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Abstract

Background

Globally, iron-deficiency anemia (IDA) remains a major health obstacle. This health condi-

tion has been identified in 47% of pre-school students (aged 0 to 5 years), 42% of pregnant

females, and 30% of non-pregnant females (aged 15 to 50 years) worldwide according to

the WHO. Environmental and genetic factors play a crucial role in the development of IDA;

genetic testing has revealed the association of a number of polymorphisms with iron status

and serum ferritin.

Aim

The current study aims to reveal the association of TMPRSS6 rs141312 and BMP2

rs235756 with the iron status of females in Saudi Arabia.

Methods

A cohort of 108 female university students aged 18–25 years was randomly selected to par-

ticipate: 50 healthy and 58 classified as iron deficient. A 3–5 mL sample of blood was col-

lected from each one and analyzed based on hematological and biochemical iron status

followed by genotyping by PCR.
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Results

The genotype distribution of TMPRSS6 rs141312 was 8% (TT), 88% (TC) and 4% (CC) in

the healthy group compared with 3.45% (TT), 89.66% (TC) and 6.89% (CC) in the iron-defi-

cient group (P = 0.492), an insignificant difference in the allelic distribution. The genotype

distribution of BMP2 rs235756 was 8% (TT), 90% (TC) and 2% (CC) in the healthy group

compared with 3.45% (TT), 82.76% (TC) and 13.79% (CC) in iron-deficient group (P =

0.050) and was significantly associated with decreased ferritin status (P = 0.050). In addi-

tion, TMPRSS6 rs141312 is significantly (P<0.001) associated with dominant genotypes

(TC+CC) and increased risk of IDA while BMP2 rs235756 is significantly (P<0.026) associ-

ated with recessive homozygote CC genotypes and increased risk of IDA.

Conclusion

Our finding potentially helps in the early prediction of iron deficiency in females through the

genetic testing.

1 Introduction

Recently, iron-deficiency anemia (IDA) has become a global health problem mainly affecting

women, children and older adults [1]. The World Health Organization (WHO) estimated in

2013 that 273,000 deaths worldwide were due to IDA [2]. The incidence of IDA is generally

higher in low- and middle-income countries [3]. According to the WHO, the greatest numbers

of pre-school children, pregnant and non-pregnant women suffering from IDA live in the

Eastern Mediterranean countries which include those in the Middle East [1]. A high preva-

lence of IDA was reported in individuals with poor diets, especially in female students who

usually skip breakfast [4]. Also, several recent studies have suggested that IDA is frequently

reported in females and infants in Saudi Arabia [5–10]. Considering the detrimental long-

term effects and high prevalence of IDA, more attention has been given to its prevention [11].

Current research has suggested that the underlying causes for the disease worldwide include

both environmental and genetic factors.

The major causes of IDA in Saudi Arabia include inadequate consumption of Vitamin C,

infrequent consumption of red meat and fish, and genetic/or family history of IDA [8, 10].

Several polymorphisms have been previously reported in the Saudi population as causative sin-

gle nucleotide polymorphisms (SNPs) in diseases such as breast cancer [12–16], colon cancer

[17–19], diffuse parenchymal lung disease [20], and acute myeloid leukemia [21, 22]. In addi-

tion, genetic risk factors for IDA and causative genes have also been identified including the

TMPRSS6 gene [23].

TMPRSS6 is expressed predominantly in the liver and negatively regulates the synthesis of

the universal iron governing hormone hepcidin and thus plays a crucial role in iron homeosta-

sis [24]. As TMPRSS6 plays a fundamental role in the development of IDA, several genome-

wide association researchs have recognized common SNPs in TMPRSS6 that effect iron status

[25–28].

In addition to regulation by TMPRSS6, hepcidin production is delicately controlled by

interleukin-6, by bone morphogenic proteins (BMPs) and by other iron-regulated pathways

[29]. Bone morphogenic protein 2 (BMP2) induces hepcidin expression through the BMP co-

receptor hemojuvenlin [30]. While hepcidin excess induces anemia, hepcidin deficiency
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induces iron overload. Variants of the BMP2 gene have previously been associated with hemo-

chromatosis but not with IDA [25, 31, 32].

In a study previously undertaken of female students from the northern region of Saudi Ara-

bia, the rs855791 SNP in TMPRSS6 was found to be significantly associated with poor iron sta-

tus [23]. The purpose of the current study is to investigate TMPRSS6 rs1421312 and BMP2
rs235756 SNPs and their association with iron deficiency status among female students at the

University of Tabuk, Saudi Arabia. As far as we know, this is first article reporting on the asso-

ciation of polymorphism rs235756 of the BMP2 gene with iron deficiency status.

2 Methods

2.1 Study design

The study was approved by the Research Ethics Committees of Tabuk University; a total of

108 female students aged 18–25 participated and signed informed consent forms. The students

were separated into two groups: 50 healthy students (control) and 58 iron deficient students.

Females, were excluded from the study. Ethical approval for the research was obtained from

the University of Tabuk’s Committee of Research Ethics and KFSHRC-Jed (IRB# 2018–36).

2.2 Biochemical finding

Blood samples of 3–5 mL were collected. The Beckman Coulter LH750 Analyzer (Beckman

Coulter Inc., Miami, FL, USA) was utilized to determine levels of haemoglobin, red blood cells

(RBCs), white blood cells (WBCs) and platelets. A useful machine (Hitachi, UK) was utilised

to measure serum iron and ferritin. Concentration of ferritin<15 ng/ml and haemoglobin<

12 g/dl were defined as iron deficiency anaemia, whereas levels of ferritin<15 ng/ml and

haemoglobin>12 g/dl were defined as iron deficiency without anaemia [33].

2.3 DNA preparation

Genomic DNA was isolated via the QIAamp DNA kit (Qiagen, Valencia, CA, USA) according

to the manufacturer’s instructions. The DNA concentrations were measured by Nano-Drop

8000 spectrophotometer (Thermo Scientific, USA), and the DNA purity was evaluated by the

absorbance ratios of A260/A280 and A260/A230. After that, all DNA samples were stored at

−80 ˚C until use. PCR was conducted using a Taq DNA polymerase kit (Invitrogen) according

to the manufacturer’s instructions.

2.4 Genotyping

Allele-specific PCR and ARMS-PCR were used to detect TMPRSS6 rs1421312 and BMP2
rs235756, respectively using following primers:

To detect the TMPRSS6 rs1421312 polymorphism (Fig 1) the following primers were used:

Forward1 (T allele): AGCCAGTGGCTTAGCCATTCCA

Reverse: GTGGTGGCAGCATCAGAGCAAAG

Forward2 (C allele): AGCCAGTGGCTTAGCCATTCCG

Reverse: GTGGTGGCAGCATCAGAGCAAAG

To detect the BMP2 rs235756 polymorphism (Fig 2) the following primers were used:

Forward1: CATAGAGCAGGGCCCAGAAGCT

Reverse1: TCAGGGTACTCACGAAAGAGAGA
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Fig 1. Allele-specific PCR of TMPRSS6 (rs1421312).

https://doi.org/10.1371/journal.pone.0257895.g001

Fig 2. ARMS-PCR of BMP2 (rs235756).

https://doi.org/10.1371/journal.pone.0257895.g002
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Forward2 (C allele): GAAGACTAAGAATTCTAGAATCCTCTCC

Reverse2 (T allele): AAGATTTTCCTTTGGGCACCTGTTGGT

Amplification was performed in a 25 μl reaction volume containing 50 ng genomic DNA,

0.4 μM of each primer, 250 μM dNTPs, 1.5 mM MgCl2 and 1U Taq DNA polymerase. PCR

amplification was performed with a 5-minute initial denaturation step at 95˚C followed by 30

seconds at 94˚C for denaturation, 30 seconds at 64˚C for annealing, 30 seconds at 72˚C for

extension, and a final extension step at 72˚C for 5 minutes. The PCR was performed for 30

cycles. Products were separated using 2% agarose.

2.5 Statistical analysis

Statistical significance was determined using an χ2 test or an independent student’s t-test

whenever appropriate. Results were considered statistically significant for the probability value

(P)< 0.050. The odds ratios (OR) and 95% confidence intervals (CI) were calculated using the

Chi-square test to determine the genetic variations in the two groups. Analyses were per-

formed using SPSS version 16 (SPSS, Chicago, USA).

3 Results

3.1 Genotype distribution of TMPRSS6 rs1421312 and BMP2 rs235756

The genotype distribution of TMPRSS6 rs1421312 was 8% (TT), 88% (TC) and 4% (CC) in the

healthy group compared with 3.45% (TT), 89.66% (TC) and 6.89% (CC) in the iron-deficient

group (Table 1). There was no significant statistical difference between the groups (P = 0.492)

(Table 1).

In contrast, the genotype distribution of the BMP2 rs235756 was 8% (TT), 90% (TC) and

2% (CC) in the healthy group compared with 3.45% (TT), 82.76% (TC) and 13.79% (CC) in

the iron-deficient group (Table 2) which was statistically significant (P = 0.050).

3.2 Genotype distribution of TMPRSS6 rs1421312 and BMP2 rs235756

according to clinical parameters

To evaluate the distribution of TMPRSS6 rs1421312 and BMP2 rs235756 clinically, both were

analyzed for iron, ferritin, haemoglobin, platelets, RBCs and WBCs (Tables 3 and 4, respec-

tively) with the result that 78.7% of participants had high hemoglobin, 35% had high iron, 46%

had high ferritin, 78% had high RBCs, 98% had high platelet counts and 74% had high WBCs

while 22% of the students had low haemoglobin, 65% had low iron, 54% had low ferritin, 22%

had low RBCs, 2% had low platelets and 26% had low WBCs.

Table 1. Genotype distribution of TMPRSS6 (rs1421312) gene polymorphism.

N TT (%) TC (%) CC (%) Chi-square DF p value

Normal students 50 4 (8%) 44 (88%) 2 (4%) 1.42 2 0.492

Iron deficient students 58 2 (3.45%) 52 (89.66%) 4 (6.89%)

https://doi.org/10.1371/journal.pone.0257895.t001

Table 2. Genotype distribution of BMP2 (rs235756) gene polymorphism.

N TT TC CC Chi-square DF p value

Normal students 50 4 (8%) 45 (90%) 1 (2%) 5.65 2 0.050

Iron deficient students 58 2 (3.45%) 48 (82.76%) 8 (13.79%)

https://doi.org/10.1371/journal.pone.0257895.t002
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Our data indicate that TMPRSS6 rs1421312 was not significantly linked with decreased

hemoglobin (P = 0.339), decreased serum iron (P = 0.252), decreased serum ferritin

(P = 0.491), decreased RBCs (P = 0.737), decreased platelets (P = 0.883) or decreased WBCs

(P = 0.271) (Table 3) while BMP2 rs235756 was significantly associated with decreased serum

ferritin (P = 0.050) but was not significantly associated with decreased hemoglobin (P = 0.20),

Table 3. Genotype distribution of TMPRSS6 (rs1421312) gene polymorphism with respect to clinical parameters.

N= TT TC CC X2 Df P value

Hemoglobin

Normal 85 6 75 4 2.16 2 0.339

Abnormal 23 0 21 2

Iron

Normal 38 4 32 2 2.76 2 0.252

Abnormal 70 2 64 4

Ferritin

Normal 50 4 44 2 1.42 2 0.491

Abnormal 58 2 52 4

RBC

Normal 85 5 76 4 0.61 2 0.737

Abnormal 23 1 20 2

Platelets

Normal 106 6 94 6 0.25 2 0.883

Abnormal 02 0 2 0

WBC

Normal 80 6 69 5 2.61 2 0.271

Abnormal 28 0 27 1

https://doi.org/10.1371/journal.pone.0257895.t003

Table 4. Genotype distribution of BMP2 (rs235756) gene polymorphism with respect to clinical parameters.

N= TT TC CC X2 Df P value

Hemoglobin

Normal 85 5 75 5 3.16 2 0.20

Abnormal 23 1 18 4

Iron

Normal 38 4 33 1 4.90 2 0.08

Abnormal 70 2 60 8

Ferritin

Normal 50 4 45 1 5.65 2 0.05

Abnormal 58 2 48 8

RBC

Normal 85 4 72 9 3.05 2 0.22

Abnormal 23 2 21 0

Platelets

Normal 106 6 91 9 0.33 2 0.85

Abnormal 02 0 2 0

WBC

Normal 80 4 70 6 0.50 2 0.78

Abnormal 28 2 23 3

https://doi.org/10.1371/journal.pone.0257895.t004
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decreased serum iron (P = 0.08), decreased RBCs (P = 0.22), decreased platelets (P = 0.85) or

decreased WBCs (P = 0.78) (Table 4).

3.3 Association of TMPRSS6 rs1421312 and BMP2 rs235756 with iron

deficiency anemia risk

TMPRSS6 rs1421312 was genotyped in the healthy controls at 8%, 88%, and 4% for the TT,

TC, and CC genotypes, respectively and at 0%, 95% and 5% in the iron-deficient group for the

TT, TC, and CC genotypes, respectively (Table 5). In the healthy group, the T allele distribu-

tion was 52% while the C allele distribution was 48%. In contrast, the T allele distribution was

47% and the C allele distribution was 53% in the iron-deficient group. The OR 95% CI was

3.74(0.19–73.05) for the heterozygous TC genotype and 5.40(0.15–1.88) for the homozygous

CC genotype.

There was a significant association of the heterozygous TC+ homozygous CC genotype

with an increased risk for IDA (OR 95% CI; 3.77[0.19–73.5]), risk ratio: 1.41(1.20–1.65) and

P = 0.001.

BMP2 rs235756 was also genotyped in the iron-deficient group and was 5.3%, 73.7% and

21% for the TT, TC, and CC genotypes, respectively, whereas in the healthy group it was 6%,

94% and 0% for the TT, TC, and CC genotypes, respectively (Table 6). The T and C allele dis-

tributions were 42% for T and 58% for C in the iron-deficient group and 53% for T and 47%

for C in the healthy group. The OR 95% CI was 29.3 (1.494–575.401) for the homozygous CC

genotype. BMP2 rs235756 was significantly (P<0.026) associated with increased risk for IDA

in the female students in the study.

4 Discussion

In the past, iron deficiency was thought to be due to dietary and environmental factors. While

this is partially true, advancements in technology and in the understanding of the underlying

disorders of iron metabolism have revealed that genetic factors contribute heavily to the devel-

opment of iron deficiency [34, 35]. At the population level, compelling evidence of geographic

Table 5. Genotypes and allele frequencies of TMPRSS6 (rs1421312) polymorphism in normal subjects and in iron deficiency anemia group.

Genotypes Normal subjects Anemia group OR (95% CI) Risk Ratio (RR) p-value

(N = 50) % (N = 19) %

TT 4 8% 0 0% 1(ref.) 1(ref.)

TC 44 88% 18 95% 3.74 (0.19–73.05) 1.40 (1.20–1.65) 0.001

CC 2 4% 1 5% 5.40 (0.15–1.88.8) 1.50 (0.67–3.33) 0.32

Dominant

TT 4 8% 0 0% 1(ref.) 1(ref.)

TC+CC 46 92% 19 100% 3.77 (0.19–73.5) 1.41 (1.20–1.65) 0.001

Recessive

TT+TC 48 96% 18 95% 1(ref.) 1(ref.)

CC 2 4% 1 5% 1.33 (0.11.11.61) 1.09 (0.48–2.46) 0.83

Allele

T 52 52% 18 47% 1(ref.) 1(ref.)

C 48 48% 20 53% 1.20 (0.56–2.54) 1.05 (0.85–1.29) 0.62

ref = Reference

https://doi.org/10.1371/journal.pone.0257895.t005
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differences in iron status supports the hypothesis of genetic variations across ethnicities [36],

in particular among Asian and African populations [1, 37].

SNPs are well known to cause mutations in DNA structures that lead to susceptibility to

various diseases [38, 39] and change amino acid sequencing in certain protein [40]. Polymor-

phisms in the TMPRSS6 gene have a profound impact on iron metabolism. TMPRSS6 SNPs

have been associated with IDA but causality has is not established [41]. Among the SNPs in

TMPRSS6 involved in IDA are rs869320724, rs767094129, rs786205059, rs137853119, and

rs137853120 [42]. Gichohi-Wainaina et al. reported several differences in minor allele fre-

quency in TMPRSS6 SNPs that includes rs228919, rs4820268, rs228921, rs855791, rs2111833,

rs575620, rs228918, and rs1421312 [43]. Accordingly, we hypothesized that TMPRSS6
rs1421312 is associated with IDA in the female university students we studied in Saudi Arabia.

McLaren and colleagues studied SNP in TMPRSS6 gene in four different groups and found

no significant association in rs1421312 and decreases in serum ferritin concentration [44]. In

our study, the same result was observed with respect to iron concentration, serum ferritin and

serum iron, but we did find that TMPRSS6 rs1421312 is significantly associated with dominant

genotypes (TC+CC) and an increased risk for IDA for female university students in the north

of Saudi Arabia.

In humans, the BMP2 gene is located on chromosome 20 and is considered an excellent can-

didate for fibrodysplasia (myositis) [45]. Most hemochromatosis genetic base conditions are

linked to BMP2 as a result of homozygosity for the C282Y missense mutations that cause modi-

fication in the HFE gene. Milet and colleagues found a significant association between the

rs235756 SNP of BMP2 and the pre-therapeutic serum ferritin level [32] (corrected for multiple

testing). Hepcidin excesses inducing anemia and hepcidin deficiencies inducing iron overloads

have been associated with BMP2. Variants of BMP2 have previously been associated with hemo-

chromatosis, but not IDA [25, 31, 32]. Accordingly, we hypothesized that the SNP rs235756 on

BMP2 is potentially associated with IDA in female university students in Saudi Arabia.

In our study, we observed no significant association between increased risk of IDA and

BMP2 rs236756 although there was a significant association between increased risk for IDA

and serum ferritin. This result is consistent with the finding of Milet and co-authors [32]. In

contrast, in 2012 An and colleagues found a direct association between SNP rs855791 in

Table 6. Genotypes and allele frequencies of BMP2 (rs235756) polymorphism in normal subjects and in iron deficiency anemia group.

Genotypes Normal subjects Anemia group OR (95% CI) Risk Ratio (RR) p-value

(N = 50) % (N = 19) %

TT 3 6% 1 5.3% 1 (ref.) 1 (ref.)

TC 47 94% 14 73.7% 0.89 (0.086 to 9.282) 0.97 (0.543 to 1.742) 0.92

CC 0 0% 4 21% 21 (0.639 to 690) 7.0 (0.474 to 103.276) 0.08

Dominant

TT 3 6% 1 5.3% 1 (ref.) 1 (ref.)

TC+CC 47 94% 18 94.7 21 (0.639 to 690.030) 1.03 (0.577 to 1.862) 0.08

Recessive

TT+TC 50 100% 15 79% 1(ref.) 1(ref.)

CC 0 0% 4 21% 29.3 (1.494 to 575.401) 7.65 (0.549 to 106.47) 0.026

Allele

T 53 53% 16 42% 1 (ref.) 1 (ref.)

C 47 47% 22 58% 1.55 (0.729 to 3.296) 1.12 (0.916 to 1.387) 0.254

ref = Reference

https://doi.org/10.1371/journal.pone.0257895.t006

PLOS ONE Association of polymorphisms of genes BMP2 and TMPRSS6 with iron deficiency

PLOS ONE | https://doi.org/10.1371/journal.pone.0257895 November 15, 2021 8 / 12

https://doi.org/10.1371/journal.pone.0257895.t006
https://doi.org/10.1371/journal.pone.0257895


TMPRSS6 gene and increased risk of IDA but no association between SNP rs235756 in BMP2
gene and increased risk [25]. This contradicts our finding of a direct association between

increased risk of IDA and BMP2 variant rs235756 in the recessive genotype (CC) as the RR

was 7.65 (0.549–106.475) and. This could be due to other environmental factors and the differ-

ent genetic make-ups of the populations studied. Although the study size was limited (108 par-

ticipants), our result is still valid; confirmation with a greater number of participants is

required.

5 Conclusions

The current study demonstrates the substantial roles for TMPRSS6 polymorphic variant

rs1421312 and BMP2 polymorphic variant rs235756 in increased susceptibility for IDA in

Saudi female students aged 18–25. We found that both TMPRSS6 rs1421312 dominant geno-

type (TC+CC) and BMP2 rs235756 recessive genotype (CC) are associated with an increased

risk for IDA. BMP2 rs235756 was found to be associated with ferritin though neither SNP

showed a significant association with decreased serum hemoglobin, RBCs, platelets or WBCs.

In future clinical settings, our finding potentially helps in the early prediction for iron defi-

ciency in females through the genetic testing.

Author Contributions

Conceptualization: Noura Alasmael.

Data curation: Osama M. Al-Amer, Othman R. Alzahrani, Abdullah Hamad, Yousef Moham-

medRabaa Hawasawi.

Formal analysis: Osama M. Al-Amer, Atif Abdulwahab A. Oyouni, Noura Alasmael.

Funding acquisition: Khalaf F. Alsharif.

Investigation: Osama M. Al-Amer, Mohammad Algahtani, Yousef MohammedRabaa

Hawasawi.

Methodology: Osama M. Al-Amer, Atif Abdulwahab A. Oyouni, Saad Ali S. Aljohani, Hadeel

Al Sadoun, Abdullah Hamad, Yousef MohammedRabaa Hawasawi.

Project administration: Othman R. Alzahrani, Yousef MohammedRabaa Hawasawi.

Resources: Atif Abdulwahab A. Oyouni, Abdulrahman Alasmari.

Supervision: Abdulrahman Alasmari.

Validation: Mohammed Ali Alshehri, Abdulrahman Theyab.

Visualization: Othman R. Alzahrani, Mohammad Algahtani.

Writing – original draft: Mohammed Ali Alshehri, Abdulrahman Theyab, Mohammad

Algahtani, Khalaf F. Alsharif, Abdullah Hamad, Yousef MohammedRabaa Hawasawi.

Writing – review & editing: Abdulrahman Alasmari, Othman R. Alzahrani, Saad Ali S. Aljo-

hani, Abdulrahman Theyab, Mohammad Algahtani, Khalaf F. Alsharif, Abdullah Hamad,

Wed A. Abdali, Yousef MohammedRabaa Hawasawi.

References
1. McLean E., Cogswell M., Egli I., Wojdyla D., and de Benoist B., Worldwide prevalence of anaemia,

WHO Vitamin and Mineral Nutrition Information System, 1993–2005. Public Health Nutr, 2009. 12(4):

p. 444–54. https://doi.org/10.1017/S1368980008002401 PMID: 18498676

PLOS ONE Association of polymorphisms of genes BMP2 and TMPRSS6 with iron deficiency

PLOS ONE | https://doi.org/10.1371/journal.pone.0257895 November 15, 2021 9 / 12

https://doi.org/10.1017/S1368980008002401
http://www.ncbi.nlm.nih.gov/pubmed/18498676
https://doi.org/10.1371/journal.pone.0257895


2. Pasricha S.R., Drakesmith H., Black J., Hipgrave D., and Biggs B.A., Control of iron deficiency anemia

in low- and middle-income countries. Blood, 2013. 121(14): p. 2607–17. https://doi.org/10.1182/blood-

2012-09-453522 PMID: 23355536

3. Balarajan Y., Ramakrishnan U., Ozaltin E., Shankar A.H., and Subramanian S.V., Anaemia in low-

income and middle-income countries. Lancet, 2011. 378(9809): p. 2123–35. https://doi.org/10.1016/

S0140-6736(10)62304-5 PMID: 21813172

4. Shill K.B., Karmakar P., Kibria M.G., Das A., Rahman M.A., Hossain M.S. et al., Prevalence of iron-defi-

ciency anaemia among university students in Noakhali region, Bangladesh. J Health Popul Nutr, 2014.

32(1): p. 103–10. PMID: 24847599

5. Al Hassan N.N., The prevalence of iron deficiency anemia in a Saudi University female students. Jour-

nal of microscopy and ultrastructure, 2015. 3(1): p. 25–28. https://doi.org/10.1016/j.jmau.2014.11.003

PMID: 30023178

6. Al Hawsawi Z.M., Al-Rehali S.A., Mahros A.M., Al-Sisi A.M., Al-Harbi K.D., and Yousef A.M., High prev-

alence of iron deficiency anemia in infants attending a well-baby clinic in northwestern Saudi Arabia.

Saudi Med J, 2015. 36(9): p. 1067–70. https://doi.org/10.15537/smj.2015.9.11844 PMID: 26318463

7. Al Sulayyim H.J., Al Omari A., and Badri M., An assessment for diagnostic and therapeutic modalities

for management of pediatric Iron defficiency Anemia in Saudi Arabia: a crossectional study. BMC

Pediatr, 2019. 19(1): p. 314. https://doi.org/10.1186/s12887-019-1704-3 PMID: 31488081

8. Alquaiz A.J., Khoja T.A., Alsharif A., Kazi A., Mohamed A.G., Al Mane H., et al., Prevalence and corre-

lates of anaemia in adolescents in Riyadh city, Kingdom of Saudi Arabia. Public Health Nutr, 2015. 18

(17): p. 3192–200. https://doi.org/10.1017/S1368980015001214 PMID: 25936397

9. AlSheikh M., Prevalence and risk factors of iron-deficiency anemia in Saudi female medical students.

Saudi Journal for Health Sciences, 2018. 7(3): p. 148–152.

10. Alzaheb R.A. and Al-Amer O., The Prevalence of Iron Deficiency Anemia and its Associated Risk Fac-

tors Among a Sample of Female University Students in Tabuk, Saudi Arabia. Clin Med Insights Wom-

ens Health, 2017. 10: p. 1179562x17745088. https://doi.org/10.1177/1179562X17745088 PMID:

29225484

11. Musaiger A.O., Iron deficiency anaemia among children and pregnant women in the Arab Gulf coun-

tries: the need for action. Nutr Health, 2002. 16(3): p. 161–71. https://doi.org/10.1177/

026010600201600302 PMID: 12418800

12. Semlali A., Almutairi M., Rouabhia M., Reddy Parine N., Al Amri A., Al-Numair N. S., et al., Novel

sequence variants in the TLR6 gene associated with advanced breast cancer risk in the Saudi Arabian

population. PLoS One, 2018. 13(11): p. e0203376. https://doi.org/10.1371/journal.pone.0203376

PMID: 30388713

13. Alzahrani F.A., Ahmed F., Sharma M., Rehan M., Mahfuz M., Baeshen M.N., et al., Investigating the

pathogenic SNPs in BLM helicase and their biological consequences by computational approach. Sci

Rep, 2020. 10(1): p. 12377. https://doi.org/10.1038/s41598-020-69033-8 PMID: 32704157

14. Hawsawi Y., Humphries M.P., Wright A., Berwick A., Shires M., Al-Kharobi H., et al., Deregulation of

IGF-binding proteins -2 and -5 contributes to the development of endocrine resistant breast cancer in

vitro. Oncotarget, 2016. 7(22): p. 32129–43. https://doi.org/10.18632/oncotarget.8534 PMID:

27050076

15. Jordan V.C., Fan P., Abderrahman B., Maximov P.Y., Hawsawi Y.M., Bhattacharya P., et al., Sex ste-

roid induced apoptosis as a rational strategy to treat anti-hormone resistant breast and prostate cancer.

Discov Med, 2016. 21(117): p. 411–27. PMID: 27355337

16. Alzahrani F.A., Hawsawi Y.M., Altayeb H.N., Alsiwiehri N.O., Alzahrani O.R., Alatwi H.E., et al., In silico

modeling of the interaction between TEX19 and LIRE1, and analysis of TEX19 gene missense SNPs.

Mol Genet Genomic Med, 2021: p. e1707. https://doi.org/10.1002/mgg3.1707 PMID: 34036740

17. Semlali A., Parine N.R., Al-Numair N.S., Almutairi M., Hawsawi Y.M., Amri A.A., et al., Potential role of

Toll-like receptor 2 expression and polymorphisms in colon cancer susceptibility in the Saudi Arabian

population. Onco Targets Ther, 2018. 11: p. 8127–8141. https://doi.org/10.2147/OTT.S168478 PMID:

30532554

18. Hawsawi Y., El-Gendy R., Twelves C., Speirs V., and Beattie J., Insulin-like growth factor—oestradiol

crosstalk and mammary gland tumourigenesis. Biochim Biophys Acta, 2013. 1836(2): p. 345–53.

https://doi.org/10.1016/j.bbcan.2013.10.005 PMID: 24189571

19. Hawsawi Y.M., Zailaie S.A., Oyouni A.A.A., Alzahrani O.R., Alamer O.M., and Aljohani S.A.S., Prostate

cancer and therapeutic challenges. J Biol Res (Thessalon), 2020. 27(1): p. 20. https://doi.org/10.1186/

s40709-020-00128-z PMID: 33303035

20. Alsohime F., Almaghamsi T., Basha T.A., Alardati H., Alghamdi M., and Hawsawi Y.M., Unusual Promi-

nent Pulmonary Involvement in a Homozygous PRF1 Gene Variant in a Female Patient. J Clin Immunol,

2020.

PLOS ONE Association of polymorphisms of genes BMP2 and TMPRSS6 with iron deficiency

PLOS ONE | https://doi.org/10.1371/journal.pone.0257895 November 15, 2021 10 / 12

https://doi.org/10.1182/blood-2012-09-453522
https://doi.org/10.1182/blood-2012-09-453522
http://www.ncbi.nlm.nih.gov/pubmed/23355536
https://doi.org/10.1016/S0140-6736%2810%2962304-5
https://doi.org/10.1016/S0140-6736%2810%2962304-5
http://www.ncbi.nlm.nih.gov/pubmed/21813172
http://www.ncbi.nlm.nih.gov/pubmed/24847599
https://doi.org/10.1016/j.jmau.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30023178
https://doi.org/10.15537/smj.2015.9.11844
http://www.ncbi.nlm.nih.gov/pubmed/26318463
https://doi.org/10.1186/s12887-019-1704-3
http://www.ncbi.nlm.nih.gov/pubmed/31488081
https://doi.org/10.1017/S1368980015001214
http://www.ncbi.nlm.nih.gov/pubmed/25936397
https://doi.org/10.1177/1179562X17745088
http://www.ncbi.nlm.nih.gov/pubmed/29225484
https://doi.org/10.1177/026010600201600302
https://doi.org/10.1177/026010600201600302
http://www.ncbi.nlm.nih.gov/pubmed/12418800
https://doi.org/10.1371/journal.pone.0203376
http://www.ncbi.nlm.nih.gov/pubmed/30388713
https://doi.org/10.1038/s41598-020-69033-8
http://www.ncbi.nlm.nih.gov/pubmed/32704157
https://doi.org/10.18632/oncotarget.8534
http://www.ncbi.nlm.nih.gov/pubmed/27050076
http://www.ncbi.nlm.nih.gov/pubmed/27355337
https://doi.org/10.1002/mgg3.1707
http://www.ncbi.nlm.nih.gov/pubmed/34036740
https://doi.org/10.2147/OTT.S168478
http://www.ncbi.nlm.nih.gov/pubmed/30532554
https://doi.org/10.1016/j.bbcan.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24189571
https://doi.org/10.1186/s40709-020-00128-z
https://doi.org/10.1186/s40709-020-00128-z
http://www.ncbi.nlm.nih.gov/pubmed/33303035
https://doi.org/10.1371/journal.pone.0257895


21. El Fakih R., Rasheed W., Hawsawi Y., Alsermani M., and Hassanein M., Targeting FLT3 Mutations in

Acute Myeloid Leukemia. Cells, 2018. 7(1). https://doi.org/10.3390/cells7010004 PMID: 29316714

22. Kotb A., El Fakih R., Hanbali A., Hawsawi Y., Alfraih F., Hashmi S., et al., Philadelphia-like acute lym-

phoblastic leukemia: diagnostic dilemma and management perspectives. Exp Hematol, 2018. 67: p. 1–

9. https://doi.org/10.1016/j.exphem.2018.07.007 PMID: 30075295

23. Al-Amer O., Hawasawi Y., Oyouni A.A.A., Alshehri M., Alasmari A., Alzahrani O., et al, Study the asso-

ciation of transmembrane serine protease 6 gene polymorphisms with iron deficiency status in Saudi

Arabia. Gene, 2020. 751: p. 144767. https://doi.org/10.1016/j.gene.2020.144767 PMID: 32422234

24. Wang C.Y., Meynard D., and Lin H.Y., The role of TMPRSS6/matriptase-2 in iron regulation and ane-

mia. Front Pharmacol, 2014. 5: p. 114. https://doi.org/10.3389/fphar.2014.00114 PMID: 24966834

25. An P., Wu Q., Wang H., Guan Y., Mu M., Liao Y., et al., TMPRSS6, but not TF, TFR2 or BMP2 variants

are associated with increased risk of iron-deficiency anemia. Hum Mol Genet, 2012. 21(9): p. 2124–31.

https://doi.org/10.1093/hmg/dds028 PMID: 22323359

26. Cau M., Melis M.A., Congiu R., and Galanello R., Iron-deficiency anemia secondary to mutations in

genes controlling hepcidin. Expert Rev Hematol, 2010. 3(2): p. 205–16. https://doi.org/10.1586/ehm.

10.2 PMID: 21083463

27. Pei S.N., Ma M.C., You H.L., Fu H.C., Kuo C.Y., Rau K.M., et al., TMPRSS6 rs855791 polymorphism

influences the susceptibility to iron deficiency anemia in women at reproductive age. Int J Med Sci,

2014. 11(6): p. 614–9. https://doi.org/10.7150/ijms.8582 PMID: 24782651

28. Timmer T., Tanck M.W.T., Huis In ’t Veld E.M.J., Veldhuisen B., Daams J.G., de Kort W., et al., Associ-

ations between single nucleotide polymorphisms and erythrocyte parameters in humans: A systematic

literature review. Mutat Res, 2019. 779: p. 58–67. https://doi.org/10.1016/j.mrrev.2019.01.002 PMID:

31097152

29. Simetic L. and Zibar L., Laboratory use of hepcidin in renal transplant recipients. Biochem Med

(Zagreb), 2016. 26(1): p. 34–52. https://doi.org/10.11613/BM.2016.003 PMID: 26981017

30. Babitt J.L., Huang F.W., Wrighting D.M., Xia Y., Sidis Y., Samad T.A., et al., Bone morphogenetic pro-

tein signaling by hemojuvelin regulates hepcidin expression. Nat Genet, 2006. 38(5): p. 531–9. https://

doi.org/10.1038/ng1777 PMID: 16604073

31. Milet J., Dehais V., Bourgain C., Jouanolle A.M., Mosser A., Perrin M., et al., Common variants in the

BMP2, BMP4, and HJV genes of the hepcidin regulation pathway modulate HFE hemochromatosis

penetrance. Am J Hum Genet, 2007. 81(4): p. 799–807. https://doi.org/10.1086/520001 PMID:

17847004

32. Milet J., Le Gac G., Scotet V., Gourlaouen I., Theze C., Mosser J., et al., A common SNP near BMP2 is

associated with severity of the iron burden in HFE p.C282Y homozygous patients: a follow-up study.

Blood Cells Mol Dis, 2010. 44(1): p. 34–7. https://doi.org/10.1016/j.bcmd.2009.10.001 PMID:

19879168

33. World Health Organisation, Iron Deficiency Anemia Assessment, Prevention and Control. A Guide for

Programme Managers (Document WHO/NHD/01.3). 2001, World Health Organization: Geneva,

Switzerland

34. Leboeuf R.C., Tolson D., and Heinecke J.W., Dissociation between tissue iron concentrations and

transferrin saturation among inbred mouse strains. J Lab Clin Med, 1995. 126(2): p. 128–36. PMID:

7636385

35. Finberg K.E., Iron-refractory iron deficiency anemia. Semin Hematol, 2009. 46(4): p. 378–86. https://

doi.org/10.1053/j.seminhematol.2009.06.006 PMID: 19786206

36. Moyo V.M., Mandishona E., Hasstedt S.J., Gangaidzo I.T., Gomo Z.A., Khumalo H., et al., Evidence of

genetic transmission in African iron overload. Blood, 1998. 91(3): p. 1076–82. PMID: 9446671

37. Hawsawi Y.M., Al-Numair N.S., Sobahy T.M., Al-Ajmi A.M., Al-Harbi R.M., Baghdadi M.A., et al., The

role of BRCA1/2 in hereditary and familial breast and ovarian cancers. Mol Genet Genomic Med, 2019.

7(9): p. e879. https://doi.org/10.1002/mgg3.879 PMID: 31317679

38. Gupta A.K., Cherman A.M., and Tyring S.K., Viral and nonviral uses of imiquimod: a review. J Cutan

Med Surg, 2004. 8(5): p. 338–52. https://doi.org/10.1007/s10227-005-0023-5 PMID: 15868314

39. Maximov P.Y., Abderrahman B., Hawsawi Y.M., Chen Y., Foulds C.E., Jain A., et al., The Structure-

Function Relationship of Angular Estrogens and Estrogen Receptor Alpha to Initiate Estrogen-Induced

Apoptosis in Breast Cancer Cells. Mol Pharmacol, 2020. 98(1): p. 24–37. https://doi.org/10.1124/mol.

120.119776 PMID: 32362585

40. Yates C.M. and Sternberg M.J., The effects of non-synonymous single nucleotide polymorphisms

(nsSNPs) on protein-protein interactions. J Mol Biol, 2013. 425(21): p. 3949–63. https://doi.org/10.

1016/j.jmb.2013.07.012 PMID: 23867278

PLOS ONE Association of polymorphisms of genes BMP2 and TMPRSS6 with iron deficiency

PLOS ONE | https://doi.org/10.1371/journal.pone.0257895 November 15, 2021 11 / 12

https://doi.org/10.3390/cells7010004
http://www.ncbi.nlm.nih.gov/pubmed/29316714
https://doi.org/10.1016/j.exphem.2018.07.007
http://www.ncbi.nlm.nih.gov/pubmed/30075295
https://doi.org/10.1016/j.gene.2020.144767
http://www.ncbi.nlm.nih.gov/pubmed/32422234
https://doi.org/10.3389/fphar.2014.00114
http://www.ncbi.nlm.nih.gov/pubmed/24966834
https://doi.org/10.1093/hmg/dds028
http://www.ncbi.nlm.nih.gov/pubmed/22323359
https://doi.org/10.1586/ehm.10.2
https://doi.org/10.1586/ehm.10.2
http://www.ncbi.nlm.nih.gov/pubmed/21083463
https://doi.org/10.7150/ijms.8582
http://www.ncbi.nlm.nih.gov/pubmed/24782651
https://doi.org/10.1016/j.mrrev.2019.01.002
http://www.ncbi.nlm.nih.gov/pubmed/31097152
https://doi.org/10.11613/BM.2016.003
http://www.ncbi.nlm.nih.gov/pubmed/26981017
https://doi.org/10.1038/ng1777
https://doi.org/10.1038/ng1777
http://www.ncbi.nlm.nih.gov/pubmed/16604073
https://doi.org/10.1086/520001
http://www.ncbi.nlm.nih.gov/pubmed/17847004
https://doi.org/10.1016/j.bcmd.2009.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19879168
http://www.ncbi.nlm.nih.gov/pubmed/7636385
https://doi.org/10.1053/j.seminhematol.2009.06.006
https://doi.org/10.1053/j.seminhematol.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/19786206
http://www.ncbi.nlm.nih.gov/pubmed/9446671
https://doi.org/10.1002/mgg3.879
http://www.ncbi.nlm.nih.gov/pubmed/31317679
https://doi.org/10.1007/s10227-005-0023-5
http://www.ncbi.nlm.nih.gov/pubmed/15868314
https://doi.org/10.1124/mol.120.119776
https://doi.org/10.1124/mol.120.119776
http://www.ncbi.nlm.nih.gov/pubmed/32362585
https://doi.org/10.1016/j.jmb.2013.07.012
https://doi.org/10.1016/j.jmb.2013.07.012
http://www.ncbi.nlm.nih.gov/pubmed/23867278
https://doi.org/10.1371/journal.pone.0257895


41. Silvestri L., Guillem F., Pagani A., Nai A., Oudin C., Silva M., et al., Molecular mechanisms of the defec-

tive hepcidin inhibition in TMPRSS6 mutations associated with iron-refractory iron deficiency anemia.

Blood, 2009. 113(22): p. 5605–8. https://doi.org/10.1182/blood-2008-12-195594 PMID: 19357398

42. Finberg K.E., Heeney M.M., Campagna D.R., Aydinok Y., Pearson H.A., Hartman K.R., et al., Mutations

in TMPRSS6 cause iron-refractory iron deficiency anemia (IRIDA). Nat Genet, 2008. 40(5): p. 569–71.

https://doi.org/10.1038/ng.130 PMID: 18408718

43. Gichohi-Wainaina W.N., Towers G.W., Swinkels D.W., Zimmermann M.B., Feskens E.J., and Melse-

Boonstra A., Inter-ethnic differences in genetic variants within the transmembrane protease, serine 6

(TMPRSS6) gene associated with iron status indicators: a systematic review with meta-analyses.

Genes and Nutrition, 2015. 10(1).

44. McLaren C.E., McLachlan S., Garner C.P., Vulpe C.D., Gordeuk V.R., Eckfeldt J.H., et al., Associations

between single nucleotide polymorphisms in iron-related genes and iron status in multiethnic popula-

tions. PLoS One, 2012. 7(6): p. e38339. https://doi.org/10.1371/journal.pone.0038339 PMID:

22761678

45. Tabas J.A., Zasloff M., Wasmuth J.J., Emanuel B.S., Altherr M.R., McPherson J.D., et al., Bone mor-

phogenetic protein: chromosomal localization of human genes for BMP1, BMP2A, and BMP3. Geno-

mics, 1991. 9(2): p. 283–9. https://doi.org/10.1016/0888-7543(91)90254-c PMID: 2004778

PLOS ONE Association of polymorphisms of genes BMP2 and TMPRSS6 with iron deficiency

PLOS ONE | https://doi.org/10.1371/journal.pone.0257895 November 15, 2021 12 / 12

https://doi.org/10.1182/blood-2008-12-195594
http://www.ncbi.nlm.nih.gov/pubmed/19357398
https://doi.org/10.1038/ng.130
http://www.ncbi.nlm.nih.gov/pubmed/18408718
https://doi.org/10.1371/journal.pone.0038339
http://www.ncbi.nlm.nih.gov/pubmed/22761678
https://doi.org/10.1016/0888-7543%2891%2990254-c
http://www.ncbi.nlm.nih.gov/pubmed/2004778
https://doi.org/10.1371/journal.pone.0257895

