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gene associated to non-syndromic primary
lipedema: investigating activating mutation
or overexpression as causative factors
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Abstract. - OBJECTIVE: Lipedema is a de-
bilitating chronic condition predominantly af-
fecting women, characterized by the abnormal
accumulation of fat in a symmetrical, bilater-
al pattern in the extremities, often coinciding
with hormonal imbalances.

PATIENTS AND METHODS: Despite the
conjectured role of sex hormones in its eti-
ology, a definitive link has remained elusive.
This study explores the case of a patient pos-
sessing a mutation deletion within the C-ter-
minal region of aldo-keto reductases Mem-
ber C2 (AKR1C2), Ser320PheTer2, that could
lead to heightened enzyme activity. A cohort
of 19 additional lipedema patients and 2 addi-
tional affected family members'* were enrolled
in this study. The 2 additional affected family
members are relatives of the patient with the
AKR1C1L213Q variant, which is included in the
19 cohorts and described in Michelini et al'.

RESULTS: Our investigation revealed that
AKR1C2 was overexpressed, as quantified by
qPCR, in 5 out of 21 (24%) lipedema patients
who did not possess mutations in the AKR1C2
gene. Collectively, these findings implicate
AKR1C2 in the pathogenesis of lipedema, sub-
stantiating its causative role.

CONCLUSIONS: This study demonstrates
that the activating mutation in the enzyme or its
overexpression is a causative factor in the de-
velopment of lipedema. Further exploration and

replication in diverse populations will bolster our
understanding of this significant connection.

Key Words:
AKRICZ, AKRICI, Lipedema, Medical Genetics, Mo-
lecular dynamics, Gene overexpression, Estrogens.

Introduction

Lipedema mainly affects women. Despite it
being considered rare, some studies'? calculate
an incidence of 11%, while its real incidence is
unknown. The involvement of sex hormones has
been postulated. Indeed, its manifestations com-
monly arise in females during hormonal change
phases. Clinically, lipedema is characterized by
abnormal bilateral symmetrical fat accumulation
in the limbs and absent swelling in the hands,
feet, or trunk’. Lipedema can often be misclas-
sified with other diseases such as lymphedema
and obesity, that present with limb enlargements
and that often co-exist with lipedema. Contrary
to obese patients, the increase of fat in lipedema
often causes symptoms such as pain and increa-
sed vascular fragility and is not responsive to diet
or exercise. Contrary to lymphedema, the tissue
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in lipedema is soft to the touch. Chronic fati-
gue, anxiety, and depression constitute important
psychological comorbidity in women with lipe-
dema*. Since the clinical diagnosis of lipedema
can be difficult to obtain due to confounding
characteristics of other diseases, such as lymphe-
dema and gynoid obesity, a confirmatory test is
needed, and studies in this direction are urgent.
There is evidence' of a genetic base for the con-
dition (genetic autosomal-dominant hereditary
pattern with sex limitation) in many families,
and about 60% of females with lipedema report’
a family history, but the causes and genes that
lead to the development of this condition have
yet to be fully understood. We previously found
that aldo-keto reductases Member C1 (AKRICI),
an essential enzyme for steroid hormone regula-
tion, is mutated in a family affected by lipedema,
suggesting that these hormones may play a role
in the pathogenesis of the disease. It is known*®
that sex hormones also determine the anatomical
site of the accumulation of adipose tissue. Dy-
sfunction of sex steroids results in abnormal fat
distribution in predisposed subjects, especially
in females at the time of puberty’. The homeo-
stasis of steroid hormones is finely regulated by
enzymes such as aldo-keto reductases (AKRIC),
hydroxysteroid dehydrogenase (HSD), and aro-
matases expressed in adipocytes, preadipocytes,
and mature adipose tissue'®!!. The four human
AKRICs are multifunctional enzymes with over-
lapping activities on a broad range of substrates.
They possess approximately 320 amino acid resi-
dues and share at least 84% amino acid sequence
identity. AKRICI and AKRIC2 differ by only
seven amino acids, with only one amino acid
difference at the active site'>. All four AKRICs
can exert 3-, 17- and 20-ketoreductase activity,
though each has its own distinct preferences for
position, stereochemistry, and substrate. AKRICI
is the major 200-reductase that inactivates pro-
gesterone, whereas AKRIC2 preferentially acts
as a 3a-reductase, with particular importance in
the deactivation of dihydrotestosterone (DHT) to
Sa-androstane-3a,178-diol (3a-Adiol)'?. Progeste-
rone and DHT play opposite roles with regard to
fat accumulation, with progesterone prompting
lipogenesis and DHT inhibiting adipogenesis'".
In this article, to support the claim that AKRIC2
overexpression may be a feature of lipedema, we
describe a case of lipedema affected by a deletion
in the C-terminal tail of 4KRIC2, leading to a
truncated AKRIC2 enzyme. To understand the
effect of the truncated 4KRIC2, we employed
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Molecular Dynamics simulations of the wildtype
and mutant forms of the enzyme. The results
showed that the truncated type had an increased
affinity for its substrate, indicating a potentially
elevated AKRIC2 activity. Finally, we identified
alteration in AKRIC2 mRNA expression levels
in a separate cohort of lipedema patients, provi-
ding more evidence of the correlation between
AKRIC? elevated activity and lipedema.

Patients and Methods

Ethical Compliance

The study was performed according to the decla-
ration of Helsinki and was approved by the “Azien-
da Sanitaria della Provincia di Bolzano” Ethics
Committee. Written informed consent was obtained
from the subjects for publication prior to the study.

Subjects

A female subject affected by AKR1C2
Ser320PheTer2

The main subject in this paper is in possession
of the AKRIC2 Ser320PheTer2 variant, causing an
in-frame deletion. The patient was diagnosed with
lipedema. She was informed in detail prior to genetic
analysis and provided her written informed consent.

Other subjects

A cohort of 19 additional lipedema patients
and 2 additional affected family members"* were
enrolled in this study. The 2 additional affected
family members are relatives of the patient with
the AKRICI 1.213Q variant, which is included in
the 19 cohorts and described in Michelini et al'.
All patients were informed in detail prior to gene-
tic analysis and prior to blood collection for RNA
analysis. They provided their written informed
consent. Clinical information is available in Table I.

NGS Sequencing

New Generation Sequencing techniques (NGS)
enable comprehensive and high-throughput analy-
sis of genetic mutations, allowing us to uncover
both known and novel genes associated with di-
seases>’. Genetic analysis was performed using
an NGS approach and a custom-made gene panel
designed to include the main genes involved in
syndromes of accumulation of subcutaneous adi-
pose tissue'®. A MiSeq personal sequencer (Illu-
mina, San Diego, CA, USA) was used to sequence
a subset of 13 genes (ADRA2A, *104210; AKT2,
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Table I. Clinical data of probands analysed in qPCR.

Clinical data
Mean age
Familiarity
Onset childhood
puberty
adulthood (>20 yrs)
Not Known
Localization of fat depots buttocks
legs
thighs
arms
forearms
trunk and abdomen

19F

42.8 +10.5

100%

1 5.3%

14 73.7%
3 15.8%
1 5.2%

16 84.2%
15 78.9%
19 100%
12 63.2%
4 21.5%
1 5.2%

*164731; ALDHI8A1, *138250; CIDEC, *612120;
LIPE, *151750; LMNA, *150330; MFN2, *608507,
NSDI, ¥606681; PALB2, *610355; PLINI, *170290;
POUIFI, *173110; PPARG, *601487, TBLIXRI,
*608628) + 4 additional genes of the AKRIC family
(AKRICI, *600449; AKRIC2, *600450; AKRIC3,
*603966; AKRI1C4, *600451) contained in a custom
NGS panel comprising the coding sequences and
flanking regions of 1,302 genes associated with
neurological and psychiatric disorders, obesity, and
metabolic and cardiovascular disorders were analy-
zed to seek any variants associated with lipedema.
The probe set was designed to capture the coding
exons and 15 bp flanking regions of each gene of
the panel using the Twist Custom Panel Design
Technology (Twist Bioscience, https:/www.twi-
stbioscience.com/products/ngs). Target sequences
are based on the GRCh38/hg38 genome version.
The cumulative target length of the panel was 3.55
Mb. Each variant was classified as a pathogenic,
likely pathogenic, variant of unknown significance
(VUS), likely benign, or benign, according to the
American College of Medical Genetics (ACMG)
guidelines2?1. Variants were also verified on Clin-
Var (https://www.ncbi.nlm.nih.gov/clinvar/) and
VarSome (https://varsome.com/) databases.

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted from blood using
the Tempus™ Spin RNA Isolation Kit following
manufacturer protocols. The SuperScript VILO
cDNA Synthesis Kit was used to generate first-
strand cDNA. Quantitative real-time polymerase
chain reaction (QPCR) was performed by using the
PowerUp™ SYBR™ Green Master Mix (Thermo-
fisher) on a QuantStudio 3 Real-Time PCR Sy-
stems. The primers used in the gPCR experiments
were previously described and are the following:

GACAAGCTTCCCGTTCTCAG and GGA-
GTCAACGGATTTGGTCG for GAPDH, CCTA-
AAAGTAAAGCTTTAGAGGCCACC and GA-
AAATGAATAAGGTAGAGGTCAACATAAT
for AKRICI, CCTAAAAGTAAAGCTCTAGAG-
GCCGT and GAAAATGAATAAGATAGAG-
GTCAACATAG for AKRIC2, GAGAAGTAA-
AGCTTTGGAGGTCACA and CAACCTGCTC-
CTCATTATTGTATAAATGA for AKRIC3'*2,

Molecular Dynamics Simulations
Molecular dynamics simulations of wildtype
and mutant human AKRIC2 in ternary complex
with nicotinammide adenine dinucleotide pho-
sphate (NADPH) and 50-DHT were performed
using the structure present in Protein Data Bank
(PDB) entry IMRQ? as the starting structure and
running in-silico mutagenesis to create AKRIC2.
The bent nicotinamide ring of NADPH was taken
from protein data bank (PDB) entry IHET** and
was merged into the starting structure. To study
the structural dynamics of the steroid-binding
pocket, two 100 ns simulations were run, one for
each type of protein (wildtype and truncated). For
each Molecular Dynamics (MD) simulation, we
used the Gromacs package?. Chemistry at Har-
vard Macromolecular Mechanics (CHARMM?36)
was chosen as the force field, and ligands were
parametrized using CgenFF?. Each protein mole-
cule was placed in a triclinic box with a minimum
spacing of 1.2 nm on each side. The system was
then solvated using transferable intermolecular
potential with 3 points (TIP3P) water molecules,
neutralized with Na'/Cl, and energy minimized
via the gradient descent algorithm. The mini-
mized system was then subjected to two subse-
quential equilibration steps of position-restrained
molecular dynamics in the NVT [amount of
substance (N), volume (V) and temperature (T)],
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and NPT [amount of substance (N), pressure (P)
and temperature (T)] ensembles, 100 ps each.
Reference temperature and pressure of 300 K and
1 bar were imposed, respectively. Finally, a mole-
cular dynamics production run was performed for
100 ns with a 2-fs integration step.

Results

AKR1C2 C-Terminal Tail Removal
Elevates the Activity of the Enzyme

The Ser320PheTer2 variant causes the loss
of the C-term tail in AKRIC2. Previous stu-
dies?” have shown that in pig AKRICI, the re-
moval of C-term affects the reduction rate of
DHT, with this region significantly contributing
to the NADPH-dependent reductase activity for
the 50-DHT reduction, an activity reserved for
AKRIC2 in humans. However, pig AKRICI is
15 residues longer than human AKRIC2, and
while highly similar, they differ in seven other
amino acids. We, therefore, decided to employ
Molecular Dynamics simulations to study the
structural dynamics of wildtype and truncated
human AKRIC2. The average structure (the mid-
dle trajectory of the largest cluster of trajectories)
of the 100 ns molecular dynamics simulation, was
obtained for each system. In both AKRIC2 types,
50-DHT was bound similarly, forming hydropho-
bic interactions mainly with Tyrosine (Tyr24), Va-
line (Val54), and Tryptophan (Trp227), as well as
other hydrophobic residues surrounding the bin-
ding site (Figure 1). Hydrogen bonding between

the C3 ketone group of 50-DHT and Histidine
(His117) was observed in the average structures
of both types. However, in the truncated type,
C3 of 50-DHT was in close proximity to the hy-
droxyl group of Tyr55, suggesting hydrogen bond
formation; indeed, in the molecular dynamics si-
mulation, the hydrogen bond was formed during
specific timeframes (Figure 2).

The steroid is positioned between Val24
and Trp227, with the B-face directed towards
Trp227. The tryptophan is properly oriented
in the truncated type, but its side chain is flip-
ped in the wildtype, as shown in the average
structures (Figure 1). Moreover, in the simula-
tion of the wildtype, Trp227 moves away from
the steroid, disrupting the interaction with its
B-face. The root-mean-square deviation (RM-
SD) plot in Figure 3 shows that the RMSD va-
lue of the truncated Trp227 type is more stable
than that of the wildtype. The disruption of this
interaction could also explain the increased di-
stance between the steroid and Tyr55.

The interaction energy between DHT and the
protein was -104.51 (kJ/mol) in the wildtype and
-126.90 (kJ/Mol) in the truncated type, further
indicating that the steroid is in a more favorable
conformation in the truncated type. This aug-
mented interaction between DHT and the trunca-
ted protein indicates an elevated DHT reduction
rate and, hence, an overactive AKRIC2 enzyme.

Moreover, to initiate a catalytic reaction, the
distances of both the hydroxyl group of Tyr55 and
C4N of NADPH, from C3 of 5a-DHT should be
small. The respective distances during the 100 ns

Figure 1. Conformation of 50-DHT into the
binding pocket of AKRIC2. Wildtype protein
highlighted in light red; truncated protein
highlighted in light blue; hydrogen bonds are
shown in dashed yellow lines. The steroid is
positioned between Val54 and Trp227 in the
truncated type. Notable is the difference in
conformation of the Trp227 side chain, which
interacts with the B-face of Sa-DHT, as it is
flipped away in the wildtype. Trp227 is one of
the main residues that hold the steroid in place.
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Figure 2. Two hydrogen bonds, highlighted
in dashed yellow lines, between the ketone at
C3 of 50-DHT and His117, Tyr55. The forming
of hydrogen bonds between the steroid and
Tyr55 was observed in the molecular dynamics
simulation of the truncated type only.

simulation for each system were computed, and
the results show that in the truncated type, the
C3 of 50-DHT seems to be closer to both OH of
Tyr55 and C4N of NADPH (Figure 4), implying a
higher chance for the initiation of catalysis.

Expression of AKR1C2 in Lipedema
Patients’ Samples

With the aim of verifying whether AKRIC2 ove-
rexpression was a frequent condition in lipedema,

we performed qPCR analysis on blood RNA
extracted from a pool of 21 (19 + 2) patients
with lipedema. Interestingly, while AKRICI
and AKRIC3 expression in blood was not diffe-
rent between groups, AKRIC2 expression was
high in a few lipedema patients (N=5). Those
patients were the 3 affected family members
from our previously described AKRICI 1.213Q
mutated family and 2 other probands. Relative
expression is depicted in Figure 5.
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Figure 4. A, Distance between C3 of Sa-DHT and the hydroxyl group of Tyr55. B, Distance between C3 of Sa-DHT and C4N
of NADPH. Both distances tend to be smaller in the truncated type than the wildtype.
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Figure 5. Relative expression of AKRICI and AKRIC3 in different groups (CTR = non affected controls, L = lipedema
patients without overexpression of AKRIC2, L-over = Lipedema patients with overexpression of 4AKRIC2), showing that
lipedema patients expressed AKRICI and AKRIC3 levels similar to the control group. Outliers are reported as black triangles.

The lipedema patients analyzed by qPCR were
screened for rare variants in the AKRICI-4 genes.
Among those that overexpressed AKRIC? in qPCR,
one patient carried a transversion of unknown signifi-
cance in AKRIC3 [rs782593331, NM_001253908.1:c.
799G>T; NP 001240837.1:p. (Val267Phe)], while
another one was the previously published proband
with the p.(Leu213Gln) variant in AKRICI". Among
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the non-overexpressing patients, no one presented
rare variants in AKRICI-C4.
Discussion

Lipedema is a chronic condition characterized
by disproportionate bilateral fat accumulation,
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especially in the gynoid area (hips, buttocks, and
legs) but also in the upper body limbs due to adi-
pocyte hypertrophy and hyperplasia?®. Phenotypic
overlap with other, often co-occurring, conditions
makes it difficult to diagnose, highlighting the
need for a confirmatory test and for the identifica-
tion of biomarkers. Growing evidence suggests”
that steroid hormones play a fundamental role in
the pathogenesis of lipedema. Lipedema mainly
affects women, and its manifestations commonly
arise in females in phases of hormonal change.
Indeed, men with lipedema are rare and present
higher estrogen and lower relative testosterone
levels'. Dysfunction of sex steroid hormone re-
gulators results in abnormal fat distribution in
predisposed subjects, especially in females at the
time of puberty®. The gonadal steroids, including
androgens, estrogens, and progestogens, have been
identified as modulators of body fat distribution in
both men and women?®’. Steroid hormone home-
ostasis is finely regulated by aldo-keto reductase
(AKR) enzymes. The four human AKRICs are
multifunctional enzymes with high sequence simi-
larity and overlapping activities, with AKRICI and
AKRIC?2 differing by only one amino acid in their
active sites. AKRICI is the major 20a-reductase
that inactivates progesterone, whereas AKRIC2
mainly acts as a 3a-reductase, inactivating dihy-
drotestosterone  (5a-DHT) to So-androstan-
e-3a,17B-diol (3a-Adiol)!. Progesterone and DHT
play opposite roles regarding fat accumulation,
with progesterone prompting lipogenesis and DHT
inhibiting adipogenesis’®. We previously identi-
fied"* an AKRICI partial loss of function variant in
a family affected by lipedema, as well as a single
nucleotide polymorphism Leu54Val resulting in
the overactivation of AKRIC2'. In this paper, we
described the Ser320PheTer2 variant consisting
of a deletion in the C-terminal tail of AKRIC2,
resulting in a possible elevated enzyme activity, as
well as a group of patients with elevated AKRIC2
mRNA levels. The increase in AKRIC2 activity
or expression may help explain lipid accumulation
in lipedema as AKRIC2 upregulation has been
described* as having a role in adipogenic commit-
ment and preadipocyte differentiation. AKRIC?2
expression has been documented®* in subcutane-
ous adipose tissue and visceral fat accumulation.
A positive correlation between adipocyte cell size
and AKRIC2 expression or activity has been de-
scribed® in adipose tissue, as well as a strong as-
sociation between AKRIC2 expression and percent
trunk fat mass in women®**’. Further evidence of
the role of AKRIC?2 in fat accumulation has been

described by Vihma et al***°, who analyzed serum
concentration of Sa-dihydrotestosterone (Sa-DHT)
in twins and found that the heavier brother presen-
ted the lower concentration of 5a-DHT. 50-DHT,
indeed, is a potent androgen that is inactivated by
AKRIC2 to Sa-androstane-3a,176-diol — a much
weaker ligand of the androgen receptor (AR)®,
thus reducing the androgen inhibitory effect on
adipogenesis. Stimulation of AKRIC?2 activity and
glucocorticoid-mediated 50-DHT inactivation in
preadipocytes might eliminate androgen-inhibi-
tory effects on adipogenesis, favoring the progres-
sion of adipogenesis®’. On the contrary, specific
downregulation of AKRIC2 in preadipocytes was
found* to increase the inhibitory effect of S5a-DHT
on adipogenesis. Therefore, AKRIC?2 is a key en-
zyme in the regulation of lipid accumulation and
adipogenesis, orchestrating a crosstalk between
androgens and glucocorticoids* 2.

Another function of AKRIC? is the synthesis of
neurosteroids regulating active and inactive concen-
tration in target tissues®. Indeed, AKRIC?2 catalyzes
the reduction of Sa-dihydroprogesterone (Sa-DHP)
to allopregnanolone, while AKRICI deactivates al-
lopregnanolone through 20a-reduction*. Allopre-
gnanolone acts as a potent positive allosteric modu-
lator of the y-Aminobutyric acid type A (GABAA)
receptor and has anxiolytic, anticonvulsant, and
anesthetic properties”. Likewise, although lipede-
ma is typically reported®® as a painful disorder, our
patients did not complain of pain or tenderness
to palpation. With the aim of verifying whether
AKRIC2 overexpression was a frequent condition
in lipedema, we analyzed AKRIC2 expression in
a pool of 21 lipedema patients, 19 of them being
unrelated. Despite the small cohort size, we found
overexpression in 5 out of 21 (24%) patients. The
overexpression of AKR1C2 was confirmed in all the
3 affected family members of the pedigree that was
available for analysis". Although we cannot rule out
changes in AKRIC2 expression in the blood due to
the menstrual cycle, analysis of mRNA expression
in 3 affected family members at different stages of
life suggests that it has a minimal effect. Further
study should address this hypothesis.

Conclusions

In conclusion, we argue in favor of an AKRIC2
C-terminal deletion that could be responsible for li-
pedema in the cases described in this paper. We al-
so describe AKRIC? altered expression in a group
of lipedema patients. In this context, our future
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work needs to examine both AKRIC2 expression
in gPCR and its activity with metabolomic analysis
in a larger sample of lipedema patients, to evaluate
if AKRIC?2 altered expression and activity could be
considered a biomarker of a subgroup of lipedema
patients. Understanding what causes changes in
the expression of AKRIC2 enzymes could help in
designing therapeutic options in lipedema patients
characterized by its overexpression. Finally, to their
better-known roles in the synthesis and metaboli-
sm of steroid hormones, the AKRICs also play an
important part in the antioxidant defense system,
prostaglandin production, and phase 1 metabolism
of xenobiotics'>*, and could, therefore, further in-
fluence lipedema via the interplay between oxida-
tive stress, inflammation, and adipogenesis, paving
the way to future studies.
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