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Sickle cell anemia has been classifed as a noninfectious neglected tropical disease and, although not exclusively, afects African
descendants more frequently. Tis study aimed to detect asymptomatic sickle cell hemoglobin carriers (HbAS) in marginalized
and vulnerable populations during a public health screening in African descendants from Oaxaca, Mexico, and to validate an
amplifcation refractory mutation system (ARMS)-PCR methodology to detect fetal-hemoglobin (HbF)-regulating genetic
variants in BCL11A toward afordable routine association of single nucleotide variants (SNVs) with HbF concentrations. To this
aim, hemoglobin variants were detected by acidic citrate agar and alkaline cellulose acetate electrophoreses. SNVs in the he-
moglobin subunit beta gene (HBB) were identifed by the β-globin mutation detection assay (β-GMDA) and ARMS-PCR,
respectively, and validated by Sanger sequencing.Te association between genotypes and HbF concentrations was evaluated using
Spearman’s correlation coefcient. Te results obtained during a directed screening in 140 self-identifed African descendants
revealed 42 HbS-carriers (30%), of which 39 showed normal total hemoglobin concentrations (92.8%), only 3 presented anemia
(7.2%), and 9 showed quantifable HbF concentration (21.4%). As validated by Sanger sequencing, the designed ARMS-PCR
efciently detected homozygous and heterozygous variants in BCL11A. In a cohort of 42 heterozygous (HbAS) and 27 healthy
(HbAA) individuals from the same population, only one SNV (rs766432) showed statistically signifcant association with in-
creasing HbF concentration, and two new unrelated homozygous silent variants were identifed. Tis study reveals the need to
raise coverage of HbS screening in vulnerable populations and shows a feasible low-cost ARMS-PCR methodology to determine
the presence of SNVs in quantitative trait loci afecting HbF.

1. Introduction

Because of its clinical and epidemiologic features, sickle cell
anemia (SCA) has been classifed as a noninfectious
neglected tropical disease that constitutes a chronic and
debilitating condition that disproportionately afects pop-
ulations living in extreme poverty [1, 2]. SCA is an

autosomal recessive disorder mainly afecting individuals of
African descent caused by nucleotide change at codon 7 in
the HBB (Hemoglobin subunit beta) gene (HBB.:c.20A>T,
p.Glu6Val). Te physiopathology of this condition is
characterized by the formation and polymerization of sickle
hemoglobin (HbS), giving rise to rigid sickle-shaped
erythrocytes. Such cell deformation may originate
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unpredictable vaso-occlusive crises with heterogeneous
clinical manifestations, including acute pain, chronic in-
fammation, and hemolytic anemia, until early death [3].

A heterozygote carrier state (HbAS) is not sickle cell
disease. Variability in severity arises when heterozygous
forms of the HBB gene occur, such as HbSC and HbS/beta-
thalassemia diseases. Additionally, the clinical variability is
explained in part by environmental factors but also by ge-
netic features such as heterozygous (HbAS) or homozygous
(HbSS) variants and by a higher fetal hemoglobin (HbF)
concentration, which has been recognized as a favorable
modifer of severity in SCA due to its ability for inhibiting
the polymerization and reducing the mean corpuscular
concentration of HbS. However, HbF levels may consid-
erably difer due to genetic determinants such as single
nucleotide variants (SNVs) [4, 5].

Tree signifcant quantitative trait loci (QTLs), desig-
nated BCL11A, HMIP-2, and XmnI-HBG, have been as-
sociated with fetal hemoglobin concentrations (HbF QTLs).
SNVs in HbF QTLs have favorable quantitative efects on
HbF expression, explaining 20–50% of HbF variation in SCA
patients and being relevant for their treatment, follow-up,
and prognosis [6, 7].

Compared to other currently described HbF QTLs,
BCL11A (B-cell CLL/lymphoma 11A), located on chro-
mosome 2p16, has shown more signifcant and reproducible
associations and has been validated as a c-globin gene si-
lencer (HbF contains two α and two c globins). When this
study started, regardless of the regulatory mechanism, ge-
netic observations supported that BCL11A expression was
infuenced by six main SNVs, highlighting these variants in
intron II (rs1427407, rs7599488, rs766432, rs11886868,
rs4671393, rs7557939).Tese SNVs had been associated with
HbF repression in late-stage erythroid cells, where decreased
BCL11A expression correlates with increased HbF con-
centrations, as well as clinical and hematological parameters,
refecting a decrease in clinical severity of sickle cell disease
[8–10].

Although no sickle cell patients were found, this study
detected asymptomatic HbAS-carrier individuals during
public health screening in individuals of African descent. An
Amplifcation Refractory Mutation System (ARMS) PCR
was designed and validated by Sanger sequencing to detect
the presence of the six major non-coding SNVs in the HbF
QTLs, BCL11A. Its functionality was demonstrated by re-
vealing heterozygous and homozygous individuals for each
SNV and a correlational analysis with their HbF
concentrations.

2. Materials and Methods

2.1. Individuals and Blood Tests. Blood samples (5mL per
person) were collected during a non-probability conve-
nience sampling of individuals who voluntarily accepted to
participate in HbS detection and self-identifed as afro-
descendants during a public health screening in Santa
Maŕıa Cortijo and Rio Grande, Oaxaca, Mexico commu-
nities. All individuals were analyzed by routine blood tests to
evaluate their general health status, including a complete

blood count (hematology analyzer Advia 60) and serum iron
test (Biosystems). Samples were obtained before authori-
zation under informed consent in adults or guardian ap-
proval in minors. Te project was approved by the research
and ethical committees of the Biochemical Sciences Faculty
of the Autonomous University “Benito Juárez” of Oaxaca
(number: FCQ/CEI/001/2016).

2.2. Detection and Quantifcation of Hemoglobin Variants.
Te presence of hemoglobin variants was identifed by
manual electrophoreses, including the acidic citrate agar
(pH� 6.0, 40V, 4°C, 200min) and the alkaline cellulose
acetate (pH� 8.6, 250V, 25°C, 60min) methods, including
the hemoglobins control AFSA2 SCE127E INTERLAB®.Te
densitometric analysis for hemoglobin quantifcation was
performed using Image Studio Lite software. Blood samples
with HbS were screened using the sodium metabisulfte test
to evaluate sickle cell-shaped erythrocyte induction under
brightfeld microscopy at 40X.

2.3. DNA Samples. Genomic DNA was extracted from total
leukocytes from individuals by the phenol-chloroform
method and the HeLa cell line, as a positive internal con-
trol for the presence of the SNVs because this cell line ge-
nome has been demonstrated as providing a nucleotide-
resolution view of a signifcant number of mutations
[11, 12]. DNA purity, integrity, and concentration were
quantifed by spectrophotometric analysis, and samples were
aliquoted and stored at 4°C until use.

2.4.Amplifcation andSequencing of theHBBGene. TeHBB
gene was amplifed and sequenced from twelve nonrelated
individuals with HbS and one HbAA subject as control.
Heritable large mutations in the HBB gene are rare, but the
619 bp deletion (Δ619 bp) encompassing the exon 3 has been
reported with high prevalence [13]. Hence, to detect the
pathogenic sickle cell anemia-associated variant rs334 and
other SNVs in the HBB gene, the β-globin mutation de-
tection assay system (β-GMDA) proposed by Chan OTet al.
[14] was performed to amplify and sequence the HBB gene.
Briefy, the variants were evaluated in three PCR reactions
using the primers described in Table 1: Initially, a PCR-I
(primers A and B) including exon 1, intervening sequences-I
(IVS-I), and exon 2 with a 1457-bp size product. PCR-I was
followed by the PCR-II (primers C and D) designed to
amplify exon 3 and a part of IVS-II with a 1213-bp size
product or 594-bp if the 619-bp fragment is deleted. When
PCR-I did not amplify because the Δ619 bp was present,
a secondary reaction called PCR-III (primers A and E) was
employed to bypass the 619-bp deletion using an antisense
primer located before the deleted region; this reaction
amplifed a 695-bp size product.

2.5. ARMS-PCR and Validation by Sanger Sequencing
Method. Te sequence corresponding to the gene BCL11A
was obtained from the NCBI database (https://www.ncbi.
nlm.nih.gov/) in FASTA format (RefSeq NG_011968.1). Te

2 Anemia

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/


SNVs of interest (rs1427407, rs7599488, rs766432,
rs11886868, rs4671393, rs7557939) were visualized in the
variation viewer of the NCBI (https://www.ncbi.nlm.nih.
gov/variation/view) and then located along with their
fanking sequences in the sequence obtained in FASTA
format. Te allelic discrimination of each SNV was per-
formed by ARMS-PCR, for which diferent primers were
designed containing the nucleotide corresponding to the
SNV to evaluate, at the 3′ end in sense or antisense primer,
according to their optimal physicochemical properties.
Table 2 shows the designed primers for SNV evaluation.

Te polymorphic region within IVS-II of BCL11A is
3.7 kb long. Terefore, three PCR products covered the
entire area to optimize the sequencing process. Te frag-
ments obtained were sequenced by Macrogen Inc ® with the
primers listed in Table 3. Te generated sequences were
analyzed using multiple sequence alignment by Florence
Corpet and by the Ape Sec bioinformatics software for SNV
identifcation.

2.6. Statistical Analysis. Te correlation between the cate-
gorical qualitative variable (genotype defned as the presence
or the absence of each SNV) and the quantitative variable
(HbF concentration) was evaluated based on Spearman’s
correlation coefcient (Rho). Hence, a positive correlation
close to +1 signifes that the presence of a specifc SNV tends
to increase the HbF concentration. Statistical analysis was
performed on SPSS 21.0 software (SPSS Inc.; Chicago,
IL, USA).

3. Results

3.1. Te Screening of Hemoglobin Variants Revealed the
Presence of AsymptomaticHbSCarriers. Santa Maŕıa Cortijo
and Rio Grande are villages located 104 and 37meters above
sea level, respectively, on the Oaxaca state coast, Mexico.
Both communities are described as having a high density of
individuals of African descent by the National Institute of
Statistics and Geography of Mexico [15]. Te proximity and
similarity of both villages prompted us to calculate average
hemoglobin values± SD for healthy individuals as a com-
mon point of reference, giving ranges of 11.0–14.3 g/dL for
women and 12.2–15.5 g/dL for men.

140 self-identifed afro-descendants volunteered in HbS
detection; those with low total hemoglobin concentrations
and normal serum iron levels were elected to assess the
presence of structural hemoglobin variants by acidic and
alkaline electrophoreses. Te screening evidenced 42 HbS

carriers (30% of the sampled population), of which 4 and 6
subjects were from two families and 32 were unrelated. Te
existence of HbS in all those samples was corroborated by
the sodium metabisulfte test, as evidenced by the induction
of sickle cell-shaped erythrocytes. Figure 1 illustrates rep-
resentative results of acidic citrate agar and alkaline cellulose
acetate electrophoreses, as well as the densitometric analysis
for the hemoglobins’ quantifcation.

Interestingly, of the 140 participants, three HbS-negative
individuals showed quantifable HbF concentrations above
2.0%, as shown in Table 4, together with measurements for
the nine HbAS samples with the highest HbF
concentrations.

3.2. Validation of (HBB:c.20A>T, p.Glu6Val) Substitution
and Identifcation of New Silent Mutations. Aiming to
evaluate variations in the HBB gene from HbAS individuals,
twelve samples were selected by fulflling the following se-
lection criteria: HbS presence by electrophoresis; positive for
sickle cell induction; and DNA quantifcation ≥200 ng/µl
with acceptable quality and integrity. Twelve HbS-carrier
individuals from both municipalities and only one member
per family were selected. One healthy HbAA subject from
the same population was also included as a control. As
shown in Figure 2, the twelve chosen samples presented the
heterozygous (HBB:c.20A>T, p.Glu6Val) variation (rs334,
RefSeq NM_000518.5) compared to the HBB NCBI database
(RefSeq NG_059281.1) and the control sequences. Te re-
sults showed that the selected individuals were not carriers of
the 619-bp deletion since, in all of them, the amplifcation of
the fragment with primers A-B was obtained, and the BLAST
analysis confrmed the sequences’ concordance and
identities.

In addition, two unrelated homozygous variants were
identifed in the analyzed population since eleven of the
HbS-analyzed individuals and the healthy individual (con-
trol) from the same inhabitants also presented both variants
(Figure 3). Tese variants were in codons 3(CAU/CAC), and
this is a silent variant since, despite the nucleotide sub-
stitution, this produces no changes in the amino acid
translation.Te CAU sequence in codon 3 codifes histidine,
corresponding to the original sequence reported in the NCBI
database for the HBB gene. Te other variant occurs in the
second intron and corresponds to a non-coding region.
Genetic searching in public datasets (https://www.
internationalgenome.org) revealed no registered associa-
tion between these mutations and other ancestral pop-
ulations such as Amerindian, African, or Hispanic/Latinos.

Table 1: HBB-specifc primers [14].

Primer Sequence 5′⟶ 3′
A (forward) ACGGCTGTCATCACTTAGAC
B (reverse) AAGAGGTATGAACATGATTAGC
C (forward) GTGTACACATATTGACCAAATC
D (reverse) CAGATTCCGGGTCACTGTG
E (reverse) CTCCCCTTCCTATGACATGA
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3.3. ARMS-PCR Efciently Detects Homozygous and Het-
erozygous SNVs in BCL11A. Te SNVs in BCL11A
(rs1427407, rs7599488, rs766432, rs11886868, rs4671393,
rs7557939) were evaluated in 42 heterozygous (HbAS) and
27 healthy (HbAA) individuals by ARMS-PCR as described
in Materials and Methods. Te presence of heterozygous or
homozygous individuals for alleles with the highest or the
lower frequency for each SNV was evaluated, as illustrated
for the SNV rs766432G/T in Figure 4.

Panels (A), (B), and (C) show no amplifcation in the
negative control using any pair of primers. HeLa DNA revealed
an actual amplifcation when using primers FW 3B-RV 3,
demonstrating the efciency of this method in detecting the
presence of this SNV. Panel (A) shows amplifcation in HbS-
carrier DNA only when using primers FW 3A-RV3, revealing
a result of a homozygous individual for alleles T/T. On the other
hand, panel (B) illustrates a result of a heterozygous individual
G/T due to the amplifcation with both pairs of primers FW
3A-RV3 and FW 3B-RV3. Finally, in Panel (C), because of the
amplifcation only with the primers FW 3B-RV3, it exemplifes
a result of a homozygous individual for alleles GG.

ARMS-PCR results were validated by Sanger sequencing
of three DNA samples from individuals presenting more
homozygous and heterozygous variants associated with HbF
concentrations (Figure 5). Panel (A) shows the identifcation
of the homozygous nucleotide corresponding to the variants
with the highest frequency of the polymorphism rs7557939;
panel (B) shows the homozygous nucleotide corresponding

to one of the variants with a low frequency of the poly-
morphism rs4671393. All the other variants were also val-
idated by Sanger sequencing of three samples.

3.4. SNV (rs766432) in BCL11A Is Associated with Fetal
HemoglobinConcentration inAsymptomatic Carriers (HbAS)
Individuals of AfricanDescent. Because not all HbS-carrying
individuals had shown detectable HbF concentrations, and
some healthy individuals had shown quantifable HbF
concentrations, the statistical analysis was performed by
evaluating correlations between the observed genotype,
homozygote for alleles with the lower frequency (a/a),
heterozygote (A/a), or homozygote for alleles with the
highest frequency (A/A) of each SNV, and the HbF con-
centration in nine HbAS (carriers) and three HbAA
(healthy) individuals who had presented quantifable HbF by
electrophoresis (Figure 6). Only the rs766432 SNV was
statistically signifcantly associated with HbF concentration
in the evaluated population. Tis correlation was ascendant
positive when the lower frequency allele was present, so it
was signifcant in a homozygous state and more substantial
in a heterozygous state.

4. Discussion

Sickle cell anemia (SCA) is a common monogenic disorder
that, although not exclusively, afects individuals of African
descent more frequently [3]. In particular, the Oaxaca state

Table 2: Primers’ sequences for detection of SNVs-HbF in BCL11A through ARMS-PCR.

SNV ID Primer Sequence 5′⟶ 3′

rs1427407
FW 1 AGTTAGGACTTCCTTTTACTGTACT
RV 1A TAACCTTCTTAGCACCCACAAACAT
RV 1B TAACCTTCTTAGCACCCACAAACAC

rs7599488
FW 2 AACACGGAGTGATGATGCCTAGGGT
RV 2A CAAAGAAGTTAGTCTCAGCCACCTGA
RV 2B CAAAGAAGTTAGTCTCAGCCACCTGG

rs766432
FW 3A TGAATGACTTTTGTTGTATGTAAAG
FW 3B TGAATGACTTTTGTTGTATGTAAAT
RV 3 ATACTGATGAATAAGACTGAGTT

rs11886868
FW 4 GAGGTTTCTATTCGGAATAGGA
RV 4A ATCGTCTTTTGTGTTTAATTTCTTC
RV 4B ATCGTCTTTTGTGTTTAATTTCTTA

rs4671393
FW 5 GGTTTCTTAAGTAATGTAGGTG
RV 5A GCTGTGGACAGCAAAGCTTCA
RV 5B GCTGTGGACAGCAAAGCTTCC

rs7557939
FW 6A CAGCATCACCCTCTCTCACTCTTGC
FW 6B CAGCATCACCCTCTCTCACTCTTGT
RV 6 GTTGACCTCCCCCATTAGCAGCATG

Tree primers were designed to identify the presence of each SNV: one primer with an SNV-free binding site paired with each primer to diferentiate the base
in the SNV. Additionally, one primer containing at the 3′ end one possible nucleotide of the SNV was evaluated, so the bold values in the primer column
represent the alternative primers used to detect the SNVs, and the bold letters in the Sequence 5′⟶ 3′ column indicate the alternative nucleotides.

Table 3: Primers for Sanger sequencing of BCL11A.

Primer Sequence 5′⟶ 3′
BCL11A RV7 GTTGACCTCCCCCATTAGCAGCATG
BCL11A RV8 ATCGTCTTTTGTGTTTAATTTCTT
BCL11A FW7 AACACGGAGTGATGATGCCTAGGGT
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Figure 1: Detection and quantifcation of hemoglobin variants. Blood samples were analyzed by manual electrophoreses: (a) acidic citrate
agar and (b) alkaline cellulose acetate as described in Materials and Methods. Images show representative results of electrophoreses, and
densitograms show the quantifcation of the detected hemoglobins in healthy (HbAA), heterozygous (HbAS), and homozygous (HbSS)
individuals in comparison to the control containing A, A2, F and S hemoglobins. ◀�HbA, ◆�HbA2, ◀/◆�HbA/A2, ●�HbF, ■�HbS.
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coast of Mexico displays a high presence of this population
due to migration since the beginning of the seventeenth
century [15]. Te directed sampling of 140 self-identifed
individuals of African descent from this region revealed 42
(30%) asymptomatic HbS carriers with no hematologic
abnormalities or anemia as widely described [16].

Tese results indicate that basic low-cost techniques such
as electrophoresis and sickle cell-shaped erythrocyte in-
duction remain functional as screening methodologies and
expose the need to increase coverage for future screenings in
vulnerable populations to provide them with genetic
counseling and efcient treatments under stressful
situations.

Since this study sampling was conducted using a non-
probability convenience method, it might have afected the
sample’s representativeness since calculating probabilistic

measures such as the frequency of asymptomatic (HbAS)
carriers or the presence of specifc SNVs in individuals of
African descent from the Oaxaca state coast might be un-
certain for epidemiological studies or clinical applications.
Nevertheless, because the studied populations are margin-
alized, the sample size represented 14.42% of the inhabitants
during the study period; therefore, the high percentage of
HbS carriers in the sample (30%) indicates a likely high
prevalence of the variants in these communities and es-
tablish an outlook toward further epidemiological studies.
Likewise, due to the research detected undiagnosed
asymptomatic HbS carriers lacking clinical data, discussing
these results in contrast to evidence shown by other authors
in diagnosed SCA patients looking for clinical correlations is
not feasible. A further evaluation, including more SNV in
other HbF QTL, toward detecting prognostic markers in

Table 4: Percentages of hemoglobin variants identifed in asymptomatic carriers (HbAS) and healthy individuals (HbAA).

Number HbA% HbA2% HbF % HbS % Gender Age
Asymptomatic carriers (HbAS)
1 50.29 1.72 9.05 38.94 M 3
2 49 0.99 8.92 41.09 F 58
3 48.15 0.95 8.82 42.08 F 27
4 43.08 1.92 6.93 48.07 M 3
5 49.48 1.02 4.87 44.63 F 10
6 49.18 1.95 4.79 44.08 M 4
7 47.61 0.95 4.37 47.07 M 8
8 49.36 1.07 3.71 45.86 F 61
9 53.59 1.09 2.96 42.36 F 3
Healthy individuals (HbAA)
1 95.32 2.11 2.57 0 F 25
2 95.57 2.36 2.07 0 F 4
3 95.86 2.18 2.96 0 F 47
Percentages were quantifed by densitometric analysis using Image Studio Lite software based on alkaline cellulose acetate electrophoresis results. Data are
displayed in descending order based on fetal hemoglobin concentration. M�Male, F� Female.

C C CT A C C CA AC C CW A

(a) (b) (c)

Figure 2: Validation of (HBB:c.20A>T, p.Glu6Val) substitution. Sequences alignment of products using primers A-E corresponding to
Exon 1, IVS-I, and Exon 2.Te sequences for the HBB gene (NCBI RefSeq NG_059281.1), one control of a healthy individual, and the twelve
HbAS individuals are depicted in the left panel. Te vertical line in the electropherograms indicates the [A>T] substitution analyzed and
corresponds to (a) Control of a healthy individual (HbAA). (b) Heterozygous Individual (HbAS) and (c) Control of homozygous individual
(HbSS). W�A, T.
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diagnosed SCA patients would require a genetically char-
acterized newborn cohort with clinical prospective follow-
up over time.

Nevertheless, interestingly, the amplifcation and se-
quencing of the β-globin gene in the twelve HbAS and one
HbAA selected individuals revealed likely new silent ho-
mozygous variants in this population. Te likelihood of

generating homozygous mutations is very low because the
two HBB alleles have diferent origins from each descent;
hence, their presence might be because of the high rate of
endogamy in this population [15], whose practice would
increase the transference of this and other variants, in-
cluding those causing other hemoglobinopathies. In this
regard, populations with endogamous unions have been

HBB-RefSeq
Control
1
2
3
4
5
6
7
8
9
10
11
12

G A T G C G G T G C G C G T C G G G T C

REVERSE-COMPLEMENTARY SEQUENCES:

CG C A T C G  C  A C G A C G  C … G  A C  C C

(a) (b) (c) (d)

Figure 3: Identifcation of new silent variants in the analyzed population. Sequences alignment showing the sequence for HBB gen (NCBI
database RefSeq NG_059281.1), one control of a healthy individual, and the twelve HbA-HbS individuals. Representative electropherograms
of the CAU/CAC and ACC/ACG variations. (b) and (d) unafected individuals. (a) and (c) Afected individuals. Variations are marked with
a vertical line showing the substituted nucleotide.Te RV primer was used for sequencing, so the reverse complementary sequence obtained
in the electropherogram was used in the alignment.
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Figure 4: Representative results of the rs766432 SNV by ARMS-PCR. Images show the three possible outcomes when evaluating the
rs766432 SNV genotype. Similar results were obtained when assessing the other SNVs. (a) Homozygous individual for alleles with the
highest frequency T/T. (b) G/T heterozygous individual and (c) Homozygous individual for alleles with the lower frequency GG. MWM:
Molecular weight marker; NC: Negative control; HeLa: positive internal control of HeLa DNA; S: sample, FW 3A and FW 3B: Allele-specifc
primers forward; RV3: reverse primer with an SNV-free binding site.
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reported with high rates and common inherited blood
disorders [17]. Terefore, premarital screenings have been
applied to detect hemoglobinopathies carriers and genetic
counseling programs, whose results have successfully re-
duced the prevalence of these inherited blood disorders [18].
Additionally, evaluating the probable association of these
newly reported variants with the presence of beta-
thalassemia deletions and other inherited blood disorders
would reduce the frequency of these diseases and provide
directed treatments for diagnosed patients. However, given
the sample size and because the research was performed only
in two populations from Oaxaca’s coast, more extensive and
statistically representative sampling is needed to reach such
conclusions.

Several techniques, such as restriction enzymes, TaqMan
probes, or direct sequencing, have been used to determine
the SNVs in HbF QTLs analyzed in this study and other
SNVs regarding ethnic diferences in the haplotypes of in-
terest [8, 19, 20]. Nevertheless, given the need to detect
potential HbS carriers due to the symptoms presented by
some residents of the evaluated regions and because of the
equipment constraints and limited funding faced during the
research, this study included manual electrophoreses for
detecting hemoglobin variants, and it developed a low-cost
ARMS-PCR-based strategy for these same goals. Likewise,
aiming to increase the reliability of the results, these were
validated by Sanger sequencing, whose analysis showed the
feasibility of the designed ARMS-PCRmethodology to apply
it for diagnosis, personalized treatment, and prognosis in
SCA patients. In addition, because of the ascendant sig-
nifcant genotype-dependent association of the SNV
(rs766432) in BCL11A with increasing HbF concentration,
this SNVmight be further evaluated for clinical associations.

Likewise, it would be necessary to design additional
ARMS-PCR to evaluate more SNVs and extend the panels
for diferent populations. In this regard, a recent study of
thirty-nine diagnosed SCA individuals from South Mexico
showed signifcant HbF elevation with a diferent SNV in
BCL11A (rs11886868) and only in the homozygous HbSS
patients [21]. Likewise, other investigations worldwide have
reported the rs11886868 variant as representative of the
BCL11A-QTL [7, 22]. Such discrepant results might be
attributable to multiple variables such as ethnicity and
medical history, but mainly to the limited number of
samples and the low frequency of the diferent genotypes, as
shown by Ghamrawy et al. in 2020 in an Egyptian SCA
population [10].

5. Limitations of the Study

Te directed non-probabilistic convenience method used for
sampling limits the calculation of the frequency of
asymptomatic HbS carriers or specifc SNVs in the studied
population.Te lack of further clinical data (besides the HbF
concentration) to evaluate potential correlations reported by
other authors is not feasible.

6. Future Research Directions and
Implications for Clinical Practice

Tis study highlights the need to raise coverage of HbS
screening in vulnerable populations to provide them with
genetic counseling. It is necessary to design additional
ARMS-PCR to evaluate more SNVs in additional HbF QTL
associated with each specifc population. Conducting re-
gional multicenter studies to search for clinical correlations

rs7557939

TGCTTAG
TGCTTAG
TGCTTAG
TGCTTAG

+30
BCL11
1Brev
2Brev
3Brev

Reference sequence:
…CTTGC/TTTAG…

520
C C C C C CT T T T T T T T T T T TA A AG G G G G G

520510

(a)

rs4671393

+
BCL11
1Brev
2Brev
3Brev

CACTGAAG
CACCGAAG
CACCGAAG
CACCGAAG

430
Reference sequence:
…GCACT/G/C/A,GAAG…

C C C C C C C C CA A A A A A A A AG G G G G G G G G
710710

(b)

Figure 5: Representative results of the validation of the ARMS-PCR. (a) Sanger sequencing for validation of rs75573933 of the three samples
homozygous for the allele with the highest frequency; (b) validation of rs4671393 of the three samples homozygous for the alternative allele
with lower frequency.
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in asymptomatic and diagnosed patients would provide the
prognosis value on the HbF expression for the presence or
absence of each specifc SNV directed toward the SCA
patients’ treatment, follow-up, and prognosis.

7. Conclusions

Tis research revealed the existence of asymptomatic HbS-
carriers in African descendants from vulnerable pop-
ulations at the coast of Oaxaca, Mexico. Te designed
ARMS-PCR efciently detected homozygous and hetero-
zygous variants in BCL11A; hence, this methodological

strategy might be applied to detect more SNVs in other
HbF QTLs. Te SNV (rs766432) showed a statistically
signifcant association with increasing HbF concentration,
yet its likely clinical relevance needs further research in
patients with sickle cell anemia.

Data Availability

Te data used to support the fndings of this study are in-
cluded in the article. Additional databases are available for
further research upon request from the corresponding
author.
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Figure 6: Te rs766432 SNV in BCL11A is associated with HbF concentration in asymptomatic carriers (HbAS) individuals of African
descent. Graphics show the correlation between genotype and HbF concentrations in nine HbAS and three HbAA individuals of African
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