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Abstract. - OBJECTIVE: Lipedema is an au-
tosomal dominant genetic disease that main-
ly affects women. It is characterized by ex-
cess deposition of subcutaneous adipose tis-
sue, pain, and anxiety. The genetic and environ-
mental etiology of lipedema is still largely un-
known. Although considered a rare disease, this
pathology has been suggested to be underdiag-
nosed or misdiagnosed as obesity or lymphede-
ma. Steroid hormones seem to be involved in
the pathogenesis of lipedema. Indeed, aldo-ke-
to reductase family 1 member C1 (AKR1C1), a
gene coding for a protein involved in steroid
hormones metabolism, was the first proposed
to be correlated with lipedema.

PATIENTS AND METHODS: In this study, we
employed a molecular dynamics approach to as-
sess the pathogenicity of AKR1C1 genetic vari-
ants found in patients with lipedema. Moreover,
we combined information theory and structur-
al bioinformatics to identify AKR1C1 polymor-
phisms from the gnomAD database that could
predispose to the development of lipedema.

RESULTS: Three genetic variants in AKR1C1
found in patients with lipedema were disruptive to
the protein’s function. Furthermore, eight AKR1C1
variants found in the general population could
predispose to the development of lipedema.

CONCLUSIONS: The results of this study
provide evidence that AKR1C1 may be a key
gene in lipedema pathogenesis, and that
common polymorphisms could predispose to
lipedema development.

Key Words:
Lipedema, Adipose tissue, AKR/CI, Molecular dy-
namics, Information theory, Genetic variants.

Introduction

Lipedema is an autosomal dominant genetic
disease with differential sex-penetrance, with a
prevalence of almost 10/100,000'. However, since
it may be misdiagnosed with obesity or lymphe-
dema?*, its true prevalence could be much higher.
Lipedema is proposed to be caused by defects in
the hormonal axes®. Indeed, its symptoms, such as
subcutaneous fat accumulation, pain, and anxiety,
could be caused by hormonal dysregulation, espe-
cially in the estrogen axis"®’. Estrogens seem to be
of utmost importance in the pathogenesis of lipe-
dema since women are more affected than males,
and the symptoms often worsen with puberty’.
Therapies of lipedema are essentially targeted on
symptoms and include manual lymphatic draina-
ge therapy, intermittent pneumatic compression
pumps, and, in recalcitrant cases, liposuction’S,

The genetic basis of lipedema largely remains
unknown: although several genes are involved in
fat tissue deposition or estrogen metabolism, none
of them has been clearly correlated with lipede-
ma pathogenesis'’. The first gene proposed to be
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correlated with lipedema is aldo-keto reductase
family 1 member Cl1 (AKRICI), an aldo-keto re-
ductase involved in steroid hormone metabolism in
adipose tissue’. Hydroxysteroid dehydrogenases,
like AKRICI and aldo-keto reductase family 1
member C2 (AKRIC2), regulate the synthesis and
inactivation of steroid hormones in various tissue,
like the testis, prostate, liver, and adipose tissues.
AKRICI and AKRIC2 participate in the inactiva-
tion of progesterone and dihydrotestosterone with
different mechanisms'®", and the inactivation of
AKRIC enzymes increases adipogenesis and fat
mass, especially in subcutaneous tissues'®. A com-
prehensive review showing the role of AKRICI
in steroid hormones metabolism can be found in
Kiani et al®. Indeed, AKRIC enzymes are of ut-
most importance in subcutaneous adipose tissue,
where they participate in the androgens-glucocor-
ticoid axis, regulating adipogenesis'.

The aim of this paper is twofold: evaluate
the effects of AKRICI genetic variants found in
patients diagnosed with lipedema and identify
AKRICI genetic variants in the general popu-
lation that could have a detrimental effect on
AKRICI function, which, especially in the pre-
sence of specific environmental stimuli, could
predispose to the development of lipedema. The-
se variants can be useful in shedding light on
the pathology and contribute to identifying the
prevalence of lipedema in various populations.

An information theory approach to the se-
quence evolution allowed for critical positions
to be defined. Protein multiple sequence ali-
gnments (MSA) are widely used to infer the
conservation of amino acid residues within an
evolutionarily related family'?. Highly conser-
ved residues tend to correlate with structural
or functional importance, and accurate identi-
fication of such important residues aids in the
experimental characterization of protein fun-
ction. Multiple sequence alignments of protein
sequences produce a matrix of amino acids; by
elaborating the columns as vectors, entropy can
be calculated according to Shannon'®, descri-
bing the amount of variability through a column
in the alignment. The lower the value, the lower
the variability accepted by the sequence posi-
tion, implying high conservation throughout
evolution. It has been shown that entropy sco-
res that do not incorporate background amino
acid frequencies are not theoretically optimal
for calculating residue conservation®, and the
occurrence of each amino acid should be wei-
ghted by the preference of evolution towards it,
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rewarding rare amino acids for their presence.
By looking at the original BLOSUM matrices
and re-interpreting them as mutation probabi-
lity matrices, it is possible to derive a distri-
bution of background frequencies'¥. Thus, as
suggested by Gao et al'®, Shannon Entropy was
corrected by using BLOSUMG62 matrix as back-
ground distribution (Supplementary Table I)
and reported as Shannon Entropy/BLOSUMG62.
Moreover, BLOSUMG62 was also used as the
background distribution for computing the re-
lative entropy'®". In statistics, relative entropy
(Kullback-Leibler divergence) is used to quan-
tify the difference between two probability
distributions. In the case of residue conser-
vation, a high deviation from the background
indicates stronger evolutionary constraints and
a potentially functional position'.

Patients and Methods

Patients Recruitment

We analyzed Italian and US patients with a
clinical diagnosis of lipedema, according to Wold
et al'® criteria. All patients received genetic coun-
seling to explain the risks and benefits of genetic
testing. The patients were informed about the
significance of genetic testing. All of them gave
their written informed consent, in compliance wi-
th the Helsinki Declaration. Ethical approval and
clearance were received from the Ethical Com-
mittee of Azienda Sanitaria dell’Alto Adige, Italy
(Approval No. 132-2020). Blood or saliva samples
were collected from each subject, and genomic
DNA was extracted using a commercial kit (SA-
MAG BLOOD DNA Extraction Kit (Beckman,
Milan, M1, Italy) according to the manufacturer’s
instruction, as previously reported'>%,

Panel Design, Library Preparation and
Sequencing

We developed a custom NGS-based panel of
305 genes, as described by Michelini et al?!. The
genes included in the panel were associated with
lipedema and subcutaneous fat tissue accumula-
tion on the basis of data reported in the Human
Gene Mutation Database (HGMD Professional)?,
Online Mendelian Inheritance in Man (OMIM)?®,
Orphanet*, GeneReviews?, and PubMed?*®. The
custom DNA probes were designed using Twist
Bioscience technology (available at: https:/www.
twistbioscience.com/, last accessed on 22 Decem-
ber 2021). Illumina NGS sequencing was carried
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out by an IntegraGen Genomic Service (available
at: www.integragen-genomics.com, last accessed
on 22 December 2021). The NGS panel included
genomic targets comprising coding exons and 15
bp flanking regions of each gene. The cumulative
target length of the gene panel was 839,308 bp.
Library preparation from genomic DNA samples
and target enrichment was performed according
to the manufacturer’s protocol using the Twist
Library Preparation with Enzymatic Fragmenta-
tion with Twist Universal Adapter (UDI) System
and Twist Target Enrichment (Twist Bioscien-
ce) (TwistBioscience, South San Francisco, CA,
USA). A MiSeq personal sequencer (Illumina,
San Diego, CA, USA) was used to perform 150
bp paired-end read sequencing following the
manufacturer’s instructions.

Bioinformatics

Fastq (forward-reverse) files were obtained
after sequencing. Bioinformatic analysis was per-
formed as previously described?’*8. Briefly, the
sequencing reads were mapped to the reference
genome (hg38/GRCh38) using Burrow-Whee-
ler Aligner (version 0.7.17-r1188; available at:
https:/github.com/lh3/bwa)  software. Dupli-
cates were removed using SAMBAMBA (ver-
sion 0.6.7; available at: https:/github.com/biod/
sambamba) and MarkDuplicates GATK (version
4.0.0.0; https://gatk.broadinstitute.org/hc/en-us/
articles/360037052812-Mark Duplicates-Picard-).
The BAM alignment files generated were refi-
ned by local realignment and base quality score
recalibration, using the RealignerTargetCreator
(available at: https:/github.com/broadinstitute/
gatk-docs/blob/master/gatk3-tutorials/(howto)
Perform_local realignment around indels.md)
and IndelRealigner GATK tools (available at:
https://github.com/broadinstitute/gatk-docs/blob/
master/gatk3-tutorials/(howto) Perform local
realignment_around_indels.md).

Statistical Analysis

We aim to investigate conformational changes
in a protein due to specific mutations, therefore
there is no output that can be analyzed statistically.

Multiple Sequence Alignment and
Conservation

We aligned 120 sequences from the AKRIC
family (Supplementary File 1: Alignment File)
to derive Shannon entropy” of each position with
gaps occupying less than 50% of the sequences -
referred in this paper as well represented positions.

The Shannon entropy score is computed as:

H=-3"p.log(p)

where p. is the frequency of residue i in the
aligned column, )

p,= count(i) | N

and n__ is the total number of residue types in the
alignment. Highly conserved columns (positions)
will have low variability and thus a low Shannon
entropy score. The maximum value of 4.32 is re-
ached when no conservation is present, while the
minimum value of 0 is reached when there is no
variability throghout the column.

As suggested by Gao et al® we define the
new frequencies p®, which account for the back-
ground distribution as:

p'=w/q) o’ P, 4,)

where ¢ is the BLOSUMG62 amino acid back-
ground distribution. Dividing by ¢, the frequen-
cies of the disfavored amino acids are scaled up
against the favored ones. Both Shannon entropy
scores were normalized (division by the re-
spective maximal values).

Using the same abbreviations, relative entropy
was computed using the following formula:

§=2"p, log(p,/ q)

The background frequencies were retrieved
from the BLOSUM®62 background frequencies
provided in Gao et al'.

Unlike Shannon entropy, relative entropy is
not inversely porportional to conservation. The
higher the conservation, the higher the relative
entropy. Maximum score is 7.16 when using
BLOSUMBG62 as background, and the minimum
score is 0.

Molecular Modeling and Molecular
Dynamics Simulations

Molecular dynamic simulations of wildtype
and mutant human AKRICI in ternary complex
with Nicotinammide adenina dinucleotide fosfato
(NADP+) and 20a-hydroxyprogesterone (hPGS)
were performed using the structure of Protein
Data Bank (PDB, available at: https:/www.rcsb.
org/) entry IMRQ as the starting structure. In
silico mutagenesis of each variant was performed
using the highest-ranked rotamer provided by the
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“mutagenesis” function of PyMOL v2.4.1 (Schro-
dinger LLC, NY, USA; available at: https:/pymol.
org/2/). At first, the mCSM web server (available at:
https://biosig.lab.ug.edu.au/mcsm_ppi2/) was used
to obtain the predicted Stability Changes (AAG)
of the variant, which evaluates the possible detri-
mental effect of aminoacidic mutations on protein
folding?'. Then, all molecular dynamics simulations
were run using Gromacs v.2019.3 package (avai-
lable at: https://manual.gromacs.org/current/relea-
se-notes/2019/2019.3.html)*, with CHARMM36 as
the force field, while parametrization of the ligands
was obtained using CgenFF(available at: https:/
cgenff.silcsbio.com/)*. For each of the AKRICI
variants, the protein molecule was placed in a
triclinic box with a minimum spacing of 1.2 nm
on each side. The system was then solvated using
TIP3P water molecules, neutralized with Na*/CI,
and energy minimized via the gradient descent
algorithm. The minimized systems were subjected
to two subsequential equilibration steps of posi-
tion-restrained molecular dynamics in the NVT
and NPT ensembles, 100 ps each. Reference tem-
perature and pressure of 300 K and 1 bar were im-

posed, respectively. Finally, a molecular dynamics
production run was performed for 1,000 ns (1 ps)
with a 2-fs integration step. The protein-hPGS and
protein-NADP+ binding energies were calculated
by using the MM/PBSA method implemented in
GROMACS via the g_mmpbsa tool (available at:
https://rashmikumari.github.io/g_ mmpbsa/)**.

Results

Identification of a Missense AKR1C1
Variant in Patients with Lipedema

We analyzed 106 Italian and US patients with a
clinical diagnosis of lipedema. Among them, we
identified 3 patients with missense genetic variants
in the AKRICI gene (Supplementary Table II).
The effects of the identified genetic variants were
studied with a molecular dynamics approach.

AKRI1C1 Genetic Variants and Entropies
The resulting Shannon entropy/BLOSUMG62

and relative entropy for the three variants found

in patients with lipedema are reported in Table
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Table I. Entropies at the positions of identified variants. In the “Shannon Entropy BLOSUM62” both non-normalized and normalized
values are shown. Multiple sequence alignments (MSA) positions differ from the Residue number because they account for gaps.

Residue Number MSA position Variants Shannon Entropy BLOSUM62 Relative Entropy
54 56 L54F, L54V 2.52/0.6 1.67
280 287 N280K 0.15/0.03 4.38
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I, while the entropies of all positions are re-
ported in Supplementary Table III. Variants
were found at positions 54 and 280. The latter,
occupied by asparagine in the wildtype human
AKRICI, is the most conserved, with Shannon
entropy/BLOSUMG62 scoring very low and relati-
ve entropy scoring among the highest (Figure 1).
On the other hand, for position 54, the Shannon
entropy/BLOSUMG62 score was way above 0,

while the relative entropy score was among the
lowest. This is reflected in various AKRICI ho-
mologs, showing leucine 54 replaced by valine.
Although position 54 scored poorly in terms of
individual amino acid conservation, the physi-
cochemical properties were preserved among
the amino acids, and further structural studies
provided insight into the importance of position
54 in substrate specificity.

A

ILE-129

TRP-86 hPGS
VAL-128

LEU-54

LEU-306

| |

Figure 2. A, Ribbon representation of the structure of AKR /CI with ligands; NAPD+ and hPGS are colored in orange
and yellow, respectively. The large loops contributing to the flexible part of the binding sites are also highlighted in
colors, with loop A, loop B, and loop C colored in purple, blue, and green, respectively. B, Residues present in the
steroid-binding pocket are shown as sticks colored in pink, with the steroid shown in yellow. C, The cofactor binding
pocket and the residues involved in hydrogen bonding with the adenine moiety of NADP(H). GIn278 and Asn280 are
shown as sticks; NADP(H) is shown in orange; hydrogen bonds are shown as dashed yellow lines.
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Structural Analysis of Wild Type AKR1C1

Human AKRICI three-dimensional structure
shows an (aff)8-barrel motif. Two more B-sheets,
B1 (7-9) and B2 (15-17), and two more a-helices,
H1(239-248) and H2 (290-298), not taking part in
the core barrel structure, are found. Three large
loops complete the structure: loop A is located at
117-143, loop B is located at 217-238, and loop C
is located at 299-322 (Figure 2A).

Residues involved in substrate binding are
Tyr24, Leu54, Phell8, Phel29, Thr226, Trp227,
Asn306, and Tyr310 (Figure 2B), while those in-
volved in catalysis are: Asp50, Tyr55, Lys84, and
His117%°. Regarding cofactor binding, the NA-
DP(H)-binding residues are highly conserved and
include Thr23, Asp50, Serl66, Asnl67, GIn190,
Tyr216, Leu219, Ser221, Arg270, Ser271, Phe272,
Arg276, Glu279 and Asn280; the latter two ami-
no acids contribute toward the binding affinity
and specificity of the adenine moiety (Figure 2C).

Energy Landscape of Binding

To describe the interaction of the enzyme with
cofactor and substrate in energetic terms, mole-
cular dynamics simulations were carried out on
the AKRICI/hPGS/NADP+ ternary complex, and
binding energy was calculated as well by using
the MM/PBSA36 method and GROMACS mole-

cular dynamic software*. The overall energies of
binding for the two are reported in Table II.

The MM/PBSA method also allowed for quan-
tification of the contribution to the binding of
each amino acid, allowing the impact of an ami-
no acidic missense substitution to be evaluated
as follows. MM/PBSA profile of steroid (hPGS)
binding shows that Tyr24, Leu54, and Trp227
account for 50% of the binding energy, with other
significant contributions by Asp50, Tyr55, Trp8&6,
Vall28, 1lel29, Leu306, showing an overall hy-
drophobic nature of the binding (Figure 3A).

MM/PBSA profile of NADP+ binding is domi-
nated by charge pairs, giving prominent repulsion/
attraction peaks between charged amino acids of
the protein and the phosphate groups of the cofactor.
The four most prominent negative binding energy

Table II. Overall binding energies of hPGS and NADP+ were
calculated using MM/PBSA (molecular mechanics energies
combined with the Poisson—Boltzmann or generalized Born
and surface area continuum solvation) and GROMACS
molecular dynamics software.

Binding Energy
Ligand (MM/PBSA) Error Estimate
hPGS -115.4 kJ/mol +/- 10.6 kJ/mol
NADP+ -337.6 kJ/mol +/- 53.9 kJ/mol

kJ/mol

- o o o o - o o o o

= ek B |

Seq

281
291
301
311
321

kJ/mol

vs33

Figure 3. A, Average contribution of the residues to the protein-steroid binding energy in the wild type. B, Average
contribution of the residues to the protein-cofactor binding energy in the wild type. The y-axis represents the contribution
to the interaction energy, while the x-axis represents the protein sequence. Low energies mean favorable interaction,

identifying possible binding hotspots.
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peaks derive from Lys33, His222+Arg223, Lys270,
and Arg276 (Figure 3B), all neighboring the pho-
sphate group on the 2" position of the ribose ring
that carries the adenine moiety (Figure 2C). Such
evidence accounts for the significant difference in
affinity for NADP(H) vs. NAD(H) cofactors in
binding AKR enzymes, with the former showing a
mid-nanomolar value (100 nM), whereas the latter
binds with mid-micromolar affinity (200 mM)'.

Description of Structural Consequences
of Variants Found in Lipedema Families

In the studied patients, three missense genetic va-
riants were found, leading to Leu54Val, Leu54Phe
and Asn280Lys. To evaluate the involvement of the-
se variants in lipedema development, their effects
on enzyme folding, stability, and biological activity
were studied using a computational approach.

Variants Leu54Val and Leu54Phe

The role of Leu54 in substrate selectivity has
been previously elucidated"*"3¥, and can be sum-
marized as follows. Human AKRICI and AKRIC2
differ in that AKRIC1 exhibits 20a-HSD activity,
whereas AKRIC?2 exhibits 3a-HSD. The two en-
zymes differ for seven amino acids, and only one
is located at the active site at position 54: leucine
for AKRICI and valine for AKRIC2¥. The repla-
cement of Leu54 by the less bulky valine (Leu-
54Val) changes the 20a activity to 3a, disrupting
the default AKRICI function of reducing proge-
sterone to 20a-hydroxyprogesterone. Meanwhile,
according to Zhang et al*, the Val54Leu variant
in AKRIC2 changes its 3a activity to 20a (Figure
4). Evidence that these enzymes act as reducta-
ses in mammalian cells was already given by
Penning et al'' and Zhang et al*. Similarly, the

interaction between the steroid and the enzyme is
disrupted by the replacement of the same Leu54
by phenylalanine, as shown by molecular mode-
ling and dynamics. In the wild type, Leu54 and
Trp227 play a significant role in binding the steroid
by interacting with opposite faces of the polycyclic
ring of the ligand and contributing as much as 33%
of the overall binding energy. Mutation of Leu54 to
Phe, although enhancing the hydrophobic nature of
the interaction, introduces a second large, aromatic
sidechain in place, hampering the ligand entrance
in the site and conducive to binding disruption
(Figure 5). Indeed, from the molecular dynamics
simulations (Video S1), we observed Phe54 (rather
than Trp227) to be pushed away from the steroid
with a consequent increase in binding instability.
Interestingly, phenylalanine is present at posi-
tion 54 of the wild type, non-human AKRICSP,
but here, the steric hindrance with the opposite
amino acid in position 227 is compensated by
the replacement of tryptophan with the smaller
asparagine. At the same time, the cumbersome
tryptophan is ‘shifted’ to position 228. Nonethe-
less, 1C8 preserves the same 20a-HSD activity
of AKRICI.

Variant Asn280Lys

Asparagine 280 takes part in cofactor binding;
together with GIn279, it is responsible for adenine
moiety binding through a hydrogen bond to the
amine group (Figure 2C). The molecular simulation
showed how asparagine is the stronger binder of the
two. Such finding is also confirmed by the molecu-
lar mechanics’ energy contributions to the cofactor
binding resulting from MM/PBSA, showing 6-fold
higher interaction energy for Asn280 with respect
to GIn279 (-17 kJ/mol vs. -3 kJ/mol).

Gene Enzyme Reaction Receptor
OH OH
AKRIC2 | AKRIC2 ‘e. “9 AR
i) 50-DHT HO™ U 3a-Adiol
OH OH
Ls4v AKRICI | AKRICI ‘00’ C(E’f:b ERB V34L
i) Sa-DHT HoT 3B-Adiol
0 o
\ M
AKRICI | AKRICI 08 G L PR
Oesterone O 20a-DHP

Figure 4. Metabolic role of AKRICI and AKRIC2, with the L54V variant turning AKRICI activity into that of AKRIC2 as

reported in Bertelli et al®®, and vice-versa.
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Although this variant involved the replacement
of a small sidechain with a bulky one, molecular
modeling showed how the displacement of water
molecules can easily accommodate the hydropho-
bic moiety of lysine. MD simulation analysis con-
firmed that a small effect is exerted on the protein
structure, while the missing H-bond acceptor
capability of lysine led to the loss of interaction
with the adenine ring, resulting in the aromatic
ring flipping away from its position, also because
of the attraction of Lys280 to the phosphate group
(Video S2). The optimal binding geometry is
then disrupted rather than the folding.

Evaluation of AKR1C1 Variants in the
General Population

The computational approaches used in this
paper provided us with the ability to evaluate
the effects of genetic AKRICI variants present
in the general population. We built a selection
criterion based on two conditions:

1. if the residue was one of the binding hotspots
residues, as evaluated by the contribution
binding energies of each residue (Figure 3);

2. if the relative entropy of the position was
greater than 4 OR the predicted AAG of the
variant was less than -3.

If both conditions 1 and 2 were satisfied, the
variant was predicted as harmful to the protein
and was further evaluated by molecular analy-
ses. Among 265 AKRIC] variants (Supplemen-

tary Table IV) present in the gnomAD databa-
se (available at: https://gnomad.broadinstitute.
org/)*, we were able to select 8 of them (Table
I1I), which, according to the criteria, were predi-
cted to disrupt protein function. For each variant
that meets the criteria, there are three types of
disruption based on the specific residue that is
mutated. The variant is said to disrupt binding,
catalysis, or folding if the affected residue is in-
volved in substrate binding, catalysis, or neither,
respectively.

Discussion

The genetic etiology of lipedema is still lar-
gely unknown, and although it is considered a
rare disease, it has been suggested** that this
pathology is underdiagnosed or misdiagnosed,
being confused with obesity or lymphedema,
and therefore may be more common than that
of a single rare gene mutation. Thus, finding the
genetic causes of lipedema, and identifying how
genetics and environmental factors predispose to
this pathology is of utmost importance to improve
the diagnosis and treatment of women living with
lipedema.

AKRICI, coding for a protein involved in
steroid hormones metabolism, was the first gene
proposed to be correlated to the clinical diagnosis
of lipedema. Indeed, steroid hormones seem to be

A

Figure 5. L54F steric hindrance, with the steroid shown in yellow, and protein residues shown in light
gray. The mutagenesis of leucine to phenylalanine at position 54 generates clashes with the substrate (shown
in red polygons), indicating the steric hindrance phenylalanine introduces to the steroid binding cavity. A,
Structure of wildtype AKRICI binding site with leucine at position 54. B, Structure of mutant AKRICI
binding site with phenylalanine at position 54.
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Table Ill. Evaluation of aldo-keto reductase family 1 member C1 (4AKRIC1) variants in the general population.

Predicted Stability
Amino Acid Relative Changes (AAG) Allele
rsID Variant Entropy (kcal/mol) Outcome Frequency
rs999611958 His48Arg 5.32 -1.52 Destabilizing (Disrupts folding) 7.95e-06
- TyrS5His 5.00 -1 Destabilizing (Disrupts catalysis) 3.97e-06
rs1462840208 Trp86Ser 6.07 -3.769 Highly Destabilizing (Disrupts folding) 4.03¢-06
15754792432 Hisl17Asp 5.32 -2.164 Highly Destabilizing (Disrupts catalysis) ~ 3.98e-06
rs778903438 His117Pro 5.32 -1.26 Destabilizing (Disrupts catalysis) 2.83e-05
- His117Arg 5.32 -1.112 Destabilizing (Disrupts catalysis) 6.57e-06
1s752532298 Prol19Thr 4.53 -2.639 Highly Destabilizing (Disrupts folding) 3.98e-06
rs782186892  Trp227Arg 5.83 -0.779 Destabilizing (Disrupts substrate binding) ~ 1.59e-05

important for the pathogenesis of lipedema be-
cause they could drive adipogenesis, anxiety, and
pain, three common features of lipedema.

In this work, we identified three genetic missense
variants in AKRICI in the genome of women with
lipedema, which were detrimental to the protein’s
function, either preventing substrate activation or
the cofactor binding site. Further studies on larger
cohorts or that provide other laboratory data will be
needed to corroborate the results of this investigation.

Moreover, our computational approach allowed
us to predict pathogenic variants in the general
population. From 265 AKRICI variants taken
from the gnomAD database*!, 8 of them proved
to be detrimental to the function of the protein
by the criteria developed in this study. This way,
genetic variants found in the general population
can be quickly screened for their pathogenicity,
allowing for the identification of individuals at
risk of developing lipedema.

Since lipedema is underdiagnosed and hormo-
nes influence its pathogenesis, we suggest that
genetic variants in AKRICI could predispose to
this disease, most likely in the context of hormone
disequilibrium. Hormone disequilibrium could be
caused by the intake of hormones from the diet
(meat, dairy foods, and vegetables all contain
hormones or hormone-like molecules, like phytoe-
strogens****) or by contact with endocrine-disrup-
ting compounds**¢, Indeed, research**¢ supports
the role of endocrine disruptors on adipose tissue
metabolism and related pathologies, including obe-
sity. Thus, the control of steroid hormone levels in
patients with lipedema or in women with a family
history of lipedema could be important to consider
in the prevention of lipedema. This, coupled with
the genomic test, especially considering genes in-
volved in steroid metabolism, like AKRICI, could
be a new way forward to diagnose lipedema, or to
define a predisposition to this pathology.

Conclusions

In this article, we have strengthened the link
between AKRICI and the onset of lipedema throu-
gh the study of three missense variants that impede
the enzyme’s function. These variants either inter-
fere with substrate binding or cofactor binding. We
adopted an information theory approach to assess
the conservation of residues of interest, further
developing our analysis with molecular dynamics
simulations on the enzyme’s bound complex, whi-
ch allowed us to assess the impact of these variants
at the molecular level. Finally, by combining infor-
mation theory and molecular mechanics, we were
able to identify AKRICI variants in the general
population that may disrupt the enzyme’s function
and predispose to lipedema.
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