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Lipodystrophy (LD) indicates a group of rare disorders, with generalized or partial loss of
white adipose tissue (WAT) often associated with metabolic derangements.
Heterogeneity/wide spectrum of the disease and lack of biomarkers make diagnosis
often difficult. MicroRNAs are important to maintain a correct WAT function and WAT is a
source of circulating miRNAs (cmiRs). miRNAs from 320 family were previously detected
in the WAT and variably associated to the metabolic syndrome. Our aim was then to
investigate if LD can result in altered abundance of cmiRs-320. We collected samples
from a cohort of LD subjects of various subtypes and from age matched controls. Use of
quantitative PCR determined that cmiRs- 320a-3p, 320b, 320c, 320e are upregulated,
while 320d is downregulated in LD. CmiRs-320 power as classifiers was more powerful in
the most extreme and defined forms of LD, including the generalized and the Dunnigan
subtypes. cmiR-320a-3p showed significant inverse relationships with plasma leptin (P <
0.0001), typically low in LD. The hepatic enzymes gamma-glutamyl transferase (GGT),
aspartate aminotransferase (AST), alanine aminotransferase (ALT) and the marker of
inflammation C-reactive protein (CRP) were inversely related to cmiR 320d (P < 0.05, for
CRP and GGT; P < 0.01, for AST and ALT). Gene ontology analysis revealed cell-cell
adhesion as a process regulated by 320 miRNAs targets, thus disclosing a novel route to
investigate origin of WAT loss/dysfunction. In conclusion, cmiRs-320 constitute novel
biomarkers of LD, abundance of miR320a-3p is inversely associated to indicators related
to WAT function, while downregulation of cmiR-320d predicts an altered hepatic profile
and higher inflammation.
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INTRODUCTION

Lipodystrophy (LD) designates a heterogeneous group of rare
disorders, characterized by dysfunction and lack of white adipose
tissue (WAT) with a prevalent loss of the subcutaneous (SAT) (1).
The spectrum of the disorder is broad and the current classification
scheme distinguishes 4 major categories: Congenital Generalized
LD (CGL), a very rare disorder with known pathogenetic
mechanism due to defects in genes involved in lipid droplet
formation (1-3); Familial Partial LD (FPL), the most common
form of LD in adults (4); Acquired Partial and Generalized LD (APL
and AGL), with variable onset (5) and causes still to be elucidated,
although an imbalance in the immune response has been
hypothesized (6). Other forms include those associated with
progeria, often presenting generalized fat loss (7). Besides, there is
a relatively frequent form of LD occurring in human
immunodeficiency virus (HIV) infected patients as a consequence
of antiretroviral therapy (8), which will not be herein investigated.
Metabolic and endocrine derangements, that paradoxically mimic
those found in morbid obesity (9), often affect LD subjects:
triglyceride overload due to overfeeding or reduced/null capacity
to store energy in excess results, in fact, in dysfunctional WAT and
consequent dysmetabolism including insulin resistance,
dyslipidemia and hepatic steatosis (9, 10). Notwithstanding the
heterogeneity of LD, there are considerations that apply to the entire
spectrum of the disorder that is worth considering: 1. If we exclude
CGL and some forms of FPL (11), for which we have a known
cause-effect relationship between gene defects and impaired lipid
droplet formation (3), the mechanisms of the other types of LD are
to be defined. 2. In most LD patients, especially in the acquired
forms, WAT loss is noticed and clinically evaluated when the
extension of fat disappearance is advanced and metabolic health
compromised, while it would be helpful to diagnose this condition
as early as possible.

Among other factors, microRNAs (miRNAs) play a relevant
role in the regulation of adipocyte biology (12); loss of function of
the miRNA processing enzyme Dicer results in a LD and insulin
resistant mouse (13) and adipose tissue-specific ablation of
Dgcr8, a key regulator of miRNA biogenesis, results in
dysfunctional adipose tissue (14, 15). MiRNAs bind to
messenger RNAs, modulate their stability and availability to be
translated, their dysregulation being implied in the onset of

Abbreviations: LD, Lipodystrophy/subjects with Lipodystrophy; HC, healthy
controls; AHC, adult healthy controls; OB, subjects with obesity; WAT, white
adipose tissue; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue;
miRNAs, microRNAs; cmiRNAs, circulating microRNAs; cmiRs 320, circulating
miRNAs of the 320 family; GL, generalized Lipodystrophy; AGL, acquired
generalized Lipodystrophy; CGL, congenital generalized Lipodystrophy; PL,
partial Lipodystrophy; FPL, familial partial Lipodystrophy; APL, acquired partial
Lipodystrophy; AF, adipose fraction; SVF, stromal vascular fraction; cel-miR-39,
Caenorhabditis elegans-miR-39; TG, triglycerides; Chol, total cholesterol; HDL-C,
high density lipoprotein-cholesterol; LDL-C, low density lipoprotein-cholesterol;
CRP, C-reactive protein; AST, aspartate aminotransferase; GOT, glutamic
oxaloacetic transaminase; ALT, alanine aminotransferase; GPT, glutamic
pyruvic transaminase; GGT, gamma-glutamyl transferase; ROC, Receiver
Operating Characteristic; AUC, area under the curve; CI, confidence interval;
Ct, cycle threshold; GO, gene ontology; ECM, Extra Cellular Matrix; RUNX2,
RUNX family transcription Factor 2; ITG1B, integrin 1 beta.

multiple disorders including cancer, neurodegenerative
diseases, and diabetes (16). These small RNAs can be released
by cells into the blood flow and reach distant tissues to act as
gene expression modulators (17). Of note, WAT releases
miRNAs into the circle and analyses conducted in HIV-
associated LD revealed a downregulation of WAT expression
of Dicer (13), and consistent alterations in the levels of both
circulating and adipose tissue miRNAs (cmiRs) (18, 19).

In the present study we chose to focus our attention on 5
miRNAs belonging to the same family, i.e. 320 (from now on
referred to as miRs-320), as they present features that are
relevant for a better understanding of WAT dysfunction and
loss: 1. they were previously reported to be present in the WAT
(20) and play a pivotal role in the adipogenic versus osteogenic
switch of human mesenchymal stem cells (21); 2. miRs-320 were
found to be significantly associated with visceral adipose tissue
levels, a depot which is overrepresented in various forms of LD at
the expense of SAT loss (22); 3. miRs-320 are overexpressed in
metabolically stressed 3T3-L1 murine adipocytes, where they
suppress glucose uptake and lipogenesis, while inducing lipolysis
via the insulin-phosphatidylinositol 3-kinase pathway and
endoplasmic reticulum stress signaling (23, 24).

In search of novel biomarkers of LD and of molecular
mechanisms underlying its pathogenesis and/or downstream
targets, we characterized the circulating levels of miRs-320
(cmiRs-320) in subjects affected by the disease considered
either as a single heterogeneous cohort or sub-grouped in the
various subtypes; we investigated the relationship between
cmiRs-320 and the clinical profile, and we finally performed
gene ontology search on cmiRs-320 targets to get insights into
the biological meaning of our findings. Our experimental design
is represented in the flowchart of Figure 1A.

MATERIALS AND METHODS
Study Population

Patients attending the outpatient clinic for obesity and
lipodystrophies at the University Hospital of Pisa were
prospectively enrolled in the study. Medical history, clinical
and laboratory data were collected and anthropometric
measures were taken by standardized methods throughout the
study. We recruited: patients with LD, the diagnosis of LD sub-
type was made based on the published criteria (2, 25); obese
subjects with a BMI > 35 Kg/m?2 associated to at least 2 metabolic
derangements; healthy controls (HC) recruited among subjects
undergoing routinary endocrinological tests with no
comorbidities. Eligible were all patients between 2 and 80 years
old and criteria for exclusion were presence of malignancy or
diseases that may influence miRNA expression (26). A subgroup
of controls, herein defined adult healthy controls (AHC), was
selected for a proper age matching with FPLD1 subjects (see also
Supplementary Table 2). Patients’ recruitment and informed
consent were carried out in accordance with approved guidelines
from the Local Ethical Committee (CEAVNO, Protocol number
D 19440).
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FIGURE 1 | Experimental design and discovery study. (A) Flowchart depicting the experimental design consisting in: quantitation of cmiRs-320 levels and further
characterization steps as indicated. (B) Bar graphs of 320 family miRNAs in subcutaneous WAT and subfractions. Data are expressed as mean + SEM for 3

Human Samples

Plasma: Whole blood was collected into EDTA tubes (BD
Vacutainer, Franklin Lakes NJ, USA) and plasma obtained by
centrifugation at 3000 rpm, 4°C, 15 minutes, prior to a second
centrifugation at 12600 g, 4°C for 10’ and storage at —80°C for
subsequent analysis. Aliquots of plasma from the samples were
thawed only once. We estimated cell and hemolysis
contamination in our plasma samples by: 1. eye judgement
checking the sample against a colorimetric scale, 2. comparing
the levels of a miRNA highly expressed in red blood cells (hsa-
miR-451a) and one unaffected by hemolysis (hsa-miR-23a-3p)
(27). In all our samples we have found the ACt (miR-23a-3p -
miR-451a) is smaller than five, showing the absence
of hemolysis.

WAT Samples and Isolation of Adipocyte
Fraction (AF) and Stromal Vascular
Fraction (SVF)

Biopsies of SAT were obtained during elective surgery and one
aliquot promptly frozen into liquid nitrogen and stored at -80°C.
Fresh SAT was sub-fractionated into SVF and AF as previously
described (28). Briefly, the subcutaneous WAT biopsy obtained
during elective abdominal surgery was cut in little pieces and
incubated 1 hour at 37°C with 2 mg/ml collagenase Type 1
(Sigma-Aldrich, St. Louis, MO, USA). The digestion was stopped
by adding 3 volumes of DMEM completed with 10% FBS, then
the homogenate was filtered through a 100 “mesh. The filtrate
was then centrifuged 1,000 g for 5 min at RT in order to separate
AF in the upper phase and SVF in the lower phase. The two cell
fractions were separately collected in different tubes for
further processing.

RNA Isolation, cDNA Synthesis and
MiRNA Quantification

cmiRs were extracted from 200 pL aliquots of plasma using a
miRNeasy Serum/Plasma Kit (Qiagen, Hilden, Germany), following
the manufacturer’s protocol. During the extraction process 3.5 ul
(1.6 x 108 copies/ul) of C. elegansmiR-39 miRNA mimic spike-in
control (cel-miR-39) was added to monitor the RNA isolation
before purification. miRNAs were isolated from tissues using a
miRNeasy micro Kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol. The quality and integrity of RNA
samples were evaluated using a RNA 6000 Nano LabChip on an
Agilent 2100 Bioanalyzer (Santa Clara, CA, USA). RNA eluted in
RNase-free water was stored at —80°C until use.

3.75ul of RNA extracted from plasma and 500ng of RNA
extracted from cells were reverse transcribed using Mir-X
miRNA First-Strand Synthesis Kit (Takara, Mountain View,
California, USA) following the manufacturer’s protocol. cDNA
templates were then diluted 4X and 20X respectively in nuclease
free water and 1lul were used in qPCR reactions. gPCR was
performed using SYBR Green-based technology.

For normalization of miRNA expression: in plasma samples the
exogenous spike-in control cel-miR-39 was measured by means of
cel-miR-39 miScript Primer Assays (Qiagen); in all the other samples
the expression of small nuclear RNA U6 served as control of equal
loading (U6 Forward and Reverse Primers from Takara).

The AACt comparative method was used for data analysis and
measurements with cycles greater than 36 were considered
undetectable. miRNA values were expressed using the
following procedure: in each case the mean of the control
group was calculated and each value was then divided by that
number and multiplied by 100.
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A list of forward primers used for qPCR detection and their
sequence is provided below.

hsa-miR-320a-3p 5-AAAAGCTGGGTTGAGAGGGCGA-3

hsa-miR-320b 5-AAAAGCTGGGTTGAGAGGGCAA-3

hsa-miR-320c 5-AAAAGCTGGGTTGAGAGGGT-3’

hsa-miR-320d 5°-AAAAGCTGGGTTGAGAGGA-3

hsa-miR-320e 5-AAAGCTGGGTTGAGAAGG-3’

The reverse primer (mRQ) was included in the Mir-X™
miRNA First-Strand Synthesis Kit (Takara, #638313) and its
sequence is patent pending.

Gene Ontology Analysis
Target gene prediction for 320 miRNAs was performed using
miRDB with a target score cut off set at 60. The identified
proteins were ranked according to their prediction score and
analyzed through Gene Ontology enrichment analysis and
visualization tool GOrilla, publicly available as a web-based
application at: http://cbl-gorilla.cs.technion.ac.il, which uses a
statistical model that supports the discovery of GO terms
enriched at the top of a ranked list, enabling a threshold to be
determined in a data driven manner and providing an exact p-
value for the observed event. GOrilla output is a series of GO
terms associated to a P value, an FDR and an enrichment score,
where p-value for the observed enrichment is calculated taking
threshold multiple testing into account; FDR q-value is the
correction of the above p-value for multiple testing using the
Benjamini and Hochberg (1995) (29) method.

Enrichment (N, B, n, b) is defined as follows:

N - is the total number of genes

B - is the total number of genes associated with a specific
GO term

n - is the number of genes in the top of the user’s input list or
in the target set when appropriate

b - is the number of genes in the intersection

Enrichment=(b/n)/(B/N) (30)

IPA (Qiagen, Hilden, Germany) was employed to establish
the network among proteins (as identified by GOrilla) and to
graphically elaborate this information.

Laboratory Tests

Venous blood samples were obtained after an overnight fasting for
measurement of serum glucose, HbA 1¢, triglycerides, total cholesterol,
LDL-C, HDL-C, CRP, ALT, AST, GGT. Serum leptin was measured
by enzyme-linked immunosorbent assay (ELISA)
(Mediagnost, Germany).

Statistics

Statistical analysis was performed using GraphPad Prism 8
software. Student’s t-test or Mann-Whitney test were used for
pair comparisons for normally or not normally distributed data,
as appropriate. Parametric One-way ANOVA followed by
Bonferroni post-hoc test or Kruskal-Wallis followed by Dunn’s
Multiple Comparison test were respectively used for normally or
not normally distributed data. Non-parametric correlation
analysis (Spearman) was performed. P<0.05 was considered
statistically significant.

RESULTS
MiRs From 320 in LD

To substantiate the rational of our study, i.e. analysis of miRs-320
in LD, we first wanted to confirm their expression in WAT. To
this end we used biopsies from 3 subjects for whom we could
establish the presence of miRs-320 in intact SAT and in both the
Adipocyte and Stromal Vascular Fraction (AF and SVF). As a
measure of miRNA abundance for each sample we calculated the
delta Ct between the miRNA of interest and U6, a small nuclear
RNA, that for its stability and relatively high expression, is widely
used as internal reference gene for miRNA quantification (31): as
shown in Figure 1B delta Cts are always <8, indicating that both
WAT fractions may be sources of miRs-320. We next wanted to
better characterize their expression in LD.

MiRs-320 were then analyzed in the plasma of patients with
or without LD. As shown in Figure 2A studies conducted by
quantitative PCR in a cohort of healthy controls and affected
patients (23 HC vs 32 LD, see clinical characteristics in Table 1)
proved that cmiRs 320 were differentially expressed in LD versus
HC. In the case of miR-320d the circulating levels were lower in
LD as compared to HC; in all the other cases (miR-320a-3p,
320b, 320c, 320e) there was a significant upregulation.
Corresponding delta Ct values are also reported in
Supplementary Figure 1 (SF 1). To evaluate the relevance of
the 5 miRNAs as biomarkers of LD, we conducted an analysis of
Receiver Operating Characteristic (ROC) that revealed an area
under the curve (AUC) ranging from 0.71 to 0.81, with p-values
between 0.0001 and 0.007 (SF 2A). To improve the power of the
classifier, we tried several combinations of the miRNAs delta Cts
(Cts miR of interest — Cts Cel-miR-39) as a possible
discriminating measure between HC and LD: the sum of the
measure concerning miR-320a-3p, miR-320b, miR-320c and
miR-320e was the best solution providing an AUC of 0.85 (P <
0.0001). The optimal cut-off point of the combination was
determined as being <24.48 (sensitivity: 75.00; specificity:
85.71) (SF 2B).

We then wanted to investigate if in the different subtypes
included in the large cohort of LD patients the differences in
cmiRs 320 were confirmed. To this end we considered 3 subtypes:
CGL, FPL and APL. For all the comparisons we confirmed
differences with the same sign found in whole cohort which in
most cases (except 2) were significant. Within these 3 categories, the
capacity of cmiRs-320 to act as disease classifier is more powerful for
CGL (Figure 2B; Supplementary Table 1, ST 1). Multiple
comparison analysis (one-way ANOVA) revealed no significant
differences among LD subtypes for cmiRs-320. In the analyses
presented so far we did not include subjects with Familial Partial
LD, type 1 (FPLDI or Kobberling): the reason is that they show
significantly higher age and BMI compared to the rest of the LD
cohort and required an ad-hoc group of properly matched controls
(Adult Healthy Controls, AHC, clinical characteristics of FPLD1
and AHC in ST 2). In Figure 2C the analysis of cmiRs-320 in
FPLD1 subjects are reported next to the analysis for FPLD2, or
Dunnigan. As for FPLD1 subtype, there is no specific candidate
gene and a polygenic mode of inheritance has been postulated (32)
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FIGURE 2 | Relative level of cmiRs-320 in LD and HC subjects. (A) Scatter plots with error bar of cmiRs 320 in a) LD (n = 32) versus HC (n = 23). (B) in APL (n = 12),
CGL (n=9), FPL (n = 11) versus HC. Each asterisk denotes a pairwise comparison of 2 groups. (C) FPLD1 (n = 6) versus an ad-hoc selected group of age matched
controls Adult Healthy Controls (AHC) (n = 14) and FPLD2 (n = 8) versus HC. Data, expressed as percentage of the mean of HC or AHC (in the case of FPLD1), are
shown as mean + SEM (standard error of the mean). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001, by Student’s t test or Mann-Whitney as appropriate.
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for a phenotype with a wide spectrum and consequent challenging
diagnosis, that presents with reduction of fat in the extremities and
accumulation in the central part of the body, similar to visceral
obesity. FPLD2, on the other hand, collects individuals with a defect
in the gene coding for lamin A/C, characterized by dramatic loss of
fat at the extremities/trunk and typical accumulation around the
neck (33). Symptoms manifestation usually starts after puberty (4),
metabolic derangements are present with variable degree of severity.
Of interest, all cmiRs-320 significantly discriminate FPLD2 subjects
from HC; conversely FPLD1 subjects are overlapping with AHC in
all cases (Figure 2C; ST 1).

Alltogether these results indicate cmiRs-320 as an additional
tool to mark the LD disorder and reiterate the importance of
considering each LD subtype as a different condition of
WAT dysfunction.

Relationship Between CmiRs-320

and Metabolism

Our effort was then to understand the role of the metabolic
derangements often affecting LD subjects in driving cmiRs-320
dysregulation. As dysmetabolism found in LD reminds that
associated to obesity, we analyzed the concentration of cmiRs-
320 in the plasma of a cohort of subjects with obesity (OB),
displaying lipid and hepatic profiles similar to those with LD
(Table 1), and we reasoned that if altered metabolism drives
cmiRs-320 abundance, similar changes should be observed in LD
and OB with respect to HC. In 3 cases (320b, ¢, ) the OB group
shows a trend similar to LD, when compared to HC, albeit no
statistically significant; in the case of miRs-320a-3p we found a
change of opposite sign in LD and OB (Figure 3A). As a second
approach we investigated the relationship between cmiRs-320
and clinical parameters relevant in defining the metabolic profile.
Correlation analysis performed for the total population (LD +
OB + HC) indicates that miR320a-3p shows the highest number
of significant associations and it is inversely related to BMI,
glucose, HbAlc, total cholesterol, low density lipoprotein-
cholesterol (LDL-C) and leptin (Figure 3B and Table 2),
whereas miR320d is the only member of family 320 showing
significant and inverse relationships with the 3 hepatic enzymes

TABLE 1 | Physical and clinical parameters of subjects enrolled in the study*.

Physical and clinical parameters  Controls (N = 23; F = 16)

LD (w/o FPLD1) (N = 32; F = 24)

gamma-glutamyl transferase (GGT), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and with C-reactive
protein (CRP). Similar analyses were performed for all the
other miRNAs and the results are shown in Table 2.

Gene Ontology and Pathway Analysis
To search for a biological significance of these findings and
investigate the involvement of specific regulatory networks, we
performed the in silico prediction of target genes possibly
modulated by miRNA 320s by integrating the use of the
publicly available applications miRDB and TargetScan. Gene
ontology (GO) enrichment analysis was performed on targets by
using GOrilla, a web-based application, that identifies enriched
GO terms for biological processes in ranked lists of genes. Highly
significant GO terms associated to biological processes were
identified, including: homophilic cell adhesion via plasma
membrane adhesion molecules (P = 5.97E-10, false discovery
rate, FDR, 3.93E-6); cell-cell adhesion via plasma membrane
adhesion molecules (P = 6.31E-8, FDR 2.08E-4); nervous system
development (P = 8.82E-6, FDR 1.93E-2); cell-cell adhesion (P =
1.66E-5, FDR 2.74E-2); biological adhesion (P = 2.89E-5, FDR
3.8E-2). In Figure 4A a graphical output of this result. A
comprehensive Table showing the detail of these in silico
results is shown as ST 3. Figure 4B shows the 320 miRNAs
target proteins interaction network. The classes of proteins
mostly represented are membrane and adhesion proteins:
among others, gamma protocadherins constitute a substantial
proportion of the protein forming the network and are
highly interrelated.

In silico analysis suggests that miRs-320 target proteins which
are highly aggregated in defining the capacity of cells to build
contacts, and strengthen the architecture of tissues.

DISCUSSION

MiRNAs are necessary to maintain WAT homeostasis as
demonstrated in experimental animal models, and LD
conditions associated to HIV result in their altered production

Obese (N=13; F=8) Multiple Comparisons Result

Age (years) 345+ 39 35.0 £ 3.4 491 £ 3.5 ns
BMI (Kg/m?) 21.2+0.6 20.6 +0.7 435 +1.7 ans; b c
Glucose (mg/dL) 91.0+2.0 94.0 + 3.3 111773 ns
TG (mg/dL) 80.8 +9.2 153.6 + 27.3 154.1 +13.4 a*; b cns
Chol (mg/dL) 180+ 7.6 169.8 + 5.7 198.8 + 10.0 ans;bns;c*
HDL-C (mg/dL) 65.4 + 3.7 4525 +2.7 475+ 3.2 a*; b*cns
LDL-C (mg/dL) 106.3 + 7.1 1187 £5.2 137.7 £+ 8.7 ans;b*cns
CRP (mg/L) 0.05 + 0.01 0.7+0.2 0.88 +0.16 a*; b cns
AST/GOT (U/L) 18.8+0.8 28.1 21 36.4+7.3 a™; b*; cns
ALT/GPT (UL) 18.5+£1.0 34.4 +4.6 55.9 + 13.3 a™; b c ns
GGT (U/L) 11.8+14 28.4 + 4.1 59.3 + 16.0 a*; b™* cns
LD Subtype 11 FPL (of which 8 FPLD2)

12 APL

9 CGL

a = Controls vs. LD; b= Controls vs. Obese; ¢ = LD vs. Obese. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001. Data are expressed as Mean + SEM. ns, not significant.
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and release (13, 18). Based on these lines of evidence we wanted
to investigate if in different forms of human LD, of genetic or
acquired origin, with partial or total loss of WAT, signatures of
the disease may be tracked in the blood as variations in the level
of circulating miRNAs. Indeed, we found a dysregulation of the
miR-320 family, reportedly present in WAT (24) and implied as
permissive for adipogenesis of human mesenchymal stem cells
(34), however not previously associated to in vivo conditions of
adipocyte dysfunction. In this regard it is worth observing that
when plasma miRnome profiling was conducted in subjects with
HIV-associated LD versus controls, cmiRs 320 were not
identified as dysregulated (35). Even if both associated to fat

FIGURE 3 | Relationship between cmiRs-320s and metabolism. (A) Scatter plots with bar of circulating miRNAs from the 320 family in HC, LD and OB subjects. All
data are expressed as percentage of the mean of HC and are shown as mean + SEM. *P < 0.05, **P < 0.01, **P < 0.001 and ***P < 0.0001 by one-way ANOVA
or Kruskal-Wallis, as appropriate. (B) Correlation analysis between BMI, glucose, total cholesterol, HDL-C, LDL-C, plasma leptin, triglycerides, CRP and cmiRs-320a-
3p in the total population (LD + OB + HC). Spearman’s r and relative p-value are indicated.

loss the HIV-related and not related forms of LD are profoundly
different; in addition, subjects enrolled in that study did not show
significant metabolic alterations, differently from our cohort.
Furthermore, our findings suggest that cmiRs 320 discriminate
more powerfully LD subtypes with a known genetic origin and
defined phenotype (i.e. CGL and FPLD2) than forms with an
unknown origin and subtle phenotype: it is thus somewhat
expected that in HIV-associated forms of LD, highly variable
in terms of fat loss and redistribution, cmiRs 320 may not be
significantly dysregulated.

Interestingly, we found that miRs-320 a3p, b, ¢ and e are
elevated, whereas d is reduced in LD. While we are not able to

TABLE 2 | Results of correlation analysis for clinical parameters with relative levels of cmiRs-320.

Names and metric units of clinical parameters 320a-3p 320b 320c 320d 320e
BMI (Kg/m?) -0.37* ns ns ns ns
Glucose (mg/dl) -0.44* ns -0.29* ns -0.25*
HbA1c (mmol/mol) -0.37* -0.29* ns ns -0.36*
TG (mg/dl) ns ns ns ns ns
Chol (mg/dl) -0.47%* ns -0.24* ns -0.32*
HDL-C (mg/dl) ns -0.32** ns ns -0.24*
LDL-C (mg/dl) -0.38 ns ns ns ns
Leptin (ng/ml) -0.64™** ns ns ns ns
CRP (mg/dl) ns ns ns -0.33* ns
GGT (U/L) ns ns ns -0.24* ns
AST/GOT (U/L) ns ns ns -0.35"* ns
ALT/GPT (U/L) ns ns ns -0.35"* -0.25*

Correlation analysis was assessed in the total population (LD + OB + HC). The Table reports Spearman r and *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001, ns significant.
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predict the consequences of this opposite regulation, it is worth
mentioning that in at least one case, miRNA family 200, different
members have opposite effects on their target c-JUN, with miR-200a
inhibiting its production and miR-200b acting in non-canonical
way and inducing its expression (36): we cannot exclude a similar
scenario for miRNAs 320. Elaborating on the same subject we also
have to consider that the five 320 members (a-e), are coded by loci
in different chromosomes (chr) (320a, chr8; 320b, chrl; 320c, chr18;
320d, chr13 and chrX; 320e, chr19 and therefore their transcription
is under the control of 6 independent cis regulatory elements: of
note miR-320d is the only coded by 2 loci in 2 different
chromosomes (X and 13) (37, 38).

Despite the high degree of speculation that elaborating on altered
concentrations of circulating miRNAs may involve, we will herein
discuss different levels of direct and less direct implications
suggested by the LD-related changes in the cmiRs-320.

The first level stems from the use of cmiRs-320 as novel
biomarkers of LD. The power to discriminate between affected and
not affected individuals becomes even stronger for the specific
subtypes CGL and FPLD2, that, although different in terms of
extension of fat loss, share the certainty of the diagnosis based on
well-defined phenotypes and genetic testing. At the other extreme
FPLD1, for which cmiRs-320 seem totally useless as classifier. Despite
recurrent in families, a genetic cause of FPLD1 has yet to be identified
and subjects described in previous studies are usually women in their
mature age, characterized by peripheral LD, and one or more of the

following features: central obesity and components of the metabolic
syndrome, including diabetes, hypertension, and presence of
hypertriglyceridemia (39). Consistent with this description the
average BMI of FPLD1 subjects participating to this study defines
them as overweight. Compared to the other subtypes, FPLD1
presents then with a more subtle phenotype, which in the clinical
setting may partly overlap with the physiological loss of gluteofemoral
fat frequent upon aging (40) and, for other aspects, with metabolically
complicated obesity (32, 41). In summary, the discrepancy with the
other LD subtypes emerged from the present analysis of cmiRs-320 is
not a unicum but adds up to other features in describing FPLD1 as an
atypical (less defined) form of LD.

The second question is whether cmiRs 320 differential level is
downstream of metabolic derangements present in LD, that mirror
obesity-associated metabolic syndrome. The fact that for 1 out of 5
miRNAs (320a-3p) the sign of the regulation with respect to control is
opposite in LD and OB suggests that dysmetabolism may contribute,
but is not sufficient to explain the change. One other way to elaborate
on this aspect is to evaluate if metabolic syndrome signatures of LD
subjects, namely, higher TG, CRP and hepatic enzymes and lower
HDL-C, consistently associate to the sign of change of cmiRs-320.
Given that cmiRs-320, except d, are higher in LD we would expect a
positive association with metabolic/inflammatory parameters if the
latter served as a trigger for their elevation. What we found, instead, is
that where present, significant relationships were inverse. There are 2
cases, however, in which we could hypothesize an impact of
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dysmetabolism on cmiRs. These are represented by the relationship
between cmiR-320b negatively associated to HDL-C, and that
between cmiR-320d, which, being downregulated in LD, is inversely
associated to the concentration of hepatic enzymes and of CRP. In line
with our results, lower level of serum exosomal miR-320d was found
in hepatocellular carcinoma (42). Based on these evidences,
dyslipidemia seems then to moderately contribute to the LD
associated dysregulation of cmiR-320 b, while liver dysfunction and
inflammation, abundantly interrelated conditions (43), seem to
predict the downregulation of cmiR-320d.

Of note miR-320a-3p, besides showing the highest number of
inverse relationships with clinical parameters, is also inversely
related to BMI and plasma leptin. Notwithstanding the tight
relationship between the 2 parameters (44), to consider is that
both reflect WAT mass, while leptin is also tightly related to
WAT function (44, 45). Circulating levels of miR-320a-3p
predict therefore the salient aspects of the disease, i.e. reduced
WAT mass and function.

A third interesting level of speculation emerges from gene
ontology search, carried out on miRs-320 targets: there are in fact
strong and highly significant indications that cell-cell adhesion and
migration are modulated by proteins targeted by these miRNAs,
including integrin 1 beta (ITGIB) and several protocadherins.
Noteworthy, the expression of ITG1B in WAT is positively
associated with body fat mass in humans (46), consistent with a
putative downregulation in LD, possibly triggered by the
upregulation of miRs-320. Integrins, which act also as receptors
and constitute the most well studied molecules in the organization of
the extra cellular matrix (ECM) (47), reside at the cell surface and
require inside-out activation to reach a higher affinity for the ECM
components. This activation process is facilitated by binding of
intracellular adaptor proteins like Kindlin. ITG1B deletion
specifically in adipocytes reduced capacity to increase WAT mass
in mice exposed to high fat diet (46). Even more compelling
evidences indicate kindlin as implied in a correct WAT function,
as its deletion in the adipocyte leads to a mouse model with LD and
severe metabolic alterations (48). These findings and our in silico
data stimulate considerations on the role that an impaired cell-cell
adhesion, migration and cross talk might have in the onset of human
LD, a condition in which the WAT loses its architecture
and undergoes a process of deaggregation and sometimes
redistribution. Ground to this hypothesis is provided by the
decrease in the expression of many genes involved in cell adhesion
observed in 3T3-L1 adipocytes treated with ritonavir and lopinavir
(49), two protease inhibitors used to treat HIV infected patients and
implied in the onset of the HIV-associated form of LD (50).

This study has some limitations and questions that remain to
be addressed: 1. relatively small number of recruited patients, due
to the low prevalence of LD and of its subtypes; 2. no direct
biological evidence to link cmiRs-320 dysregulation with LD
pathogenesis and 3. The source/s of dysregulated cmiRs-320 are
to be elucidated. Although they may originate from
dysfunctional WAT, it is counterintuitive to reconcile increase
of cmiRs-320 with dramatic fat loss, for instance in the CGL
subtype. Our data, however, suggest that the stromovascular
component of the adipose tissue, preserved also in the extreme

generalized forms of LD (51, 52), may contribute to their release
and availability of WAT biopsies from LD subjects will be
essential to get insights into this matter.

In conclusion, altered abundance of circulating levels of miRNAs
from 320 family constitutes a novel signature of lipodystrophy.
cmiRs-320 are inversely associated with several components of the
metabolic syndrome and higher abundance of cmiR-320a-3p, typical
of LD, predicts lower plasma leptin. In silico results indicate that
targets of miRs-320 influence cell-cell adhesion, thus suggesting this
process as a novel direction to investigate the origin of LD.
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