequencing in the discovery cohort.

Minor allele frequency-MAF Variant allele

Gene Function SNV ID This study ExAC BIPMed Cases Controls P-value

CRYBG3 A-kinase anchoring protein rs4857302 0.486 0.508 0.382 23 (67.65%) 12 (31.58%) 0.004**

KRT77 Cornification and keratinization rs3782489 0.486 0.369 0.361 11 (30.56%) 24 (66.67%) 0.004**

TNFRSF25 Apoptosis and lymphocyte

homeostasis

rs11800462 0.176 0.206 0.080 11 (30.56%) 2 (5.26%) 0.005**

FOXD4L1 Morphogenesis, cell differentiation

and transcription

rs13428956 0.145 0.017 0.049 10 (26.32%) 1 (2.63%) 0.007**

ZNF540 Transcriptional repressor rs1975937 0.250 0.305 0.269 4 (10.53%) 15 (39.47%) 0.007**

UBTFL1 Proliferation of inner cell mass

and trophectoderm cells

rs201853154 0.276 0.188 0.194 5 (13.16%) 16 (42.11%) 0.009**

VWDE Coagulation rs11454536 0.171 0.124 0.137 2 (5.26%) 11 (28.95%) 0.013*

FLG2 Establishment of skin barrier rs12568784 0.237 0.232 0.175 14 (36.8%) 5 (13.16%) 0.057

n¼38 patients; Function data retrieved from Uniprot (<https://www.uniprot.org>).

ExAC: exome aggregation consortium; BIPMed: the Brazilian initiative on precision medicine; SNV: single nucleotide variant.

P-value: obtained by Fisher’s exact test; *P-value <0.05; **P-value <0.01.

Table 2. Variants genotyped in the validation cohort.

SNV ID Gene

P-value

for HWE

P-value for

genotypes

P-value for

alleles

rs4857302 (A/C) CRYBG3 0.40 AC vs. AA 0.10 0.78

CC vs. AA 0.89

rs3782489 (G/A) KRT77 0.05* GA vs. AA 0.71 0.27

GG vs. AA 0.45

rs11800462 (T/C) TNFRSF25 0.15 TC vs. CC 0.96 0.38

TT vs. CC 0.95

rs1975937 (A/T) ZNF540 0.11 AT vs. AA 0.47 0.48

TT vs. AA 0.61

rs201853154 (A/T) UBTFL1 0.0005** AT vs. AA 0.51 0.73

– – –

rs11454536 (�/A) VWDE 0.77 �/A vs. �/� 0.37 0.26

A/A vs. �/� 0.86

rs12568784 (G/T) FLG2 0.08 GT vs. GG 0.03* 0.07

TT vs. GG 0.84

n¼293 patients; HWE: Hardy–Weinberg equilibrium; P-value: obtained with Fisher’s exact test; *P-value <0.05; **P-value <0.01. P-values for genotypes are two-

sided. P-values for alleles are one-sided.
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Discussion

The etiology of leg ulcers in SCA is complex and multifac-
torial. Mechanical obstruction by dense sickled red cells,
infections, abnormal autonomic control with excessive
vasoconstriction, venous disease, thrombosis, reduced
oxygen-carrying capacity due to anemia and impaired
endothelial function have all been suggested in the litera-
ture as contributing factors.46,47 Leg ulcers can be disabling
and become a chronic complication, usually affecting youn-
ger patients.33 They can reduce patient quality of life as
they cause pain, poor physical function and social isolation
and hinder the development of social relationships.48

The literature data showed differences between lactate
dehydrogenase levels,7 hemoglobin concentrations, and
fetal hemoglobin levels8 in SCA patients with and without
leg ulcers. Our results showed statistically significant dif-
ferences in the percentage of fetal hemoglobin in both
cohorts, statistically significant difference among total
hemoglobin levels only in the validation cohort, and no
difference in lactate dehydrogenase levels between case

and control groups in both cohorts. Despite the differences
observed, the values between cases and controls were sim-
ilar, and probably it would be very difficult to explain the
higher frequency of leg ulcers in the case group based on
these values.

Studies on the association between genetic variants and
susceptibility to leg ulcers in SCA are scarce. In one of the
few such studies, Nolan et al.9 genotyped candidate genes
previously implicated in sickle vaso-occlusion to examine
the relationship between leg ulcers and single nucleotide
polymorphisms in these genes.9 To our knowledge, the pre-
sent study is the first to have used WES based on extreme
phenotypes to identify new candidate genes associated
with leg ulcers in SCA. By allowing other genes in addition
to the usual set of candidate genes for this phenotype to be
analyzed, this approach can reveal new associations.

In the discovery cohort, we identified seven variants in
different genes that may be associated with leg ulcers in
SCA as the P-values in the discovery cohort showed a
potentially strong association (Table 1). Curiously, just

Figure 1. Genotypic and allelic distribution of rs12568784 (FLG2 gene) in the discovery and validation cohorts.

Graphs produced with R (<https://www.R-project.org/>).45
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one variant (rs12568784 in the FLG2 gene) has been associ-
ated with an epidermal disease.49 This variant showed a
significant P-value when we compared the genotypes
(GT and GG) between cases and controls in our validation
cohort and a P-value bordering on significance when the
alleles (G and T) were compared in both cohorts (Tables 1
and 2, Figure 1). Although associations with the other six
variants were not confirmed in our validation sample, the
genes where these variants were found are related to pro-
liferation [CRYBG350,51 andUBTFL152], epidermal morpho-
genesis (KRT77),53 inflammation (TNFRSF25),54

transcription (ZNF540),55 and coagulation (VWDE), pro-
cesses that can be involved in the development of leg
ulcers in SCA.

Although not previously implicated in the development
of leg ulcers in SCA patients, rs12568784 (in the FLG2 gene)
has been associated with persistent atopic dermatitis in
African Americans.49 This variant results in a premature
stop codon in exon 3, which according to some studies
could cause a loss of function in the protein filaggrin-256–59

and consequent impairment in skin barrier function in the
stratum corneum, predisposing the individual to inflamma-
tion and infection and potentially explaining the persistence
of atopic dermatitis in African-American patients.49 In addi-
tion, it has been shown that filaggrin-2 expression in the skin
is reduced in atopic dermatitis.60

These findings may help to explain the development of
leg ulcers in SCA since sickle-cell individuals are of African
descent.61–63 Loss-of-function mutations in the FLG2 gene
are not commonly found in people of African ances-
try.57,64,65 However, our results show that rs12568784 was
present in more than 23% of our discovery cohort (Table 1),
a finding consistent with a study of persistent atopic der-
matitis in African Americans byMargolis et al.49 who found
this variant in 22% of their cases.49

Leg ulcers in SCA patients are typically chronic, lasting
at least six months.4 As rs12568784 has been associatedwith
persistent atopic dermatitis,49 it is reasonable to suggest
that this variant can affect wound healing in SCA patients.
Traumas have been reported to play an important role in
the development of leg ulcers, which are predominantly a
result of mosquito bites, a common occurrence in areas
with a tropical climate.7 Hence, we suggest that the
rs12568784 variant is a probable contributor to a genetic
predisposition to leg ulcers in SCA because it weakens
the protective barrier of the skin, compromising healing.
Traumas to the malleolar region may therefore result in
chronic ulceration in patients with this variant.

The discovery cohort of extreme phenotypes comprised
all the patients available at the Hematology and
Hemotherapy Center, University of Campinas, Campinas,
SP, Brazil during the enrollment period who fulfilled our
inclusion/exclusion criteria of extreme phenotypes.
According to the literature, it is possible to identify new
candidate genes in a small sample using extreme pheno-
types when they are well characterized,32 as supported by
the study conducted by Emond et al.39 with a complex trait
in a Mendelian disease and Shtir et al.66 in a complication of
a complex disease.

Some associations identified in the discovery cohort may
have been overlooked in this study because of the small
size of the validation cohort. A nominal association was
found; however, this association was not statistically signif-
icant after Bonferroni correction (after the correction only
P-values lower than 0.00625 were considered statistical-
ly significant).

Nevertheless, all the seven variants identified in the dis-
covery cohort and their respective genes warrant further
investigation as they may play a role in the etiology of leg
ulcers in SCA as genetic modifiers. In particular, the
rs12568784 variant deserves attention, since the literature
showed evidences to support this association. An associa-
tion between these seven variants and leg ulcers in SCA
may be confirmed in studies with larger cohorts.

Our findings may provide new insights into the patho-
physiology of chronic leg ulcers in SCA, potentially helping
in the development of measures to prevent this complica-
tion of SCA in patients with risk genotypes and allowing
early treatment options, more individualized treatment and
improved quality of life for these patients.

Authors’ contributions: All authors participated in the
design, interpretation of the studies and analysis of the data
and review of the manuscript; GQCS, MTI, IFD, DAF, MACB,
ASA, ARLA, MSG and STOS helped in sample collection;
GQCS conducted the experiments; GA, BBS, MGB and ILC
conducted the bioinformatic and statistical analysis; SMSC,
FFC and MBM supervised the whole work; GQCS, SMSC
and MBM wrote the manuscript.

ACKNOWLEDGEMENTS

We thank all the patients and the research staff at the
Hematology and Hemotherapy Center, University of
Campinas, Campinas, SP, Brazil; the Bahia Hematology and
Hemotherapy Foundation (HEMOBA), Salvador, BA, Brazil;
and the Hematology and Hemotherapy Foundation of
Pernambuco (HEMOPE), Recife, PE, Brazil.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

FUNDING

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This work was supported by The S~ao Paulo Research
Foundation [grants 2014/00984–3 and 2015/24029–3].

ORCID iD

Murilo Guimar~aes Borges https://orcid.org/0000-0002-
9854-5783
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