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Abstract

The function of Sex-determining Region Y (SRY)-related high-mobility-group box
(Sox) family of transcription factors in cell fate decisions during embryonic devel-
opment are well-established. Accumulating evidence indicates that the Sox family
of transcription factors are fundamental in adult tissue homeostasis, regeneration,
and physiology. The SoxD subfamily of genes are expressed in various cell types
of different organs during embryogenesis and adulthood and have been involved in
cell-fate determination, cellular proliferation and survival, differentiation, and ter-
minal maturation in a number of cell lineages. The dysregulation in the function
of SoxD proteins (i.e. Sox5, Sox6, Sox13, and Sox23) have been implicated in dif-
ferent disease conditions such as chondrodysplasia, cancer, diabetes, hypertension,
autoimmune diseases, osteoarthritis among others. In this minireview, we present
recent developments related to the transcription factor Sox6, which is involved in
a number of diseases such as diabetic nephropathy, adipogenesis, cardiomyopathy,
inflammatory bowel disease, and cancer. Sox6 has been implicated in the regulation
of renin expression and JG cell recruitment in mice during sodium depletion and
dehydration. We provide a current perspective of Sox6 research developments in last
five years, and the implications of Sox6 functions in cardiovascular physiology and

disease conditions.

repression (Han & Lefebvre, 2008; Lefebvre, 2010). Detailed
information about the structure, expression and regulation,

The Sex-determining Region Y (SRY)-related high-mobil-
ity-group box (Sox) gene family is comprised of 20 genes
in vertebrates and 12 genes in invertebrates (Wegner, 2010).
The Sox family of transcription factors contain the high-mo-
bility-group (HMG) box DNA-binding domain. Though
there are discrepancies, the Sox genes classification include
10 groups A to J (Wegner, 2010).

The SoxD subfamily amino acid sequence does not con-
tain transactivation or trans-repression domains. However,
they have function in transcriptional activation and

biological function, and medical relevance of SoxD sub-
family has been reviewed elsewhere (Lefebvre, 2010). The
SoxD subfamily includes the transcription factors SoxS5,
Sox6, Sox13, and Sox23. Several studies demonstrated that
Sox6 contains DNA binding domain and binds to the minor
groove of DNA (Hagiwara, 2011; Han & Lefebvre, 2008).
Furthermore, Sox6 function in gene regulation is multi-
faceted and as such it can function by directly binding to
DNA, or interacting with cofactors, or micro-RNAs (miR-
NAs; Iguchi et al., 2005; Leow et al., 2016; Li et al., 2019;
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Yi et al., 2006; Yousefzadeh et al., 2017). The ability of
Sox6 to interact with different proteins at different places
and times, makes it an intricate protein with roles in
multiple processes (Hagiwara, 2011). Sox6 has been im-
plicated in diabetic nephropathy (Jiang et al., 2020; Qi
et al., 2019), adipogenesis (Leow et al., 2016), cardiomy-
opathy (Yousefzadeh et al., 2017), inflammatory bowel dis-
ease (Kinchen et al., 2018), and cancer (Liang et al., 2019).
Several reviews have been published emphasizing the
functional importance of Sox6 in embryonic development,
mesenchyme cells differentiation (chondrocyte and skeletal
muscle differentiation), central nervous system develop-
ment (oligodendrocyte and neural differentiation), skele-
togenesis (osteoblast differentiation), erythropoiesis, and
cancer (Hagiwara, 2011; Ji & Kim, 2016; Lefebvre, 2010;
Liang et al., 2019; Wegner, 2010). However, there are no re-
views yet of any kind which specifically focus on the func-
tional importance of Sox6 in the renal and cardiovascular
systems. In this review, we focus on the function of Sox6
in cardiovascular diseases, hypertension, and diabetes and
related conditions.
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domain

N-terminal
domain
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Family  Protein

2 | SOXD SUBFAMILY:
STRUCTURE AND FUNCTION IN
CELL FATE AND PHYSIOLOGY

The SoxD subfamily has been implicated in the tran-
scriptional regulation of developmental processes, in-
cluding embryonic development, cartilage formation,
hematopoiesis, and nerve growth (Connor et al., 1995;
Lefebvre, 2010). The SoxD family genes were cloned in
the 90s when the scientists were searching for Sry-related
genes (Connor et al., 1995; Lefebvre, 2010). Similar to
other Sox family members, Sox D subfamily members con-
tain an HMG box in the C-terminus that can bind to DNA.
However, SoxD family structure differs from the other
Sox proteins in the N-terminus sequence that contains a
leucine zipper (LZ) and glutamine-rich (Q-box) domains
(Figure 1; Hagiwara, 2011; Lefebvre, 2010). In particu-
lar, Sox6 features the HMG box functional domain in the
C-terminal, and two coiled-coil functional domain in the
N-terminal where the LZ and Q-boxes are located (Connor
et al., 1995; Lefebvre, 2010). The coiled-coil domain is the
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FIGURE 1 A pictorial depiction of the distinct domains of protein structure of the human SOX family members. Representative protein

structure of the Sox family members from A to H groups. This classification is based on gene structure and function in embryonic developmental
processes, phylogenetic studies, and proteins structures (Grimm et al., 2019). The HMG (high mobility group) box, the highly conserved and
characteristic feature of Sox family members, is depicted alongside other key domains such as trans-activation/repression domain (absent in Sox D
subfamily), and coiled-coil domain (present only in Sox D subfamily). The coiled-coil domain features LZ and Q-boxes which help Sox D family
members to interact among them and with other proteins, cofactors, and miRNA (Han & Lefebvre, 2008; Iguchi et al., 2005). At the top, from left
to right: Sox families, representative members, N-terminal, C-terminal are denoted. The number of amino acids (aa) for each protein are shown at
the right side. Various domains of representative protein of each subfamily are mentioned in the box at the right
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characteristic feature of Sox D subfamily which is absent
in other Sox family members. Leucine zipper helps to make
homo- or -heterodimers with other Sox family members,
and proteins. For example, Sox6 via Q-box and LZ inter-
acts with p-catenin and Sox5 and makes homo- and -het-
erodimers with other Sox proteins (Han & Lefebvre, 2008;
Iguchi et al., 2005). The coiled-coil domain contains the LZ
and Q-boxes, and most of the interactions between Sox6
and other proteins are mainly performed in the coiled-coil
domain (Han & Lefebvre, 2008; Lefebvre, 2010). The in
vitro electrophoretic mobility shift assay (EMSA) shows
that SoxD family transcription factors preferentially bind
with DNA sequences featuring an AACAAT motif (Connor
et al., 1995). In vivo and in vitro studies revealed that the
proteins efficiently bind to the site containing up to two
mismatches in the favored sites. Also, the proteins possess
slight inclination for the relative orientation of the paired
sites and for the length of the intervening sequence, from
0 to at least 19 bp (Han & Lefebvre, 2008). Due to such
flexibility, putative binding sites for SoxD family proteins
could be found in any DNA regulatory or promoter region.
It is required that robust experiments must be designed and
carried out to establish the actual sites for SoxD proteins
in vivo.

Sox6 is expressed in different cells, such as neu-
rons, oligodendrocytes, chondrocytes, cardiomyocytes,
erythrocytes, skeletal myoblasts, spermatids, pancreatic
b-cells, kidney, and liver cells (Hagiwara et al., 2000;
Shi et al., 2019; Yousefzadeh et al., 2017). Sox6 has cru-
cial functions in the developing mouse embryo, in the
differentiation of skeletal and cardiac myocytes (Shi
et al., 2019; Yousefzadeh et al., 2017), skeletal/cartilage
tissues (Lefebvre, 2019), central nervous system (CNS) (Ji
& Kim, 2016), melanocytes (Stolt et al., 2008), erythroid,
Th17 (Tanaka et al., 2014), and hair follicle, and inner ear
(Lefebvre, 2010). Interestingly, Sox6 is also expressed in
adult mice, suggesting roles in the maintenance of adult
tissues with some still unexplored.

3 | Sox6 AND CARDIOVASCULAR
DISEASES

Studies in early 2000 reported that systemic deletion of the
Sox6 gene in mice results in death two weeks after birth due
to progressive atrioventricular heart block and ultrastruc-
tural changes in both cardiac and skeletal muscles (Hagiwara
et al., 2000). These observations indicate that function of
Sox6 is critical in development and preservation of both
cardiac and skeletal muscles (Hagiwara et al., 2000). The
postnatal heart experiences remarkable transformation at the
physiological, cellular, and molecular levels such as changes
in the cardiomyocyte growth, and shift from hyperplasia to
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hypertrophy, multinucleation and polyploidation, to attain
the complex physiological activity of the adult heart (Li
et al., 1996). A recent report showed that Trbp (Tarbp2), an
RNA-binding protein, controls the expression of miR-208a
that repress the expression of Sox6 to maintain normal cardiac
function. Sox6 is the key protein that maintains the balance
of gene expression for slow and fast twitch protein isoforms.
They showed cardiac specific Trbp KO mice express lower
miR-208a and overexpress Sox6 that result into progressive
cardiomyopathy and lethal heart failure (Ding et al., 2015). In
another report, Chung-Il An et al. 2016, the authors identified
Sox6 as key transcription factors suppressing cell prolifera-
tion and fine-tuning fetal gene expressions during postnatal
heart development to culminate in the complex functional
heart (An et al., 2016). Yousefzadeh et al. (2017) reported
that fetal hypothyroidism decreases cardiac performance as
a result of decreased ratio of a-MHC:3-MHC expressions
in adult rats. The decreased expression of a-MHC:3-MHC
ratio is attributed to the imbalances in cardiac myomiR net-
work (increased expression of miR-499, 208b, decreased
expression of miR-208a) in fetal heart. These changes in my-
omiR network decrease the expression of Sox6, Thrapl, and
Purf resulting in the increased expression of p-MHC which
is responsible for lower cardiac efficiency (Yousefzadeh
etal., 2017). Another study showed that miR-499 inhibits hy-
poxia/reoxygenation (H/R) induced apoptosis in cardiomyo-
cytes by downregulating Sox6 expression (Shi et al., 2019).
Similarly, Zhang et al. 2019 showed that Sox6 is the target
gene for miR-208b and miR-499-5p. This study showed that
butyrate diet increases the expression of miR-208b and miR-
499-5p that decrease the expression of Sox6 and Sp3 proteins
expression and thereby increases the synthesis of slow-twitch
myofiber and mitochondrial biogenesis and increase the meat
quality in pigs (Zhang et al., 2019). A study by Lin et al.
(2018) revealed that Sox6 expression is positively associ-
ated with copy number variations (CNVs). This study further
revealed that expression of Sox6 is highly expressed during
the skeletal muscle cell differentiation in chickens (Lin et al.,
2018). Vestigial-like factor 2 (VgII-2) is predominantly ex-
pressed in skeletal muscle and plays a role in muscle-specific
gene expression. A study in VgII-2 KO mice showed that
these mice exhibit lower expression of miR-208b and upreg-
ulation of its target genes Sox6, Sp3, and Pur-p. This study
concluded that miR-208b by targeting Sox6, Sp3, and Pur-f
plays important function in skeletal muscle development in
mice (Honda et al., 2017). Mesenchymal stem cells derived
exosomes show protective effect against acute myocardial
infarction (AMI) and promote cardiac regeneration and an-
giogenesis in in vivo and in vitro studies (Huang et al., 2020;
Maetal., 2017; Wang et al., 2018). Huang et al. 2020 showed
that human umbilical cord mesenchymal stem cells (hucM-
SCs) cells releases exosomes that contain miR-19a. miR-
19a is protective against AMI in rats and hypoxia in HOC2
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cells. This study further revealed that miR-19a inhibits Sox6
gene to protect HOC2 cells against hypoxic injury (Huang
et al., 2020).

Sepsis-induced cardiac apoptosis has been established as
a pathogenic factor implicated in myocardial dysfunction.
Lipopolysachharide (LPS) is considered to be one of the key
mediators in this pathological condition. Overexpression of
Sox6 and PDCD4 (programmed cell death 4) genes by LPS
inhibit miRNA-499 that results into enhanced apoptosis in
cardiomyocytes (Jia et al., 2016). Muscle-specific knockout
of Sox6 revealed its function as a transcriptional repressor
in slow fiber specific genes during both prenatal and post-
natal muscle development in cardiac and skeletal muscle
and is indispensable for the optimal performance and health
of the cardiac and skeletal muscles (An et al., 2011; Quiat
etal., 2011). The p-thalassemia is an autosomal recessive dis-
order, characterized by the deficiency of B-chain synthesis. A
dysregulated synthesis of B-globin results in an imbalance in
the o-/p-chain ratio leading to red blood cells (RBCs) lysis
(Lidonnici & Ferrari, 2018). During p-thalassemia, reactiva-
tion of the fetal y-globin decreases the abundance of a-glo-
bin chains, resulting in lowered RBC destruction (Dreuzy
et al., 2016; Sankaran et al., 2010). The transcription factor
Sox6 is a pivotal gene in switching the y to -globin gene.
Shariati et al. (2018), reported that disruption of Sox6 bind-
ing domain results in the reactivation of y globin expression.
This study concluded that silencing Sox6 may become thera-
peutic strategy for B-thalassemia treatment (Modares Sadeghi
et al., 2018; Shariati et al., 2018). Another study showed the
functional importance of a number of miRNAs and their tar-
get Sox6 in hereditary persistence of fetal hemoglobin de-
letion type-2 (HPFH-2) and Sicilian-8f-thalassemia diseases
(Fornari et al., 2017).

Published reports show the functions of Sox6 are im-
perative in the optimum functioning of cardiac and skeletal
muscles during both embryonic development and adulthood.
Sox6 is the target gene for a number of miRNAs which are
functionally important in regulating a number of cardiac and
skeletal muscles’ functions. Overexpression of Sox6 has been
implicated in cardiac muscle apoptosis, AMI, and f-thalas-
semia. Over the last two decades a fair amount of research
has been reported in the field, however, further studies are
needed to strengthen the function of Sox6 in cardiovascular
pathophysiology (Figure 2).

4 | Sox6 AND DIABETES

Diabetes is one of the leading causes of premature deaths
in the world. United States ranks third in diabetes cases
after India and China, the main epicenters of diabetes (Cho
et al., 2018). The pathophysiology of the disease is multi-
factorial and complex. Several studies have linked obesity

with an increased risk of diabetes (Leow et al., 2016; Sloten
et al., 2011). Diabetes is one of the main contributors to car-
diovascular and kidney complications resulting in morbidity
and mortality. Leow et al. 2016, reported that Sox6 regulates
adipogenesis in vertebrates by inducing adipogenic regulators
such as PPARYy (peroxisome proliferator-activated receptor),
C/EBPa, and MEST (mesoderm specific transcript). They
also found that Sox6 promotes adipogenesis by inhibiting the
WNT/p-catenin pathway in adipocytes (Leow et al., 2016).
Several studies report that microRNAs (miRNAs) control
pancreatic development, beta-cell differentiation, and insulin
secretion (Bai et al., 2017). Bai et al. 2016, examined the
profile expression of microRNAs in nestin-positive umbili-
cal cord-derived mesenchymal stem cells (N-UCMSCs) and
nestin-positive pancreatic mesenchymal stem cells using
deep sequencing. They found that the inhibition of Sox®6,
mtpn, bhlhe22, and ccndl leads to miR-375, and miR-26a
overexpression in N-UCMSCs. Therefore, promoting the dif-
ferentiation of N-UCMSC:s into insulin-producing cells (Bai
et al., 2017). They also studied the role of miRNA-21 and
determined that miRNA-21 by inhibiting Sox6 increases in-
sulin-producing cells formation (Bai et al., 2016). To further
investigate the involvement of Sox6 and miRNAs in diabetes
regulation, a study revealed that miRNA-96 is upregulated
under the pathological condition of type-2 diabetes melli-
tus (T2DM). miRNA-96 KO mice exhibit pancreatic f-cell
dysfunction, increased fasting blood glucose during T2DM.
Overexpression of miRNA-96 by inhibiting Sox6 and Foxol
increases the proliferative ability and inhibits apoptosis in
mouse insulinoma (MING6) cells (Qi et al., 2019).

Pioneering studies showing the functional role of Sox6
in insulin regulation revealed that insulin promoter contains
the binding site for Sox6 transcription factor and Sox6 by
inhibiting pancreatic-duodenal homeobox factor-1 (PDX1)
reduces insulin secretion (Iguchi et al., 2005). The miRNA-
802 is highly upregulated in islets of the pancreas of obese
mouse models. Using knockout and knock-in approaches
Zhang et al. (2020), showed that miRNA-802 regulates syn-
thesis of insulin. In this study, they revealed that increased
expression of miRNA-802 downregulates phosphorylation of
CREB, that results into overexpression of Sox6 and dysregu-
lation of insulin secretion and synthesis (Zhang et al., 2020).
Another study shows the involvement of miRNA in insulin
and diabetes regulation. Li et al. (2019), investigated the role
of miRNA-223 in maintaining functional mass of pancreatic
B-cells and insulin secretion. They used miRNA-223 KO
mice and found that these mice exhibit increased expression
of both Sox6 and Foxol (forkhead box O1) genes, and im-
paired glucose tolerance and insulin resistance as a result of
the suppression of p-cells proliferation and insulin secretion.
Using different approaches, they showed that miRNA-223
exhibits its function by inhibiting Sox6 and Foxol pathways
(Li et al., 2019). Type 1 and/or T2DM are one of the main
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FIGURE 2 The role of Sox6 in various organ systems and implication in diabetes and cardiomyopathy. Overexpression/activation of

Sox6 by adipogenic stimuli increases the expression of CEBPa and PPARY leading to adipogenesis. Sox6 increases the expression of MEST gene

that in turn reduces WNT signaling. Sox6 binds and degrades the B-catenin that further leads to reduced WNT signaling causing the adipocyte

multiplication (Leow et al., 2016). The miR-802 increases Sox6 expression by inhibiting the p-CREB expression leading to reduced insulin

secretion (Zhang et al., 2020). Lower expression of all the miRs with asterisk (*) results into the overexpression of Sox6 causing the reduction in

the number of insulins producing cells and synthesis/secretion of insulin. For detail, please read (Bai et al., 1859; Bai et al., 2017; Li et al., 2019;

Qi et al., 2019). Sox6 by interacting with PDX1 and reducing the acetylation of histone 3 and 4 in the chromatin of insulin promoter that reduces

the binding of PDX1 causes reduced insulin secretion (Iguchi et al., 2005). Trbp by inhibiting miR-208a, and miR-499 increases the expression

of Sox6 that results into lower expression of slow-muscle twitch fiber, these fibers are indispensable for cardiac muscle efficiency in mice (Ding

etal., 2015). Increased expression of miR-499, 208b, and decreased expression of miR-208a inhibit Sox6 expression causing decreased ratio of

a-MHC:B-MHC leading to lower cardiac muscle efficiency in rats (Yousefzadeh et al., 2017). Abbreviations: PPARy, peroxisome proliferator

activated receptor gamma; MEST, mesoderm specific transcript; miR, micro-RNA; p-CREB, phospho-cAMP response element-binding protein;

PDX1, pancreatic-duodenal homeobox factor-1; Trbp, transactivation response element RNA-binding protein; MHC, myosin heavy chain

contributors of microvascular complications during dia-
betic kidney disease (DKD) which is the main cause of end-
stage renal disease (ESRD; Lu et al., 2017). Using a DKD
model, and mouse renal mesangial cells (MCs), Jiang and
colleagues studied the miRNA-342 mediated regulation of
Sox6 and impacts on interstitial fibrosis during diabetic ne-
phropathy (Zhang et al., 2020). They showed that miRNA-
342 binds to the 3°-UTR of Sox6 and inhibits its expression.
Results from the study revealed that the inhibition of Sox6
by miRNA-342 diminished the progression of DKD (Jiang
et al., 2020). Interestingly, PleskoviC et al investigated the
association of Sox6 gene polymorphism (rs16933090) with
all the subclinical markers of carotid atherosclerosis such as
the number of affected segments of carotid arteries, plaque
thickness, and carotid intima media thickness (CIMT),
in T2DM patients. The results from the study suggest
that polymorphism of Sox6 gene (rs16933090) in T2DM

patients precipitates subclinical markers of atherosclerosis
(Pleskovic et al., 2016).

Collectively, Sox6 is shown to play an important function
in adipogenesis by inducing PPARY and inhibiting WNT/f-
catenin pathways. Overexpression of Sox6 is implicated in
inhibiting insulin synthesis, and insulin producing cells, and
reducing B-cell mass and insulin secretion. So, Sox6 could
be a potential therapeutic target to design better drug to treat
diabetes and associated complications (Figure 2).

5 | Sox6 IN HUMAN
HYPERTENSION

Blood pressure (BP) is a multifactorial disease and a cardi-
nal risk factor for cardiovascular diseases. In addition to the
function of Sox6 in the development, and cardiovascular
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diseases, Sox6 has also been associated with human hyper-
tension. Johnson et al. 2011, in discovery analysis geno-
typed 49,452 single-nucleotide polymorphisms (SNPs) in
25,118 individuals and identified SNPs in Sox6 loci that
were highly associated with blood pressure. By perform-
ing follow-up analysis in additional 59,349 individuals,
they confirmed the associations of Sox6 SNPs in one of
the blood pressure traits such as DB, SBP, MAP, PP, and
hypertension (Johnson et al., 2011). Using gene-centric
array approach, Ganesh et al. 2013, in discovery analysis
genotyped more than fifty thousand SNPs in approximately
2,100 candidate genes for hypertension and cardiovascular
disease in 61,619 individuals of European ancestry from
cohort studies in the Europe and USA. Discovery analy-
sis associates Sox6 SNPs with systolic blood pressure.
The role of Sox6 SNPs in systolic blood pressure was
confirmed by performing replication analysis in 65,866
additional individuals (Ganesh et al., 2013). Franceschini
et al 2013, performed meta-analysis in 19 discovery co-
horts (n = 29,378 subjects) from the Continental Origins
and Genetic Epidemiology Network (COGENT) GWAS of
African-Ancestry (AA) samples for BP trait and identified
a novel SNP in a known BP locus for Sox6 (Franceschini
et al.,, 2013). Transethnic meta-analysis by combin-
ing discovery AA samples and replication samples from
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additional AA samples (n = 10,386), European ancestry
(EA) (n = 69,395), and East Asian ancestry (n = 19,601)
also associates Sox6 SNP with blood pressure and infers
that Sox6 SNPs are associated with blood pressure inde-
pendent of ethnicities (Franceschini et al., 2013). The asso-
ciation of Sox6 SNPs with blood pressure regulation were
replicated in Chinese population (n = 80,962), again in-
ferring that Sox6 SNPs are associated with blood pressure
traits across ethnicities (Lu et al., 2015).

GWAS studies associate Sox6 SNPs with human hyper-
tension across the ethnicities and imply great potential of
functional studies for Sox6 in hypertensive animal models to
discern the Sox6 function and establish molecular pathway/s
in hypertension.

6 | Sox6 AND RENIN
REGULATION IN THE KIDNEY

To investigate the functional role of Sox6 in renal renin
regulation, microarray in resident mesenchymal stromal
cells (MSCs) and juxtaglomerular (JG) cells was performed
(Saleem et al., 2020).

This study revealed that Sox6 expression increases in JG
cells in the adult kidney. Knock down of Sox6 gene halted the
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FIGURE 3 The increase in renin expressing cells during JG cell recruitment is inhibited by specific Sox6 ablation in renin expressing

cells. Schematic overview of juxtaglomerular (JG) cells recruitment (indicated by arrows) that occurs in the adult kidney
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differentiation of MSCs into renin expressing cells in in vitro
studies. Systemic Sox6 knockout mice do not survive after
14 days of birth due to abnormalities in cardiac and skele-
tal muscles development. We and others have shown that
renin promoter possesses the binding site for Sox6 (Modares
Sadeghi et al., 2018), and along with other transcription
modulators regulate renin expression (Martinez et al., 2018).
Using a loss of function mouse model, in which Sox6 is spe-
cifically knockout in renin expressing cells, Sox6 was shown
to regulate renin expression and JG recruitment in response
to sodium depletion and dehydration (Figure 3; Saleem
et al., 2020). These studies show that Sox6 is one of the main
contributors of renin regulation. Renin is the rate-limiting
enzyme in renin angiotensin aldosterone system (RAAS).
RAAS is implicated in hypertension, oxidative stress, and
other cardiovascular diseases (Ken & Hackett, 1991). Sox6,
being the regulator of renin, has great potential to control
RAAS and could be a potential therapeutic target in RAAS
associated diseases. Further studies are warranted to unravel
the molecular mechanism involved in Sox6 mediated renin
regulation.

7 | PERSPECTIVE/CONCLUSION

The compiled information presented here highlights the
functional importance of the transcription factor Sox6 in
cardiomyopathy, diabetes, and in renin regulation in adult
tissues. GWAS studies associate Sox6 SNPs with human
hypertension across ethnicities (Johnson et al., 2011) and
imply great potential of functional studies for Sox6 in
hypertensive animal models to discern the Sox6 function
and establish molecular pathway in hypertension (Saleem
et al., 2020). The investigations in the field of cardiomyo-
pathy and diabetes revealed that Sox6 is primarily regu-
lated by various types of miRNAs (An et al., 2016; Bai
et al., 2016). Sox6 is a target gene for the miRNAs which
are functionally important in regulating a number of car-
diac and skeletal muscles functions. Overexpression of
Sox6 has been implicated in cardiac muscle apoptosis,
AMI, and f-thalassemia. Moreover, overexpression of
Sox6 has been associated with decreased p-cell mass and
insulin secretion, and increased apoptosis in insulin-pro-
ducing MING6 cell (Qi et al., 2019). A number of studies
revealed that Sox6 by interacting with other transcription
factors, cofactors, or miRNA can enhance or repress the
target gene expression depending on spatial and tempo-
ral situations during physio- and pathophysiological pro-
cesses. Although, a number of studies already revealed the
importance of the transcription factor in various physio-
and pathophysiological processes, Sox6 studies are still in
early stage in adult animals and warrants further investiga-
tion. Due to the versatile nature, future studies have the

great potential to reveal undiscovered functions of Sox6
gene and the protein in both physio- and pathophysiologi-
cal processes.

ACKNOWLEDGMENTS
We thank Sharla Rahman for her comments to the manuscript.

CONFLICT OF INTEREST
No conflicts of interest, financial or otherwise, are declared
by the authors.

AUTHOR CONTRIBUTIONS

M.S., and P.B.L., wrote the manuscript, figures, and table
drafts. J.A.G., edited the paper, figures, and table and ap-
proved the final version.

ETHICAL STATEMENT

Dr. Gomez is an Assistant Professor at Vanderbilt University
Medical Center. Dr. Gomez laboratory is funded by an NHLBI
Research Scientist Development Grant (1KO1HL135461),
and in part by discretionary research funds from the
Vanderbilt University Medical Center.

ORCID

Jose A. Gomez = https://orcid.org/0000-0001-8148-8308

REFERENCES

An, C. L, Dong, Y., & Hagiwara, N. (2011). Genome-wide map-
ping of Sox6 binding sites in skeletal muscle reveals both di-
rect and indirect regulation of muscle terminal differentiation
by Sox6. BMC Developmental Biology, 11, 59. https://doi.
org/10.1186/1471-213X-11-59

An, C. L., Ichihashi, Y., Peng, J., Sinha, N. R., & Hagiwara, N. (2016).
Transcriptome dynamics and potential roles of Sox6 in the postna-
tal heart. PLoS One, 11, e0166574. https://doi.org/10.1371/journ
al.pone.0166574

Bai, C., Gao, Y., Li, X., Wang, K., Xiong, H., Shan, Z., Zhang, P., Wang,
W., Guan, W., & Ma, Y. (2017). MicroRNAs can effectively induce
formation of insulin-producing cells from mesenchymal stem cells.
Journal of Tissue Engineering and Regenerative Medicine, 11,
3457-3468. https://doi.org/10.1002/term.2259

Bai, C., Li, X., Gao, Y., Wang, K., Fan, Y., Zhang, S., Ma, Y., &
Guan, W. (2016). Role of microRNA-21 in the formation of insu-
lin-producing cells from pancreatic progenitor cells. Biochimica
Et Biophysica Acta, 1859, 280-293. https://doi.org/10.1016/].
bbagrm.2015.12.001

Cho, N. H., Shaw, J. E., Karuranga, S., Huang, Y., da Rocha Fernandes,
J. D., Ohlrogge, A. W., & Malanda, B. (2018). IDF Diabetes Atlas:
Global estimates of diabetes prevalence for 2017 and projections for
2045. Diabetes Research and Clinical Practice, 138, 271-281.

Connor, F., Wright, E., Denny, P., Koopman, P., & Ashworth, A. (1995).
The Sry-related HMG box-containing gene Sox6 is expressed in the
adult testis and developing nervous system of the mouse. Nucleic
Acids Research, 23, 3365-3372.


https://orcid.org/0000-0001-8148-8308
https://orcid.org/0000-0001-8148-8308
https://doi.org/10.1186/1471-213X-11-59
https://doi.org/10.1186/1471-213X-11-59
https://doi.org/10.1371/journal.pone.0166574
https://doi.org/10.1371/journal.pone.0166574
https://doi.org/10.1002/term.2259
https://doi.org/10.1016/j.bbagrm.2015.12.001
https://doi.org/10.1016/j.bbagrm.2015.12.001

SALEEM ET AL.

e . . 90f 10
NBoss 28 Physiological ReportsJ—

de Dreuzy, E., Bhukhai, K., Leboulch, P., & Payen, E. (2016).
Current and future alternative therapies for beta-thalassemia
major. Biomedical Journal, 39, 24-38. https://doi.org/10.1016/j.
bj.2015.10.001

Ding, J., Chen, J., Wang, Y., Kataoka, M., Ma, L., Zhou, P., Hu, X, Lin,
Z.,Nie, M., Deng, Z. L., Pu, W. T., & Wang, D. Z. (2015). Trbp reg-
ulates heart function through microRNA-mediated Sox6 repression.
Nature Genetics, 47, 776-783. https://doi.org/10.1038/ng.3324

Fornari, T. A., Lanaro, C., Albuquerque, D. M., Ferreira, R., & Costa,
F. F. (2017). Featured article: Modulation of fetal hemoglobin in he-
reditary persistence of fetal hemoglobin deletion type-2, compared
to Sicilian deltabeta-thalassemia, by BCL11A and SOX6-targeting
microRNAs. Experimental Biology and Medicine, 242, 267-274.

Franceschini, N., Fox, E., Zhang, Z., Edwards, T. L., Nalls, M. A., Sung,
Y.J., Tayo, B. O., Sun, Y. V., Gottesman, O., Adeyemo, A., Johnson,
A. D., Young, J. H, Rice, K., Duan, Q., Chen, F, Li, Y., Tang, H.,
Fornage, M., Keene, K. L., ... Lettre, G. (2013). Genome-wide as-
sociation analysis of blood-pressure traits in African-ancestry indi-
viduals reveals common associated genes in African and non-Afri-
can populations. The American Journal of Human Genetics, 93(3),
545-554. https://doi.org/10.1016/j.ajhg.2013.07.010

Ganesh, S. K., Tragante, V., Guo, W., Guo, Y., Lanktree, M. B., Smith,
E. N., Johnson, T., Castillo, B. A., Barnard, J., Baumert, J., Chang,
Y. P, Elbers, C. C., Farrall, M., Fischer, M. E., Franceschini, N.,
Gaunt, T. R., Gho, J. M., Gieger, C., Gong, Y., ... Asselbergs, F.
W. (2013). Loci influencing blood pressure identified using a car-
diovascular gene-centric array. Human Molecular Genetics, 22,
1663-1678. https://doi.org/10.1093/hmg/dds555

Grimm, D., Bauer, J., Wise, P., Kruger, M., Simonsen, U., Wehland,
M., Infanger, M., & Corydon, T. J. (2019). The role of SOX fam-
ily members in solid tumours and metastasis. Seminars in Cancer
Biology. https://doi.org/10.1016/j.semcancer.2019.03.004

Hagiwara, N. (2011). Sox6, jack of all trades: A versatile regulatory
protein in vertebrate development. Developmental Dynamics, 240,
1311-1321.

Hagiwara, N., Klewer, S. E., Samson, R. A., Erickson, D. T., Lyon, M.
F., & Brilliant, M. H. (2000). Sox6 is a candidate gene for pl00H
myopathy, heart block, and sudden neonatal death. Proceedings of
the National Academy of Sciences of the United States of America,
97, 4180-4185. https://doi.org/10.1073/pnas.97.8.4180

Han, Y., & Lefebvre, V. (2008). L-Sox5 and Sox6 drive expression of
the aggrecan gene in cartilage by securing binding of Sox9 to a
far-upstream enhancer. Molecular and Cellular Biology, 28, 4999—
5013. https://doi.org/10.1128/MCB.00695-08

Honda, M., Hidaka, K., Fukada, S. I., Sugawa, R., Shirai, M., Ikawa, M.,
& Morisaki, T. (2017). Vestigial-like 2 contributes to normal muscle
fiber type distribution in mice. Scientific Reports, 7, 7168. https://
doi.org/10.1038/s41598-017-07149-0

Huang, L., Yang, L., Ding, Y., Jiang, X., Xia, Z., & You, Z. (2020).
Human umbilical cord mesenchymal stem cells-derived exosomes
transfers microRNA-19a to protect cardiomyocytes from acute
myocardial infarction by targeting SOX6. Cell Cycle, 19, 339-353.
https://doi.org/10.1080/15384101.2019.1711305

Iguchi, H., Ikeda, Y., Okamura, M., Tanaka, T., Urashima, Y., Ohguchi,
H., Takayasu, S., Kojima, N., Iwasaki, S., Ohashi, R., Jiang, S.,
Hasegawa, G., Ioka, R. X., Magoori, K., Sumi, K., Maejima, T.,
Uchida, A., Naito, M., Osborne, T. F., ... Sakai, J. (2005). SOX6
attenuates glucose-stimulated insulin secretion by repressing PDX1
transcriptional activity and is down-regulated in hyperinsulinemic
obese mice. Journal of Biological Chemistry, 280, 37669-37680.

Iguchi, H., Urashima, Y., Inagaki, Y., Ikeda, Y., Okamura, M., Tanaka,
T., Uchida, A., Yamamoto, T. T., Kodama, T., & Sakai, J. (2007).
SOX6 suppresses cyclin D1 promoter activity by interacting with
beta-catenin and histone deacetylase 1, and its down-regulation
induces pancreatic beta-cell proliferation. Journal of Biological
Chemistry, 282, 19052-19061.

Ji, E. H., & Kim, J. (2016). SoxD transcription factors: multifaceted
players of neural development. International Journal of Stem Cells,
9,3-8.

Jia, Z., Wang, J., Shi, Q., Liu, S., Wang, W., Tian, Y., Lu, Q., Chen, P.,
Ma, K., & Zhou, C. (2016). SOX6 and PDCD4 enhance cardiomyo-
cyte apoptosis through LPS-induced miR-499 inhibition. Apoptosis,
21, 174-183. https://doi.org/10.1007/s10495-015-1201-6

Jiang, Z. H., Tang, Y. Z., Song, H. N., Yang, M., Li, B., & Ni, C. L.
(2020). miRNA342 suppresses renal interstitial fibrosis in diabetic
nephropathy by targeting SOX6. International Journal of Molecular
Medicine, 45, 45-52. https://doi.org/10.3892/ijmm.2019.4388

Johnson, T., Gaunt, T. R., Newhouse, S. J., Padmanabhan, S.,
Tomaszewski, M., Kumari, M., Morris, R. W., Tzoulaki, 1., O'Brien,
E. T.,Poulter, N.R., Sever, P., Shields, D. C., Thom, S., Wannamethee,
S. G., Whincup, P. H., Brown, M. J., Connell, J. M., Dobson, R. J.,
Howard, P.J., ... Munroe, P. B. (2011). Blood pressure loci identified
with a gene-centric array. American Journal of Human Genetics, 89,
688-700. https://doi.org/10.1016/j.ajhg.2011.10.013

Ken, R., & Hackett, N. R. (1991). Halobacterium halobium strains
lysogenic for phage phi H contain a protein resembling coliphage
repressors. Journal of Bacteriology, 173, 955-960. https://doi.
org/10.1128/JB.173.3.955-960.1991

Kinchen, J., Chen, H. H., Parikh, K., Antanaviciute, A., Jagielowicz, M.,
Fawkner-Corbett, D., Ashley, N., Cubitt, L., Mellado-Gomez, E.,
Attar, M., Sharma, E., Wills, Q., Bowden, R., Richter, F. C., Ahern,
D., Puri, K. D., Henault, J., Gervais, F., Koohy, H., & Simmons, A.
(2018). Structural remodeling of the human colonic mesenchyme in
inflammatory bowel disease. Cell, 175, 372-386; e317. https://doi.
org/10.1016/j.cell.2018.08.067

Lefebvre, V. (2010). The SoxD transcription factors—Sox5, Sox6,
and Sox13-are key cell fate modulators. International Journal of
Biochemistry & Cell Biology,42,429-432. https://doi.org/10.1016/].
biocel.2009.07.016

Lefebvre, V. (2019). Roles and regulation of SOX transcription factors
in skeletogenesis. Current Topics in Developmental Biology, 133,
171-193.

Leow, S. C., Poschmann, J., Too, P. G., Yin, J., Joseph, R., McFarlane,
C., Dogra, S., Shabbir, A., Ingham, P. W., Prabhakar, S., Leow, M.
K., Lee, Y. S., Ng, K. L., Chong, Y. S., Gluckman, P. D., & Stunkel,
W. (2016). The transcription factor SOX6 contributes to the develop-
mental origins of obesity by promoting adipogenesis. Development,
143, 950-961. https://doi.org/10.1242/dev.131573

Li, F., Wang, X., Capasso, J. M., & Gerdes, A. M. (1996). Rapid transition
of cardiac myocytes from hyperplasia to hypertrophy during postna-
tal development. Journal of Molecular and Cellular Cardiology, 28,
1737-1746. https://doi.org/10.1006/jmcc.1996.0163

Li, Y., Deng, S., Peng, J., Wang, X., Essandoh, K., Mu, X., Peng, T.,
Meng, Z. X., & Fan, G. C. (2019). MicroRNA-223 is essential for
maintaining functional beta-cell mass during diabetes through in-
hibiting both FOXO1 and SOX6 pathways. Journal of Biological
Chemistry, 294, 10438-10448.

Liang, Z., Xu, J., & Gu, C. (2019). Novel role of the SRY-related
high-mobility-group box D gene in cancer. Seminars in Cancer
Biology. https://doi.org/10.1016/j.semcancer.2019.07.011


https://doi.org/10.1016/j.bj.2015.10.001
https://doi.org/10.1016/j.bj.2015.10.001
https://doi.org/10.1038/ng.3324
https://doi.org/10.1016/j.ajhg.2013.07.010
https://doi.org/10.1093/hmg/dds555
https://doi.org/10.1016/j.semcancer.2019.03.004
https://doi.org/10.1073/pnas.97.8.4180
https://doi.org/10.1128/MCB.00695-08
https://doi.org/10.1038/s41598-017-07149-0
https://doi.org/10.1038/s41598-017-07149-0
https://doi.org/10.1080/15384101.2019.1711305
https://doi.org/10.1007/s10495-015-1201-6
https://doi.org/10.3892/ijmm.2019.4388
https://doi.org/10.1016/j.ajhg.2011.10.013
https://doi.org/10.1128/JB.173.3.955-960.1991
https://doi.org/10.1128/JB.173.3.955-960.1991
https://doi.org/10.1016/j.cell.2018.08.067
https://doi.org/10.1016/j.cell.2018.08.067
https://doi.org/10.1016/j.biocel.2009.07.016
https://doi.org/10.1016/j.biocel.2009.07.016
https://doi.org/10.1242/dev.131573
https://doi.org/10.1006/jmcc.1996.0163
https://doi.org/10.1016/j.semcancer.2019.07.011

10 of 10 . . i
: hysiological Reports & e

SALEEM ET AL.

physilogical
Sockty

Lidonnici, M. R., & Ferrari, G. (2018). Gene therapy and gene edit-
ing strategies for hemoglobinopathies. Blood Cells, Molecules, &
Diseases, 70, 87-101. https://doi.org/10.1016/j.bcmd.2017.12.001

Lin, S., Lin, X., Zhang, Z., Jiang, M., Rao, Y., Nie, Q., & Zhang, X.
(2018). Copy number variation in SOX6 contributes to chicken
muscle development. Genes, 9(1), 42. https://doi.org/10.3390/genes
9010042.

Lu, X., Wang, L., Lin, X., Huang, J., Charles, G. C., He, M., Shen, H.,
He,J., Zhu, J., Li, H., Hixson, J. E., Wu, T., Dai, J., Lu, L., Shen, C.,
Chen, S., He, L., Mo, Z., Hao, Y., ... Gu, D. (2015). Genome-wide
association study in Chinese identifies novel loci for blood pressure
and hypertension. Human Molecular Genetics, 24, 865-874. https://
doi.org/10.1093/hmg/ddu478

Lu, Y., Stamm, C., Nobre, D., Pruijm, M., Teta, D., Cherpillod,
A., Halabi, G., Phan, O., Fumeaux, Z., Bullani, R., Gauthier, T.,
Mathieu, C., Burnier, M., & Zanchi, A. (2017). Changing trends
in end-stage renal disease patients with diabetes. Swiss Medical
Weekly, 147, w14458.

Ma,J., Zhao, Y., Sun, L., Sun, X., Zhao, X., Sun, X., Qian, H., Xu, W., &
Zhu, W. (2017). Exosomes derived from Akt-modified human um-
bilical cord mesenchymal stem cells improve cardiac regeneration
and promote angiogenesis via activating platelet-derived growth
factor D. Stem Cells Translational Medicine, 6, 51-59.

Martinez, M. F., Medrano, S., Brown, E. A., Tufan, T., Shang, S.,
Bertoncello, N., Guessoum, O., Adli, M., Belyea, B. C., Sequeira-
Lopez, M. L. S., & Gomez, R. A. (2018). Super-enhancers maintain
renin-expressing cell identity and memory to preserve multi-system
homeostasis. Journal of Clinical Investigation, 128, 4787-4803.
https://doi.org/10.1172/JCI121361

Modares Sadeghi, M., Shariati, L., Hejazi, Z., Shahbazi, M.,
Tabatabaiefar, M. A., & Khanahmad, H. (2018). Inducing indel mu-
tation in the SOX6 gene by zinc finger nuclease for gamma reactiva-
tion: An approach towards gene therapy of beta thalassemia. Journal
of Cellular Biochemistry, 119, 2512-2519.

Pleskovic, A., Santl Letonja, M., Cokan Vujkovac, A., Kruzliak, P., &
Petrovic, D. (2016). SOX6 gene polymorphism (rs16933090) and
markers of subclinical atherosclerosis in patients with type 2 diabe-
tes mellitus. International Angiology, 35, 552-556.

Qi, H., Yao, L., & Liu, Q. (2019). MicroRNA-96 regulates pancreatic
beta cell function under the pathological condition of diabetes melli-
tus through targeting Foxol and Sox6. Biochemical and Biophysical
Research Communications, 519, 294-301.

Quiat, D., Voelker, K. A., Pei, J., Grishin, N. V., Grange, R. W., Bassel-
Duby, R., & Olson, E. N. (2011). Concerted regulation of myofi-
ber-specific gene expression and muscle performance by the tran-

scriptional repressor Sox6. Proceedings of the National Academy of

Sciences of the United States of America, 108, 10196-10201. https://
doi.org/10.1073/pnas.1107413108

Saleem, M., Hodgkinson, C. P., Xiao, L., Gimenez-Bastida, J. A.,
Rasmussen, M. L., Foss, J., Payne, A. J., Mirotsou, M., Gama, V.,
Dzau, V. J., & Gomez, J. A. (2020). Sox6 as a new modulator of
renin expression in the kidney. American Journal of Physiology.
Renal Physiology, 318, F285-F297. https://doi.org/10.1152/ajpre
nal.00095.2019

Sankaran, V. G., Xu, J., & Orkin, S. H. (2010). Advances
in the understanding of haemoglobin switching. British
Journal —of Haematology, 149, 181-194. https://doi.
org/10.1111/j.1365-2141.2010.08105.x

Shariati, L., Rohani, F., Heidari Hafshejani, N., Kouhpayeh, S.,
Boshtam, M., Mirian, M., Rahimmanesh, 1., Hejazi, Z., Modarres,

M., Pieper, I. L., & Khanahmad, H. (2018). Disruption of SOX6
gene using CRISPR/Cas9 technology for gamma-globin reacti-
vation: An approach towards gene therapy of beta-thalassemia.
Journal of Cellular Biochemistry, 119, 9357-9363.

Shi, Y., Han, Y., Niu, L., Li, J., & Chen, Y. (2019). MiR-499 inhibited
hypoxia/reoxygenation induced cardiomyocytes injury by targeting
SOX6. Biotechnology Letters, 41, 837-847. https://doi.org/10.1007/
$10529-019-02685-3

Stolt, C. C., Lommes, P., Hillgartner, S., & Wegner, M. (2008). The
transcription factor Sox5 modulates Sox10 function during melano-
cyte development. Nucleic Acids Research, 36, 5427-5440. https://
doi.org/10.1093/nar/gkn527

Tanaka, S., Suto, A., Iwamoto, T., Kashiwakuma, D., Kagami, S.,
Suzuki, K., Takatori, H., Tamachi, T., Hirose, K., Onodera, A.,
Suzuki, J., Ohara, O., Yamashita, M., Nakayama, T., & Nakajima,
H. (2014). Sox5 and c-Maf cooperatively induce Th17 cell differen-
tiation via RORgammat induction as downstream targets of Stat3.
Journal of Experimental Medicine, 211, 1857-1874.

van Sloten, T. T., Savelberg, H. H., Duimel-Peeters, 1. G., Meijer,
K., Henry, R. M., Stehouwer, C. D., & Schaper, N. C. (2011).
Peripheral neuropathy, decreased muscle strength and obesity
are strongly associated with walking in persons with type 2 di-
abetes without manifest mobility limitations. Diabetes Research
and Clinical Practice, 91, 32-39. https://doi.org/10.1016/j.diabr
€s.2010.09.030

Wang, X. L., Zhao, Y. Y., Sun, L., Shi, Y., Li, Z. Q., Zhao, X. D., Xu, C. G.,
Ji, H. G., Wang, M., Xu, W. R., & Zhu, W. (2018). Exosomes derived
from human umbilical cord mesenchymal stem cells improve myocardial
repair via upregulation of Smad7. International Journal of Molecular
Medicine, 41, 3063-3072. https://doi.org/10.3892/ijmm.2018.3496

Wegner, M. (2010). All purpose Sox: The many roles of Sox proteins
in gene expression. International Journal of Biochemistry & Cell
Biology, 42, 381-390.

Yi, Z., Cohen-Barak, O., Hagiwara, N., Kingsley, P. D., Fuchs, D. A.,
Erickson, D. T., Epner, E. M., Palis, J., & Brilliant, M. H. (2006).
Sox6 directly silences epsilon globin expression in definitive eryth-
ropoiesis. PLoS Genetics, 2, el4. https://doi.org/10.1371/journ
al.pgen.0020014

Yousefzadeh, N., Jeddi, S., Ghiasi, R., & Alipour, M. R. (2017). Effect of
fetal hypothyroidism on MyomiR network and its target gene expression
profiles in heart of offspring rats. Molecular and Cellular Biochemistry,
436, 179-187. https://doi.org/10.1007/s11010-017-3089-7

Zhang, F., Ma, D., Zhao, W., Wang, D., Liu, T., Liu, Y., Yang, Y., Liu, Y.,
Mu, J., Li, B., Zhang, Y., Pan, Y., Guo, C., Du, H., Li, L., Fu, X., Cao,
Z., & Jin, L. (2020). Obesity-induced overexpression of miR-802 im-
pairs insulin transcription and secretion. Nature Communications, 11,
1822. https://doi.org/10.1038/s41467-020-15529-w

Zhang, Y., Yu, B., Yu, J., Zheng, P., Huang, Z., Luo, Y., Luo, J., Mao,
X., Yan, H., He, J., & Chen, D. (2019). Butyrate promotes slow-
twitch myofiber formation and mitochondrial biogenesis in finish-
ing pigs via inducing specific microRNAs and PGC-1alpha expres-
sionl. Journal of Animal Science, 97, 3180-3192.

How to cite this article: Saleem M, Barturen-Larrea
P, Gomez JA. Emerging roles of Sox6 in the renal and
cardiovascular system. Physiol Rep 2020;8:e14604.
https://doi.org/10.14814/phy2.14604



https://doi.org/10.1016/j.bcmd.2017.12.001
https://doi.org/10.3390/genes9010042
https://doi.org/10.3390/genes9010042
https://doi.org/10.1093/hmg/ddu478
https://doi.org/10.1093/hmg/ddu478
https://doi.org/10.1172/JCI121361
https://doi.org/10.1073/pnas.1107413108
https://doi.org/10.1073/pnas.1107413108
https://doi.org/10.1152/ajprenal.00095.2019
https://doi.org/10.1152/ajprenal.00095.2019
https://doi.org/10.1111/j.1365-2141.2010.08105.x
https://doi.org/10.1111/j.1365-2141.2010.08105.x
https://doi.org/10.1007/s10529-019-02685-3
https://doi.org/10.1007/s10529-019-02685-3
https://doi.org/10.1093/nar/gkn527
https://doi.org/10.1093/nar/gkn527
https://doi.org/10.1016/j.diabres.2010.09.030
https://doi.org/10.1016/j.diabres.2010.09.030
https://doi.org/10.3892/ijmm.2018.3496
https://doi.org/10.1371/journal.pgen.0020014
https://doi.org/10.1371/journal.pgen.0020014
https://doi.org/10.1007/s11010-017-3089-7
https://doi.org/10.1038/s41467-020-15529-w
https://doi.org/10.14814/phy2.14604

