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Abstract

Aim: Iron homeostasis is critical for functional respiratory chain complex of
mitochondrial, thus potentially contributing to fat biology and energy homeo-
stasis. Transferrin receptor (Tfrc) binds to transferrin for extracellular iron
uptake and is recently reported to be involved in brown fat development and
functionality. However, whether TFRC levels and variants are associated with
human obesity is unknown.

Methods: To investigate the association of TFRC levels and variants with
human obesity, fat biopsies were obtained from surgery. Exon-sequencing and
genetic assessments were conducted of a case-control study. For TFRC levels
assessment in fat biopsy, 9 overweight and 12 lean subjects were involved. For
genetic study, obese (n = 1271) and lean subjects (n = 1455) were involved.
TFRC levels were compared in abdominal mesenteric fat of pheochromocy-
toma patients versus control subjects, and overweight versus lean subjects. For
genetic study, whole-exome sequencing of obese and matched control subjects
were conducted and analyzed. In addition, the possible disruption in protein
stability of TFRC variant was assessed by structural and molecular analysis.
Results: TFRC levels are increased in human browning adipose tissue and
decreased in fat of overweight patients. Besides, TFRC levels are negatively cor-
related with body mass index and positively correlated with uncoupling protein
1 levels. Furthermore, a rare heterozygous missense variant p.1337V in TFRC
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1 | INTRODUCTION

Obesity is manifested as excess accumulation of fat in
adipose tissues. Three classes of adipose tissues exist,
including white adipose tissue as a major site for energy
storage and brown adipose tissue with capability of ther-
mogenesis and energy expenditure." Beige adipocytes, a
newly discovered type of adipocytes, exist in clusters
within certain white fat depots and morphologically
resemble white adipocytes in rest state. Upon cold or
B-adrenergic activation, beige adipocytes are activated to
possess a brown-like appearance and high thermogenic
capacity, a process referred to as “browning of white
fat.”?™> Clinically relevant, functional brown and beige
fat have recently been shown to exist in adults. Human
deep cervical, supraclavicular, and paraspinal areas are
demonstrated to be enriched with brown and beige adi-
pocytes as a heterogenous mixture with varying constitu-
ents depending on their tissue depths.® Besides, under
physiological or pathological stimulation, white adipo-
cytes in humans can also be induced to browning. For
instance, the sustained activation of p3-adrenergic signal-
ing in pheochromocytoma patients causes strong white
fat browning and enhanced thermogenesis, resulting a
pathologically lean phenotype in these patients.”® Criti-
cally, adipocytes undergo metabolic declines in the devel-
opment of obesity or aging, leading to impaired beige/
brown fat thermogenesis and reduced ability of white fat

shows a tendency to enrich in obese subjects. Structural and functional study
reveals impaired protein stability of the TFRC variant compared to wild-type.
Conclusions: Reduced TFRC levels and its rare variant p.1337V with protein
instability are associated with human obesity.

brown gene program, genetic variants, obesity, TFRC, thermogenic adipocytes

« Evidence for contribution of transferrin receptor (Tfrc) and its variants for
human thermogenic fat is limited. TFRC levels is elevated in activated
human thermogenic fat from pheochromocytoma patients and downregu-
lated in fat from overweight patients compared to their control subjects,

« Whole-exome sequencing of obese and matched control subjects suggests
that a rare heterozygous missense variant p.I337V in TFRC shows a ten-
dency to enrich in young, severely obese subjects.

« Structural and functional studies reveal impaired protein stability of the
TFRC variant p.I337V compared to wild-type.

browning, indicating the potential of targeting adipose
tissues to prevent and treat obesity or metabolic dysfunc-
tions in humans.*’

Iron homeostasis has been shown to play vital roles
in various physiological and pathological processes,
including metabolic diseases, via molecular and clinical
studies.’® For example, serum ferritin levels have been
shown to associated with metabolic syndrome in multiple
human cohorts.'' Recently, iron levels have been linked
to fat biology.'” Genetic manipulation of genes related to
iron homeostasis, such as transferrin receptor (TFRC), a
membrane protein binding to transferrin for extracellular
iron uptake, resulted in impaired adipogenesis and func-
tionality of fat in mice and consequently affected their
energy metabolism, suggesting the importance of iron
metabolism in obesity and metabolic diseases.*'*

In the present study, we sought to unveil the associa-
tion of TFRC levels and TFRC variants with human obe-
sity. Of note, we found that, in abdominal mesenteric
regions of fat, TFRC levels were increased in pheochro-
mocytoma patients and decreased in overweight patients,
compared to their control counterparts. Besides, TFRC
levels negatively correlated with body mass index (BMI)
and positively correlated with uncoupling protein
1 (UCP1) levels in fat. In addition, via whole-exome
sequencing (WES), we discovered a rare heterozygous
missense variant p.I337V in TFRC, which showed a ten-
dency to enrich in obese subjects, indicating its potential
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contribution to obesity possibly due to its impaired pro-
tein stability. Overall, we revealed the association of
TFRC with human obesity and proposed TFRC as a
promising therapeutic target for obesity and metabolic
diseases in human.

2 | MATERIALS AND METHODS
2.1 | Human adipose tissue biopsy
samples

Human fat biopsies were obtained from the abdominal
mesenteric region of fat from overweight (BMI > 25 kg/m?)
and lean subjects (18 kg/m”> < BMI < 25 kg/m®), as well as
pheochromocytoma patients and control subjects who
received surgery in the First Affiliated Hospital of Wenzhou
Medical University or Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine (SJITUSM), with written
informed consent, as described before.'

2.2 | Immunostaining of adipose tissues
For immunohistochemistry staining, adipose tissues were
placed in Bouin fixative, embedded in paraffin, and subse-
quently cut into 5 pm sections. Sections were deparaffinized
hydrated in xylene and graded ethanol and rinsed in PBS
for 5 min before being incubated with pepsin (Sigma, USA).
The sections were incubated for 10 min in 0.3% H,O, to
quench endogenous peroxidase activity. Sections were
blocked and incubated at 4°C overnight with diluted poly-
clonal antibodies against UCP1 (ab10983, Abcam, UK) and
TFRC (ab84036, Abcam, UK) and with horseradish peroxi-
dase conjected goat-anti rabbit IgG for 1 h. DAB chromogen
(DAB Substrate Kit, H-2200, Vector Labs, USA) was used
for peroxidase detection of immunoreactivity. Images were
taken with a Zeiss 710 confocal microscope.

2.3 | Human genetic study

For genetic analysis of low-frequency or rare variants in the
coding regions of TFRC gene with the threshold of minor
allele frequency below 5% (MAF < 5%), we examined our
in-home database consisting of the WES data of patients
with obesity (BMI >30 kg/m?) and matched control sub-
jects.'® Basic information was obtained from the Genetics of
Obesity in Chinese Youngs study, which was previously
established by Ruijin Hospital and registered in
ClinicalTrials.gov (ClinicalTrials reg. no. NCT01084967,
http://www.clinicaltrials.gov/)."”'® The clinical procedures
for anthropometric assessment, biochemical measurement,
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blood glucose, and lipid ascertainment were performed
according to previously described protocols.’” Func-
tional prediction of TFRC variants is conducted by
SIFT (https://sift.bii.a-star.edu.sg/), PolyPhen2 (http://
genetics.bwh.harvard.edu/pph2/), and Mutation taster
(http://mutationtaster.org).

2.4 | Ethics statement

The human studies were approved by the Institutional
Review Board of First Affiliated Hospital of Wenzhou Medi-
cal University and Ruijin Hospital, SITUSM. A written
informed consent was obtained from each subject.

2.5 | Construction of TFRC wild-type
and variant plasmid and transfection in
HEK?293T cells with or without
cycloheximide treatment

The TFRC coding sequences were obtained from cDNA and
the polymerase chain reaction (PCR) primers or site muta-
tion primers are listed in Supplementary Table S1. TFRC
and mutant plasmids were transfected into HEK293T cells
according to the manufacturer's protocol (C4058L1080,
Shanghai Life iLab Biotech, China) and proteins were har-
vested at the indicated time. To further examine the protein
stability of TFRC and its mutant, after transfection for 48 h,
HEK293T cells were treated with cycloheximide (CHX;
C7698, Sigma, USA) for the indicated time.

2.6 | Mito-tracker analysis

Mitochondria quality and membrane integrity were
assessed by staining with MitoTracker® Red CMXRos
(Thermo Fisher, United States). Immortalized beige adi-
pocytes were differentiated to day 4 and overexpressed
with wild-type (WT) or mutant (Mut) Tfrc. After 48 h,
mature adipocytes were incubated with 100 nM Mitot-
Tracker for 20 min and then washed three times with
PBS. Cells were fixed with 4% PFA for 10 min and fluo-
rescent images were obtained using the Nikon inverted
microscope ECLIPSE Ts2.

2.7 | Lentiviral constructions and
infection

Tfrc and mutant Tfrc lentiviral particles were con-
structed and concentrated (GeneChem company,
Shanghai). Immortalized beige preadipocytes were
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infected with lentiviral particles as follows: 2 x 10°
PFU lentivirus carrying WT and Mut Tfrc were added
to cell culture medium with 4 mg/mL sequa-brene
(S2667, Sigma, USA) for 24 h and switched to fresh
medium for another 3 days. Samples were collected for
real-time PCR and western blot analysis.

2.8 | Real time PCR

RNAs from adipose tissues were extracted using Trizol
(9109, Takara, Japan). Total RNA (1 pg) was reversely
transcribed with PrimeScript RT reagent Kit with gDNA
Eraser kit (PR047Q, Takara, Japan) and quantitative PCR
was performed using SYBR green (11143ES50, Yeasen,
China) on the LightCycler480 system (Roche, Switzerland).
Messenger RNA (mRNA) levels were calculated by the
AACT method with the level of 36B4 or Pcdh as the inter-
nal control. The primers used for quantitative PCR are in
Supplementary Table S2.

2.9 | Western blot

For western blot, the protein concentrations were
quantified using a BCA Protein Assay kit (P0010,
Beyotime Biotechnology, China) and equal amounts of
protein were subjected to 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and then trans-
ferred to a nitrocellulose membrane (66 485, PALL,
USA). After blocking with 5% skimmed milk, the mem-
brane was incubated overnight at 4°C with indicated
primary antibodies and subsequently incubated with
secondary antibody at room temperature for 1 h. The
images of the blots were detected using the Odyssey
imaging system (LIed ovBiotechnology, USA)."® Anti-
bodies used for western blot are as follows: anti-TFRC
(ab84036, Abcam, UK), anti-GAPDH (sc-32233, Santa
Cruz, USA), IRDye 800CW Goat anti-Rabbit IgG (P/N
926-32211, LI-COR Biotechnology, USA), and IRDye
800CW Goat anti-Mouse IgG (P/N 926-32210, LI-COR
Biotechnology, USA).

2.10 | Statistical analysis

Data are presented as means + SEM in molecular analy-
sis, and means + SD in human clinical parameters. All
statistical analysis was performed with GraphPad Prism
software. The rare missense frequency in TFRC was cal-
culated using the chi-square test, and two-tailed Student's
t test was used in other experiments to determine
p values and p < .05 was considered as significant.

3 | RESULTS

3.1 | TFRC levels are increased in
activated human thermogenic fat from
pheochromocytoma patients

Pheochromocytoma patients are clinically characterized
by abnormal high levels of catecholamine secretion.
This results in an excess sympathetic tone and strongly
induces white fat browning especially in patients with
high catecholamines levels.®* We collected fat biopsies
from pheochromocytoma patients and control subjects'’
and validated enhanced white fat browning in the
abdominal mesenteric regions of pheochromocytoma
patients but not for controls (Figure 1A). Of clinical rel-
evance, we found that TFRC levels were significantly
increased in adipose tissues from pheochromocytoma
patients compared to control subjects (Figure 1B). Nota-
bly, TFRC staining showed a similar expression pattern
and intensity compared to UCP1, a major thermogenic
marker (Figure 1B). Thus, these results suggested that
TFRC levels in humans were correlated with thermo-
genic capacity in adipose tissues.

3.2 | TFRC levels are decreased in
adipose tissue of obese patients, as well as
correlated with UCP1 levels and BMI

We next assess the association of TFRC levels with obesity
in an overweight subjects (BMI >25kg/m? n=19) and
lean controls (18 kg/m® < BMI < 24.9 kg/m’, n = 12)
(Supplementary Table S3). Importantly, TFRC levels are
decreased in abdominal mesenteric fat from overweight sub-
jects compared to controls (Figure 2A). In addition, TFRC
levels in fat are negatively correlated with BMI of human
participates and positively correlated with thermogenic
marker gene UCP1 levels in human biopsies (Figure 2B,C),
suggesting the close correlation of TFRC levels with thermo-
genic adipocytes and obesity progression in human.

3.3 | Rare nonsynonymous TFRC
variants are enriched in young, severely
obese subjects

We next examined whether TFRC variants/mutants exist
in human and how they impact the development of
human obesity. Previous genome-wide association stud-
ies have identified the common variations nearby TFRC
gene, with MAF >5%, are associated with low mean cell
volume (MCV) of erythrocytes in Asian and European
population.”>*" A rare homozygous mutation of p.Y20H
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FIGURE 1 Transferrin receptor (TFRC) levels in activated human thermogenic fat from pheochromocytoma patients.

(A) Representative HE staining of abdominal mesenteric fat from pheochromocytoma patients and control subjects. (B) Representative
immunohistochemistry staining of UCP1 and TFRC in abdominal mesenteric fat from pheochromocytoma patients and control subjects. HE,
hematoxylin and eosin; UPC1, uncoupling protein 1.
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FIGURE 2 Transferrin receptor (TFRC) levels in human thermogenic fat. (A) TFRC levels in the omental fat of overweight subjects (n = 9),
compared to lean control subjects (n = 12). (B) The correlation between Tfrc and BMI in human biopsies. (C) The correlation between Tfic and
Ucpl mRNA expression levels in human biopsies. ACt values were used for analysis. BMI, body mass index; UPC1, uncoupling protein 1.

in TFRC was first reported in two pedigrees to cause low  deficiency.”* To explore the potential nonsynonymous
MCV and combined immunodeficiency by impaired  variants in TFRC, we screened the low-frequency/rare
TFRC internalization and consequent intracellular iron  variants (MAF <5%) in the gene in our in-home database
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The correlation of transferrin receptor (TFRC) with human obesity. (A) Comparison of the frequency of the TFRC rare variants in

control subjects and obese patients. (B) Sequence conservation analysis of the TFRC orthologs related to variants identified in obese subjects and
controls. Mutant sites are shown with black box. (C-E) Gene expression analysis of thermogenic markers (C), mitochondrial respiratory chain
complex markers (D), oxidative phosphorylation and glycolytic markers (E) from beige adipocytes overexpressed with wild-type (WT) or mutant
(Mut) TFRC. (F) Mito Tracker staining of mature beige adipocytes overexpressed with wild-type (WT) or mutant (Mut) TFRC. Data were shown as
mean + SEM and *p < .05, **p < .01 compared to control group. mRNA, messenger RNA; UPC1, uncoupling protein 1.

of WES data consisting of 1271 young, severely obese
cases (age, 23.8 + 7.4 years; BMI, 35.2 + 4.7 kg/m?) and
1455 matched nonobese controls (Table 1).'® Of 23 coding
mutations detected, 22 were rare missense mutations with
MAF <1% except for p.L212V (MAF = 3%). Of note, a het-
erozygous p.I337V substitution in TFRC tended to be
enriched in severely obesity group (odds ratio, 2.30; 95%
confidence interval, 0.98-5.38; p = .06) (Figure 3A). Inter-
estingly, the amino-residue p.I337 is strictly conserved
across different species with the exception of Pan troglo-
dytes (Chimpanzee), which shows the same substitution
with p.V337 as the rare mutation in carriers (Figure 3B).
Of note, we overexpressed WT and Mut Tfrc in adipo-
cytes and found decreased thermogenic and mitochon-
drial functions in mutant Tfrc overexpressed adipocytes,
suggesting the impaired metabolic functionality of mutant
Tfrc (Figure 3C,D). Indeed, Mut Tfrc overexpressed in

mature beige adipocytes resulted in impaired mitochon-
drial quality and membrane integrity as revealed by
MitoTracker staining when compared with WT Tfic
group (Figure 3E). We also compared the clinical fea-
tures of obese carriers and noncarriers of the missense
variant and found no substantial difference between the
two groups in parameters related to metabolic disorders,
including obesity traits, blood glucose, insulin sensitiv-
ity, islet f cell function, serum lipids, and liver enzymes
(Supplementary Table S4).

3.4 | p.I337V substitution of TFRC shows
impaired protein stability

We further analyzed the potential structural change
(PDB 3S9M)** of the missense variant p.1337V and found
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FIGURE 4 The association of transferrin receptor (TFRC) missense variant with the instability of TFRC protein. (A) The human
serum transferrin (hTF) and transferrin receptor (hTFRC) are shown as purple and green, respectively. The mutation p.I337V

in apical domain and the surrounded residues are shown as sticks and labeled. Hydrophobic groups in the surrounded residues

are colored gray. The Ca group of p.I337 is shown as sphere, and the C3 group of p.I337 is shown as gray stick. Residues 339-343

are removed for clarity. This figure was prepared with PyMOL using PDB 3S9M. (B) Western blot analysis and quantification of

the TFRC protein levels of wild-type (WT) and mutant (Mut) TFRC in HEK293T cells after transfection at indicated time.

(C) HEK293T cells after transfection with WT and Mut TFRC were treated with 50 pg/mL cycloheximide (CHX) at indicated time
and the TFRC protein levels were detected by western blot and quantified. Data were shown as mean + SEM and *p < .05, **p < .01

compared to control group. Con, controls.

that in WT p.I337 residue was surrounded by a group of
hydrophobic residues and these residues form extensive
van der Waals interactions in the core of the apical
domain, whereas removal of a key alkyl group (CH2-) as
in the missense variant p.V337 may lead to instability of
the hydrophobic core in the apical domain and compro-
mise of TFRC's function (Figure 4A). Consistently, the
missense variant was predicted to be functionally dam-
aged by three types of predicting software (SIFT, Poly-
Phen2, and Mutation taster, Table 1). To verify this
hypothesis, we constructed WT and Mut TFRC and trans-
fected them in HEK293T cells to assess their protein sta-
bilities. Indeed, we found that the TFRC Mut featured
significantly reduced protein levels at 96 h, compared to

WT TFRC (Figure 4B). The variants also showed
decreased half-time of TFRC when treated with protein
synthesis inhibitor CHX (Figure 4C). These findings sug-
gested a potential association of rare TFRC missense vari-
ant with the instability of TFRC protein and development
of obesity in humans.

4 | DISCUSSION

In the present study, we reported that TFRC was
strongly expressed in abdominal fat tissue from pheo-
chromocytoma patients and decreased in overweight
patients. Besides, the rare variant p.I337V in TFRC was
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marginally associated with human obesity and the
[337V amino acid substitution led to TFRC protein
instability.

Tfrc, also known as Tfrl, plays an important role
for cellular iron uptake and homeostasis as receptors
for transferrin. Apotransferrin (iron-free tranferrin)
binds to iron atoms to form holotransferrin, which
interacts with Tfrc and is internalized through
receptor-mediated endocytosis into acidified endo-
somes. Ferrous iron is then released into cytosol
for subsequent iron (Fe) metabolism.** Iron metabo-
lism has attracted great attention recently because it
is recently reported to be involved in several physio-
logical and pathological processes, including hemato-
poiesis, immunity responses, cancers, and metabolic
homeostasis.?>"*’ It has been reported that cellular iron
deficiency caused by knocking out ferritin heavy/heart
chain component of ferritin led to marked mitochon-
dria dysfunction and reduction in energy expenditure
and adaptive thermogenesis, suggesting the critical role
of Fe metabolism in thermogenic adipocytes.”® Of note,
Tfrc fat-conditional knockout mice showed impaired
thermogenesis, increased insulin resistance, and low-
grade inflammation accompanied by iron deficiency
and mitochondrial dysfunction,'® which highly support
our clinical findings that missense variant p.I337V
of TFRC may affect TFRC protein stability, as well
as decreased thermogenic and mitochondrial gene
levels, thus increase obesity risk. Because TFRC is
indispensable for cellular iron uptake, and considering
the essential role of Fe-S clusters for mitochondrial
respiration, it is reasonable to postulate that an iron
deficiency damaged mitochondrial thermogenesis
function.”*' Together, these studies and ours empha-
sized the critical role of intracellular iron balance in
metabolic homeostasis in adipose tissues of rodents
and humans.

It has been reported that browning of white adipose
tissue occurs in pheochromocytoma patients due to
the tumor-mediated release of catecholamines.”**>*
Besides, we and others have identified that Tfrc is
expressed predominantly in thermogenic adipocytes
versus white adipocytes, and its expression levels are
tightly correlated with browning status.'>'* Thus, the
increased TFRC levels in adipose tissues from pheochro-
mocytoma patients are likely due to the high browning
status. It would be interesting to further investigate
the possible mechanism that TFRC was regulated by
B-adrenergic signaling.

With genetic analysis of coding regions in TFRC
gene, a rare missense variant p.I337V was identified to
be enriched in obesity cases. The residue is evolutionally

conserved across species from chicken to human only
with the exception of chimpanzees, and the variant was
predicted to be loss-of-function change by crystal
structure analysis and predicting software. Whether the
variant in those rare carriers was derived from chimpan-
zees or evolved separately remains to be explored in
following studies.

In the present study, we have provided initial evidence
supporting the association between TFRC levels and rare
variants with human obesity. Future studies to validate
the clinical relevance of missense variant p.1337V of TFRC
with obesity need to be conducted in larger cohorts.
Besides, it would be interesting to further explore the
potential mechanisms underlying this relationship, as well
as the detailed regulatory mechanism of TFRC protein
instability. Further studies are warranted to potentially
target TFRC signaling and iron metabolism in obesity
treatment.

5 | CONCLUSIONS

In summary, we identified that TFRC levels were
increased in human browning adipose tissue and
decreased in fat of obese patients. Besides, TFRC levels
were positively correlated UCP1 levels in fat and nega-
tively correlated with BMI in humans. Of note, TFRC
rare missense variant p.I337V conservatively showed
protein instability compared to WT TFRC in mice and
humans. Overall, our study emphasized that TFRC rare
variant may be associated with obesity development
and TFRC gene may be a potential therapeutic target in
treating human obesity.
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