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Abstract

Genetic carrier screening finds a new place in clinical practice today. Consequent to advanced technology coupled with increased awareness among population in the
reproductive age group, this seems to be gaining popularity. Indian population is a heterogeneous mix of several sub-populations and the gene pool is quite different from
the western or oriental populations. Thus, a need to detect carrier frequency was felt and a pilot study was performed at a tertiary care hospital in North India, on 200 healthy
individuals. The study brought out some unexpected results, such as the high frequency of cystic fibrosis in Indian population. This mini-review provides a glimpse into the
study and puts together the carrier frequencies of common autosomal recessive disorders as detected from other studies as well.
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Abbreviations

ARGD: Autosomal Recessive Genetic Disorders; NGS: Next generation
sequencing; CFTR: Cystic Fibrosis Transmembrane Conductance Regulator;
ECS: Expanded Carrier Screening; CF: Cystic Fibrosis; VUS: Variants of
Uncertain Significance; HBB: Hemoglobin Subunit Beta; SLC26A4: Solute
Carrier Family 26, Member 4; GJB2: Gap Junction Beta 2 Protein; TMPRSS3:
Transmembrane Protease Serine; TMC1: Transmembrane Channel like
Protein; MLCI1: Megalencephalic Leukoencephalopathy with Cysts; ACMG:
American College of Medical Genetics; SMN1: Survival Motor Neuron 1; VUS:
Variants of Uncertain Significance; CYP21A2: Congenital Adrenal Hyperplasia;
GAA: Glycogen Storage Disease Type Il; MMAA: Methyl Malonicaciduria
Mut A.

Introduction

As we move ahead in the 21st year of the 21st century, we have evolved
from being re-active to becoming more pro-active in our approach. This
is especially true in situations which have grave consequences especially
when they are avoidable. Genetic disorders have long been recognized to
be severe, life-long burdensome and many a times untreatable for which the
best approach is a preventive one. With advancements in technology and
with Gen-z, the new ‘much aware’ generation at the forefront, preventative
approaches are becoming popular. Genetic carrier screening is now sought
after as never before to avoid having a baby affected with genetic disorder.

Each individual carries two copies of the genome with ~20,000 genes,
inherited one from each parent. Carriers have only one faulty copy of a gene,
with the other copy is normal. This does not ‘usually’ impact on their lives
or create a disease-state, and is called a ‘carrier state’. The transformation
to disease state occurs in the next generation if the other partner also has
a mutation in the same gene and the baby inherits both faulty copies of a
particular gene. This possibility would occur only if ‘both’ parents are ‘carriers’
of a certain faulty gene and the baby is termed as suffering from an ‘autosomal
recessive disorder.’
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The history of carrier screening for these disorders dates back to 1960s
when it started for beta-thalassemia, one of the most common single gene
disorder in the world [1]. The Ashkenazi-Jewish population was the first to
start carrier screening among their population for disorders such as Tay-Sach
disease which was more prevalent in view of a closed system of marriages [2].
The guidelines for prenatal carrier screening issued by the American College of
Obstetrics and Gynecology and American College of Medical Genetics in 2001
included screening for cystic fibrosis, followed by spinal muscular atrophy,
hemoglobinopathies, and disorders common in Ashkenazi-Jewish [3-6]. With
advanced genetic testing techniques using Next-generation sequencing, it is
now possible to test multiple genes together, even the entire genome or exome
(collection of all functioning areas of genes).

The inheritance of pathogenic variants in our genes is from our ancestors,
hence the ethnicity matters. There are thus fundamentally two approaches for
pre-conceptional carrier screening-first is targeted screening for conditions
known to be more prevalent in the particular populations, and second is to
do the ‘extended’ carrier screening, applicable to all populations. The first
approach is helpful for populations where a closed system of marriages or
endogamy is prevalent, while the second approach is applicable to all, and is
thus to be preferred.

There have been numerous studies now providing the carrier frequency
of the various Autosomal Recessive Genetic Disorders (ARGD) [7-10], but
there are none providing data from the Indian population. Lazarus et al. [7] in
a study of 23,453 individuals from many obstetric and infertility clinics for 108
disorders for specific mutations showed that 24% of individuals were identified
as carriers of at least one of these 108 disorders, while 5.2% were carriers of
multiple disorders. In another study of over 30,000 people analyzed by next
generation sequencing of over 100 genes, 1 in 3.4 people were carrier of at
least one condition [8]. We performed a pilot study to determine the carrier
frequency of the presumed common ARGDs in the North Indian population
[11].

In the North Indian study of 200 healthy subjects, which included 88
couples, all married non-consanguineously was carried out. Few disorders-
beta thalassemia, spinal muscular atrophy, Duchenne’s muscular dystrophy
and Fragile X syndrome were excluded from the study as either the carrier
frequency was already known, or they could not be detected by the NGS
method employed [12,13]. The results of the study were very significant and
telling.

Next generation sequencing for a predesigned panel of 88 genes was
carried out on the blood samples obtained from these individuals. These genes
were selected because the disorders related to them were common in this
population as observed in our genetic clinic. Using descriptive analysis carrier
frequency was calculated and reported as a proportion of total screened (1/n).
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Serial Disorder Gene  Carrier frequency in Indians (other studies) Carrier frequency in Indians [Singh et
number al, 2020 (11)]
1 j thalassemia HBB 1/33 (Colah et al, 2017 [30]) Not tested
1/33 (Kausthubham et al, 2020 [21])
2. Spinal muscular atrophy SMN1 1/44 (Verma et al, 2020 [31]) Not tested
1/38 (Nilay et al, 2020 [32])
3 Albinism type | TYR1 1/145 (Kausthubham et al, 2020 [21]) None
4 Cystic fibrosis CFTR 1/73 (Kausthubham et al, 2020 [21]) 1/22
5. Deafness - GJB2 (AR) GJB2 1/47 (Kausthubham et al, 2020 [21]) 1/66
6. Deafness — SLC26A4 SLC26A4 1/69 (Kausthubham et al, 2020[21]) 1/40
7 Deafness - TMPRSS3 TMPRSS3 1/132 (Kausthubham et al, 2020 [21]) 1/66
8 Glycogen storage disease type Il (Pompe disease) GAA - 1/66
9 Methyl Malonicaciduria Mut A (Isolated MMA) MMAA - 1/100
10. AR polycystic kidney PKHD1 - 1/100

Table 1. Carrier frequencies of various genetic disorders as detected by Singh et al, in comparison with other similar studies.

Among the 200 participants, 52 persons were found to be carrier of one or
more disorder (1in 3.8). The data on carrier frequencies for top ten disorders is

listed in Table 1 and compared with that of existing data from other studies. While

carrier frequencies seem to differ from study to study, however the disorders
listed in terms of commonness are similar, be it deafness related genes or
cystic fibrosis.

In the North Indian study, congenital deafness was identified as the most
common disorder with a carrier frequency of 1 in 18 for one of the three genes
(SLC26A4, GJB2 and TMPRSS3 in decreasing order). The pathogenic variants
identified in the GJB2 gene were founder mutations commonly reported in India
(p.Trp77Ter and p.Trp24Ter) [14]. Parental perceptions for prenatal diagnosis
of a disorder like hearing loss vary in resource poor countries like India with
some families opting to plan the management of a child born with deafness and
others opting to discontinue the pregnancy [15].

Cystic fibrosis (CF) was the second most commonly identified disorder
with a carrier frequency of 1 in 22 in this cohort. No common mutation was
identified in the CFTR gene and only one individual had the p.Phe508del
mutation out of 9 individuals heterozygous for mutations in the CFTR gene
(11.1%). The remaining variants were outside the recommended ACMG
panel of 23 mutations [16] and not confined to any ethnic group in north India.
Comparison of p.Phe508del allele frequency with that reported from the West
shows that Indians have a low frequency (19%-44%) of the p.Phe508del
pathogenic variant [17,18]. Literature from India shows a wide mutation
spectrum among CF patients with few recurring mutations [19]. Historically,
CF has been regarded as a disease common to Caucasian ethnicity and
rarer in Asian Indians. However, growing literature from India as well as other
parts of the world suggests that it is not as uncommon as previously thought
[19,20]. The high carrier frequency of cystic fibrosis, if substantiated in larger
population studies, would be sufficient ground to initiate new-born screening
for cystic fibrosis in the Indian population. Partial confirmation of the results
comes from the list of common monogenic disorders common compiled form
analysis of 1455 clinical and research exomes in India [21]. They reported
beta thalassemia to be the commonest, follow by deafness caused by multiple
genes, and cystic fibrosis.

This study also brings out several important points before carrier screening
is routinely offered in any country. The pathogenic variants observed in many
disorders (such as deafness, cystic fibrosis, Pompe disease, Canavan disease,
primary hyperoxaluria, junctional epidermolysis bullosa, galactosemia, medium
chain acyl CoA deficiency) in this study were different from those commonly
observed in the West. The importance of an Indian database in improving
the classification of variants is the need of the hour and it is encouraging
that several groups are working towards this goal. Gorospe et al. reported
a common pathogenic variant in MLC1 gene causing megalencephalic
leucoencephalopathy with subcortical cysts in a small but enterprising North
Indian community of Agarwals [22]. Similar founder mutations were later
reported by others in CAPN3 gene (LGMD2A), ALDOB (HFI) and others in the
same community, thus creating a similarity of this community with Ashkenazi
Jews [23,24]. Ankala et al. summarized the common founder mutations
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in various Indian communities, thus creating a need for carrier screening
specifically for Indian population [25].

With the increasing availability of ECS, it is required that carrier screening
panels be developed in different countries according to the local population.
Testing should comprise the study of all the coding exons with its boundaries
in the genes through NGS, as all the variants are not well characterized in less
studied populations. However variants of uncertain significance (VUS) should
not be reported.

Other diseases known or suspected to have a high carrier frequency in
Indian population include spinal muscular atrophy and congenital adrenal
hyperplasia due to 21 alpha hydroxylase deficiency. Since both these diseases
have a high frequency of deletions as pathogenic, causative mechanism it is
imperative that any NGS carrier screening panel should include these diseases.
Recent literature shows that NGS methods are being developed to accurately
detect SMN1 gene deletion and deletions in CYP21A2 gene [26-32].

Discussion and Conclusion

The pilot study on ECS in North Indian population strongly suggests
the need for studying a larger population in India to confirm some of the
observations. It opens for discussion the utility of carrier screening programs
in future as Indians are culturally endogamous, newer genetic therapies are
far from affordable for the common man and the large population makes state
funded treatment for genetic disorders a herculean task. Second to these
important findings, it lays stress on the challenges posed by NGS based carrier
screening as opposed to targeted screening. Clinically useful carrier screening
relies heavily on the presence of trained geneticists and genetic counsellors
to manually review all variants identified as potentially disease causing and
reclassify them on the best available knowledge to date.

ECS results can be complex to interpret and pre-test and post-test
counseling is vital to its successful implementation. Several papers now also
focus on the need to allow pregnant women to make their reproductive choice
with regards to having or not having a child with a serious disability/disorder.

References

1. Stylianos, E Antonarakis. “Carrier Screening for Recessive Disorders.” Nat
Rev Genet 20 (2019): 549-561.

2. Michael, Kaback, Lim Steele Joyce, Dabholkar Deepti and Brown D, et
al. “Tay-Sachs Disease-Carrier Screening, Prenatal Diagnosis, and the
Molecular Era. An International Perspective, 1970 to 1993." JAMA 270
(1993): 2307-2315.

3. “Preconception and Prenatal Carrier Screening for Cystic Fibrosis. Clinical
and Laboratory Guidelines.” ACOG (2001).

4. “American College of Obstetricians and Gynecologists. Practice Bulletin


https://www.nature.com/articles/s41576-019-0134-2
https://www.nature.com/articles/s41576-019-0134-2
https://jamanetwork.com/journals/jama/article-abstract/409253
https://jamanetwork.com/journals/jama/article-abstract/409253
https://jamanetwork.com/journals/jama/article-abstract/409253
https://jamanetwork.com/journals/jama/article-abstract/409253
https://www.acog.org/clinical/clinical-guidance/committee-opinion/articles/2017/03/carrier-screening-for-genetic-conditions
https://www.acog.org/clinical/clinical-guidance/committee-opinion/articles/2017/03/carrier-screening-for-genetic-conditions
https://read.qxmd.com/read/17197616/acog-practice-bulletin-no-78-hemoglobinopathies-in-pregnancy

Bijarnia-Mahay S, et al.

J Clin Res, Volume 5:3, 2021

no. 78: Hemoglohinopathies in Pregnancy.” Obstet Gynecol 109(2007):
229-237.

5. “ACOG Committee Opinion no. 432: Spinal Muscular Atrophy.” Obstet
Gynecol 113(2009):1194-1196.

6. “ACOG Committee Opinion no. 442: Preconception and Prenatal Carrier
Screening for Genetic Diseases in Individuals of Eastern European Jewish
Descent.” Obstet Gynecol 114 (2009): 950-953.

7. Gabriel, A Lazarin, Haque Imran S, Nazareth Shivani and Kevin lori, et al.
“An Empirical Estimate of Carrier Frequencies for 400+ Causal Mendelian
Variants: Results from an Ethnically Diverse Clinical Sample of 23,453
Individuals.” Genet Med 15(2013):178-186.

8. Richard, Norman, Van Gool Kees, Hall Jane and Delatycki Martin, et al.
“Cost-Effectiveness of Carrier Screening for Cystic Fibrosis in Australia.” J
Cyst Fibros 11(2012): 281-287.

9. Kyle A, Beauchamp, Johansen Taber Katherine A and Muzzey Dale.
“Clinical Impact and Cost-Effectiveness of a 176-condition Expanded
Carrier Screen.” Genet Med 21(2019):1948-1957.

10. Lei, Zhang, Bao Yining, Riaz Moeen and Tiller Jane, et al. “Population
Genomic Screening of all Young Adults in a Health-Care System: A Cost-
Effectiveness Analysis.” Genet Med 21 (2019): 1958-1968.

11. Kanika, Singh, Bijarnia-Mahay Sunitha, Ramprasad VL and Ratna Dua
puri, et al. “NGS-Based Expanded Carrier Screening for Genetic Disorders
in North Indian Population Reveals Unexpected Results - A Pilot Study.”
BMC Med Genet. 21 (2020): 1-15.

12.Nishi, Madan, Sharma Satendra, Sood SK and Colah Roshan, et al.
“Frequency of B-Thalassemia Trait and Other Hemoglobinopathies in
Northern and Western India.” Indian J Hum Genet 16(2010):16-25.

13.Ishwar, C Verma, Kohli Sudha, Shenbagam Shruthi and Bijarnia-Mahay
Sunitha, et al. “Carrier Screening of Spinal Muscular Atrophy in North
Indian Population and its Public Health Implications.” Clin Genet 98(2020):
198-199.

14.Ram, Shankar M, Girirajan S, Dagan O and Ravi Shankar HM, et al. “
Contribution of Connexin26 (GJB2) Mutations and Founder Effect to Non-
Syndromic Hearing loss in India. J Med Genet 40(2003): e68.

15.Risha, Nahar, Puri Ratna D, Saxena Renu and Verma Ishwar C. “Do
Parental Perceptions and Motivations Towards Genetic Testing and
Prenatal Diagnosis for Deafness Vary in Different Cultures?” Am J Med
Genet A 161 (2013):76-81.

16.Watson S, Michael, Cutting Garry R, Desnick Robert J and Deborah A
Driscoll, et al. “Cystic Fibrosis Population Carrier Screening: 2004 Revision
of American College of Medical Genetics Mutation Panel.” Genet Med. 6
(2004):387-391.

17.Regine, M Lim, Silver Ari J, Silver Maxwell J and Carlos Borroto, et al.
“Targeted Mutation Screening Panels Expose Systematic Population Bias
In Detection of Cystic Fibrosis Risk.” Genet Med 18(2016): 174-179.

18.Bowler, IM, Estlin EJ and Littlewood JM. “Cystic Fibrosis in Asians.” Arch

Page 3 of 3

Dis Child. 68(1993):120-122.

19. Madhulika, Kabra, Kabra SK, Ghosh Manju and Aarti Khanna, et al. “Is the
Spectrum of Mutations in Indian Patients with Cystic Fibrosis Different?”
Am J Med Genet 93(2000):161-163.

20. Anirban, Mandal, Kabra SK and Lodha Rakesh. “Cystic Fibrosis in India:
Past, Present and Future.” J Pulm Med Respir Res 1 (2015): 002.

21. Neetukrishna, Kausthubham, Shukla Anju, Gupta Neerja and Bhavani
Gandham S, et al. “A Data Set of Variants Derived from 1455 Clinical
and Research Exomes is Efficient in Variant Prioritization for Early-Onset
Monogenic Disorders in Indians.” Hum Mutat (2021).

22.Gorospe, JR, Singhal BS, Kainu T and Wu F, et al. “Indian Agarwal
Megalencephalic Leukodystrophy With Cysts is Caused by a Common
MLC1 Mutation.” Neurology. 62 (2004): 878-882.

23. Arunkanth, Ankala, Kohn Jordan N, Dastur Rashna and Gaitonde Pradnya,
et al. “Ancestral Founder Mutations in Calpain-3 in the Indian Agarwal
Community: Historical, Clinical, and Molecular Perspective.” Muscle Nerve
47 (2013): 931-937.

24, Sunitha, Bijarnia-Mahay, Movva Sireesha, Gupta Neerja and Sharma
Deepak, et al. “Molecular Diagnosis of Hereditary Fructose Intolerance:
Founder Mutation in a Community from India.” JIMD Rep. 19(2015): 85-93.

25. Arunkanth, Ankala, Tamhankar Parag M, Valencia C Alexander and Rayam
Krishna K, et al. “Clinical Applications and Implications of Common and
Founder Mutations in Indian Subpopulations.” Hum Mutat 36(2015): 1-10.

26.Sumin, Zhao, Wang Wanyang, Yaoshen Wang and Rui Han, et al. “NGS-
based Spinal Muscular Atrophy Carrier Screening of 10,585 Diverse
Couples in China: A Pan-Ethnic Study.” Eur J Hum Genet 29(2021):194-
204.

27.Priyanka, Gangodkar, Khadilkar Vaman, Raghupathy P and Rakesh
Kumar, et al. “Clinical Application of A Novel Next Generation Sequencing
Assay for CYP21A2 Gene in 310 Cases of 21- Hydroxylase Congenital
Adrenal Hyperplasia from India.” Endocrine. 71(2021):189-198.

28. Ajay, Sukumaran. “Am | going to live? Genetic diseases leave 70 million
Indians at God’s mercy.” Outlook magazine (2019).

29. Lidewij, Henneman, Borry Pascal, Chokoshvili Davit and Martina C Cornel,
et al. “Responsible Implementation of Expanded Carrier Screening.” Eur J
Hum Genet 24(2016): e1-e12.

30.Roshan, Colah, Italia Khushnooma, and Gorakshakar Ajit. “Burden of
Thalassemia in India: The Road Map for Control.” Pediatric Hematology
Oncology 2 (2017)79-84.

31.Ishwar C, Verma, Kohli Sudha, Shenbagam Shruti and Bijarnia-Mahay
Sunitha, et al. “Carrier Screening of Spinal Muscular Atrophy in North Indian
Population and its Public Health Implications.” Clin Genet 98 (2020):198-
199.

32.Mayank, Nilay, Moirangthem Amita, Saxena Deepti and Mandal Kausik, et
al. “Carrier Frequency of SMN1-Related Spinal Muscular Atrophy in North
Indian Population: The Need for Population Based Screening Program.”
Am J Med Genet A 185(2021): 274-277.

How to cite this article: Bijarnia-Mahay, Sunita, Kanika Singh and | C Verma

“Planning a Healthy Baby: The 21 Century Way!" J Clin Res 5 (2021) 130.



https://read.qxmd.com/read/17197616/acog-practice-bulletin-no-78-hemoglobinopathies-in-pregnancy
https://read.qxmd.com/read/17197616/acog-practice-bulletin-no-78-hemoglobinopathies-in-pregnancy
https://doi.org/10.1097/aog.0b013e3181a6d03a
https://doi.org/10.1097/aog.0b013e3181a6d03a
https://doi.org/10.1097/aog.0b013e3181bd12f4
https://doi.org/10.1097/aog.0b013e3181bd12f4
https://doi.org/10.1097/aog.0b013e3181bd12f4
https://www.nature.com/articles/gim2012114
https://www.nature.com/articles/gim2012114
https://www.nature.com/articles/gim2012114
https://www.nature.com/articles/gim2012114
https://doi.org/10.1016/j.jcf.2012.02.007
https://doi.org/10.1016/j.jcf.2012.02.007
https://doi.org/10.1016/j.jcf.2012.02.007
https://www.nature.com/articles/s41436-019-0455-8
https://www.nature.com/articles/s41436-019-0455-8
https://www.nature.com/articles/s41436-019-0455-8
https://www.nature.com/articles/s41436-019-0457-6
https://www.nature.com/articles/s41436-019-0457-6
https://www.nature.com/articles/s41436-019-0457-6
https://link.springer.com/article/10.1186/s12881-020-01153-4
https://link.springer.com/article/10.1186/s12881-020-01153-4
https://link.springer.com/article/10.1186/s12881-020-01153-4
https://link.springer.com/article/10.1186/s12881-020-01153-4
https://www.researchgate.net/publication/46256413_Frequency_of_b-thalassemia_trait_and_other_hemoglobinopathies_in_Northern_Western_India
https://www.researchgate.net/publication/46256413_Frequency_of_b-thalassemia_trait_and_other_hemoglobinopathies_in_Northern_Western_India
https://www.researchgate.net/publication/46256413_Frequency_of_b-thalassemia_trait_and_other_hemoglobinopathies_in_Northern_Western_India
https://doi.org/10.1111/cge.13796
https://doi.org/10.1111/cge.13796
https://doi.org/10.1111/cge.13796
https://doi.org/10.1111/cge.13796
http://dx.doi.org/10.1136/jmg.40.5.e68
http://dx.doi.org/10.1136/jmg.40.5.e68
http://dx.doi.org/10.1136/jmg.40.5.e68
https://doi.org/10.1002/ajmg.a.35692
https://doi.org/10.1002/ajmg.a.35692
https://doi.org/10.1002/ajmg.a.35692
https://doi.org/10.1002/ajmg.a.35692
http://dx.doi.org/10.1097/01.GIM.0000139506.11694.7C
http://dx.doi.org/10.1097/01.GIM.0000139506.11694.7C
http://dx.doi.org/10.1097/01.GIM.0000139506.11694.7C
http://dx.doi.org/10.1097/01.GIM.0000139506.11694.7C
https://www.nature.com/articles/gim201552
https://www.nature.com/articles/gim201552
https://www.nature.com/articles/gim201552
http://dx.doi.org/10.1136/adc.68.1.120
http://dx.doi.org/10.1136/adc.68.1.120
https://doi.org/10.1002/1096-8628(20000717)93:2%3C161::AID-AJMG15%3E3.0.CO;2-L
https://doi.org/10.1002/1096-8628(20000717)93:2%3C161::AID-AJMG15%3E3.0.CO;2-L
https://doi.org/10.1002/1096-8628(20000717)93:2%3C161::AID-AJMG15%3E3.0.CO;2-L
https://www.researchgate.net/profile/Anirban-Mandal-11/publication/292607936_Cystic_Fibrosis_in_India_Past_Present_and_Future/links/570a0a6608ae8883a1fadca6/Cystic-Fibrosis-in-India-Past-Present-and-Future.pdf
https://www.researchgate.net/profile/Anirban-Mandal-11/publication/292607936_Cystic_Fibrosis_in_India_Past_Present_and_Future/links/570a0a6608ae8883a1fadca6/Cystic-Fibrosis-in-India-Past-Present-and-Future.pdf
https://doi.org/10.1002/humu.24172
https://doi.org/10.1002/humu.24172
https://doi.org/10.1002/humu.24172
https://doi.org/10.1002/humu.24172
https://doi.org/10.1212/01.wnl.0000115106.88813.5b
https://doi.org/10.1212/01.wnl.0000115106.88813.5b
https://doi.org/10.1212/01.wnl.0000115106.88813.5b
https://doi.org/10.1002/mus.23763
https://doi.org/10.1002/mus.23763
https://doi.org/10.1002/mus.23763
https://doi.org/10.1002/mus.23763
https://doi.org/10.1007/8904_2014_374
https://doi.org/10.1007/8904_2014_374
https://doi.org/10.1007/8904_2014_374
https://doi.org/10.1002/humu.22704
https://doi.org/10.1002/humu.22704
https://doi.org/10.1002/humu.22704
https://www.nature.com/articles/s41431-020-00714-8
https://www.nature.com/articles/s41431-020-00714-8
https://www.nature.com/articles/s41431-020-00714-8
https://www.nature.com/articles/s41431-020-00714-8
https://link.springer.com/article/10.1007/s12020-020-02494-z
https://link.springer.com/article/10.1007/s12020-020-02494-z
https://link.springer.com/article/10.1007/s12020-020-02494-z
https://link.springer.com/article/10.1007/s12020-020-02494-z
https://magazine.outlookindia.com/story/india-news-am-i-going-to-live-genetic-diseases-leave-70-million-indians-at-gods-mercy/301809
https://magazine.outlookindia.com/story/india-news-am-i-going-to-live-genetic-diseases-leave-70-million-indians-at-gods-mercy/301809
https://www.nature.com/articles/ejhg2015271
https://www.nature.com/articles/ejhg2015271
https://www.nature.com/articles/ejhg2015271
https://www.researchgate.net/publication/320698557_Burden_of_thalassemia_in_India_The_road_map_for_control
https://www.researchgate.net/publication/320698557_Burden_of_thalassemia_in_India_The_road_map_for_control
https://www.researchgate.net/publication/320698557_Burden_of_thalassemia_in_India_The_road_map_for_control
https://doi.org/10.1111/cge.13796
https://doi.org/10.1111/cge.13796
https://doi.org/10.1111/cge.13796
https://doi.org/10.1111/cge.13796
https://onlinelibrary.wiley.com/doi/epdf/10.1002/ajmg.a.61918
https://onlinelibrary.wiley.com/doi/epdf/10.1002/ajmg.a.61918
https://onlinelibrary.wiley.com/doi/epdf/10.1002/ajmg.a.61918
https://onlinelibrary.wiley.com/doi/epdf/10.1002/ajmg.a.61918

