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Adipose tissue plasticity in pheochromocytoma

patients suggests a role of the splicing
machinery in human adipose browning

Moisés Castella,’?'" Albert Blasco-Roset,’?!" Marion Peyrou,’? Aleix Gavalda-Navarro,"-? Joan Villarroya,'-?
Tania Quesada-Lépez,’?3 Leyre Lorente-Poch,* Juan Sancho,* Florian Szymczak,>¢ Anthony Piron,>¢
Sonia Rodriguez-Fernandez,” Stefania Carobbio,® Albert Goday,??:'° Pere Domingo,*'° Antonio Vidal-Puig,’

Marta Giralt,"? Décio L. Eizirik,® Francesc Villarroya,’?* and Rubén Cereijo’?:312.*

SUMMARY

Adipose tissue from pheochromocytoma patients acquires brown fat features, mak-
ing it a valuable model for studying the mechanisms that control thermogenic adi-
pose plasticity in humans. Transcriptomic analyses revealed a massive downregula-
tion of splicing machinery components and splicing regulatory factors in browned
adipose tissue from patients, with upregulation of a few genes encoding RNA-bind-
ing proteins potentially involved in splicing regulation. These changes were also
observed in cell culture models of human brown adipocyte differentiation, confirm-
ing a potential involvement of splicing in the cell-autonomous control of adipose
browning. The coordinated changes in splicing are associated with a profound modi-
fication in the expression levels of splicing-driven transcript isoforms for genes
involved in the specialized metabolism of brown adipocytes and those encoding
master transcriptional regulators of adipose browning. Splicing control appears
to be arelevant component of the coordinated gene expression changes that allow
human adipose tissue to acquire a brown phenotype.

INTRODUCTION

Adipose depots in mammals, including humans, have traditionally been classified as white adipose tissue
(WAT), which contains energy-storing white adipocytes, and brown adipose tissue (BAT), which contain
thermogenic brown adipocytes. Brown adipocytes express uncoupling protein-1 (UCP1), which confers
specific thermogenic properties to mitochondria, and possess enzymatic machinery that enables the rapid
oxidation of metabolic substrates to sustain thermogenesis. The distinction between the energy-storing
properties of WAT and the energy-spending (thermogenic) features of BAT has reciprocal implications
for metabolism: WAT accumulation is linked to obesity and associated diseases, such as diabetes and
hyperlipidemia, whereas BAT activation protects against these conditions.’ In recent years, researchers
have recognized the remarkable plasticity of adipose tissue, especially in the capacity of adipose depots
anatomically defined as WAT to acquire thermogenic properties via the recruitment of thermogenic
brown-like adipocytes (called beige or brite cells).” Beige adipocytes develop from a cell lineage distinct
from that leading to the classical brown adipocytes present in BAT depots® but share with them the capac-
ity to undergo adaptive heat production via both UCP1 expression and the associated uncoupling of mito-
chondrial respiration,” and additional non-UCP1-mediated thermogenic mechanisms.” The process
through which a fat depot is enriched for beige cells is called the browning of adipose tissue. In rodent
models, browning is activated in response to thermogenic stimuli, such as exposure to a cold environ-
ment.”® The induction of browning is mainly mediated through B-adrenergic stimulation, although it
may be influenced by other hormones and by pharmacological agents.”® B-adrenergic stimulation not
only activates thermogenesis in existing brown or beige adipocytes but also promotes browning in former
WAT depots. Accumulating evidence suggests that the capacity to activate the browning process is asso-
ciated with protection against diet-induced obesity in experimental rodent models.’

Humans and other mammals possess BAT depots; although it was long believed that active BAT was
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active BAT persists in adult humans.'® Analyses of adipose depots presenting thermogenic BAT-like activ-
ity in adult humans indicate cellular heterogeneity and an abundant presence of cells characteristic of the
beige adipocyte lineage.'" Understanding the mechanisms and regulation of adipose tissue browning in
humans is of utmost relevance, given that high brown/beige activity is associated with protection against
obesity, type Il diabetes, and cardiovascular disease in adult humans.'?

The potential browning capacity of human adipose tissue was first recognized decades ago when it was
reported that adipose tissue in the vicinity of pheochromocytoma tumors could acquire BAT-like fea-
tures.'*'* In omental adipose depots from patients with pheochromocytoma, cells showing multilocular
lipid droplets and expressing UCP1 appear interspersed with other unilocular adipocytes and exhibit
gene expression and mitochondrial respiratory features typical of thermogenic brown/beige adipo-
cytes.”” " It is implied that the intense secretion of catecholamines by the tumor creates a local environ-
ment reminiscent of sustained B-adrenergic stimulation of adipose depots, which elicits the browning
process.”’

The study of adipose tissue browning in response to pheochromocytoma-elicited stimulation allows re-
searchers to circumvent the difficulties of experimentally analyzing browning in response to chronic and
intense beta-adrenergic stimuli in humans. Using adipose tissue samples from pheochromocytoma pa-
tients, researchers have studied the cellular lineage, endocrine role, mitochondrial remodeling, and other
processes of human beige adipose tissue, and compared their results with those obtained from the much
more easily accessible experimental rodent models. "%

Here, we used massive and non-biased deep transcriptomics analyses of adipose tissue from pheochromo-
cytoma patients to shed new light on the actual processes involved in browning adipose tissue in humans.
Our results suggest regulated splicing as a potentially relevant process associated with human adipose
browning.

RESULTS
Evidence of browning in adipose tissue from pheochromocytoma patients

Visceral adipose samples obtained during surgical ablation of pheochromocytoma tumors were analyzed
for morphological evidence of browning using electron transfer microscopy. RNA prepared from the adi-
pose samples was analyzed for the expression of genes known to be preferentially expressed in brown/
beige adipocytes (UCP1;, CKMT1A and CKMT1B, encoding creatine kinase, mitochondrial 1A and 1B) or
white adipocytes (LEP, leptin) in comparison with a set of samples of visceral adipose tissue from age-
matched control, non-pheochromocytoma, patients. Adipose samples from different pheochromocytoma
patients consistently exhibited scattered clusters of characteristic brown/beige adipocytes, identified by
their multilocular distribution of lipid droplets and high density of mitochondria (see representative
examples in Figure 1A). The expression of UCP1, which is characteristic of brown and beige adipocytes
but absent from white adipocytes, was observed in all adipose samples from pheochromocytoma patients
but was almost undetectable in control samples (Figure 1B). The expression levels of CKMTTA and
CKMT1B, which are enhanced in brown/beige cells,”” were also much higher in adipose samples from
patients relative to controls. Leptin expression showed a reciprocal expression pattern: it was higher in con-
trol adipose tissue than in pheochromocytoma patients. The expression levels of UCP1, CKMT1A and
CKMT1B differed among individual samples, likely reflecting between-patient differences in the extent
of browning.

Transcriptomics analysis of differentially expressed genes in adipose tissue from
pheochromocytoma patients

We next determined, in a non-biased manner, the whole-transcriptome changes associated with the
browning of human adipose tissue; we chose the four adipose tissue samples from pheochromocytoma
patients that showed the most overt evidence of browning and the three samples of adipose tissue from
healthy controls that exhibited the most pronounced features of WAT. We performed RNA-sequencing
(RNA-seq) analysis and calculated each sample’s relative whole-genome transcript levels. Whole genome
analysis of transcript patterns across samples was performed using principal component analysis (PCA).
The results revealed that the samples could be clearly separated between patients (browned) and controls
based on their overall transcript patterns (Figure S1).
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Figure 1. Evidence of browning in adipose tissue from individuals with pheochromocytoma

(A) Representative transmission electron microscopy pictures of adipose tissue from the omental region of two pheochromocytoma patients (upper: 50-year-
old male, lower: 41-year-old female). Scale bars represent 5 pm. Arrows indicate multilocular beige adipocytes.

(B) UCP1, CKMT1A, CKMT1B, and LEP mRNA expression levels in adipose samples from individuals with pheochromocytoma (P1-8) and healthy controls
(C1-4). See also Figure S1.

Figure 2A shows a volcano plot representation of genes differentially expressed in adipose tissue from
pheochromocytoma patients versus controls. When we used a threshold of 1.5 fold-change (FC) (i.e.,
log(FC) = 0.585) and significance of p<0.05 to compare gene transcript levels, our results revealed that
242 genes were up-regulated and 503 genes were down-regulated in patients versus controls (for a com-
plete list of significantly differentially expressed transcripts see Table S1).

These results from our transcriptome analysis confirmed the upregulation of UCP1, CKMT1A, and CKMT1B,
as previously assessed by gRT-PCR (Figure 1B). Other genes related to the brown/beige adipose pheno-
type, such as DIO2 and PPARGC1A,° were also induced in adipose tissues of pheochromocytoma patients.
Other transcripts remarkably up-regulated in patients included genes involved in lipid and oxidative catab-
olism, such as: PNPLA4, encoding a phospholipase of the same patatin-like family as adipose triglyceride
lipase (ATGL), a key enzyme for lipolysis; ELOVLé, which encodes a very long chain fatty acid elongase crit-
ical for adipocyte thermogenic activation’’; and OGDHL, which encodes the tricarboxylic acid cycle
component, 2-oxoglutarate dehydrogenase. The transcript levels of PCK1, encoding phosphoenolpyr-
uvate carboxykinase, were also up-regulated in the browned adipose tissue. This agrees with previous re-
ports indicating that PCKT mRNA is preferentially expressed in BAT versus WAT?* and an early induced
gene in human brown adipogenic differentiation.”> The previous findings in brown/beige adipocytes
and their precursors are therefore consistent with the present transcriptomics analysis on adipose tissue
from pheochromocytoma patients.

Differentially expressed transcripts in pheochromocytoma versus control adipose samples were analyzed
using BATLAS, an algorithm that uses transcript expression data to calculate the brown adipocyte content
of complex human biopsies.”® The results confirmed the acquisition of a significant brown-versus-white
phenotype in the pheochromocytoma patients (Figure S2A). An additional analysis comparing the pheo-
chromocytoma-versus-control transcriptome with a database of the differential transcriptome of human
deep-neck BAT versus WAT? also showed a significant induction of a brown-type phenotype in the pheo-
chromocytoma samples (Figure S2B).

Functional enrichment analyses (Figure 2B, Table S2) using KEGG revealed that the most significantly

up-regulated pathways in adipose samples from pheochromocytoma patients were those related to meta-
bolism, including fatty acid and carbohydrate metabolism, and associated regulatory processes, such as
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Figure 2. Transcriptomics analysis of differentially expressed genes in adipose tissue from pheochromocytoma patients
(A) Volcano plot depicting significantly up-regulated or down-regulated transcripts in adipose tissue samples from individuals with pheochromocytoma (N =
4) versus healthy controls (N = 3). The criteria for statistical significance were a false discovery rate (FDR) > 1.3 (pvalue <0.05) and log, of fold change (FC) > |
0.585| (1.5-fold). Transcripts corresponding to markers of brown/beige adipose tissue and inflammation are indicated.
(B) Enrichment scatter diagrams showing the top-10 most highly altered pathways according to KEGG (top panels) and REACTOME (down panels) database
analysis of the up-regulated (left) and down-regulated (right) transcripts in adipose tissue from pheochromocytoma patients relative to controls. The vertical
axis represents the pathway name and the horizontal axis the rich factor corresponding to the pathway. Significant differences are indicated by pvalue (p<
0.05). The magnitude of the pvalue is represented by the dot color and the number of DEGs (differentially expressed genes) within each pathway is indicated
by the dot size. See also Figure S2 and Tables S1 and S2.
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Figure 3. Profile of genes associated with UCP1 expression in human adipose tissue

(A) Dispersion plot depicting transcripts positively correlated with uncoupling protein 1 (UCP1) transcript levels in the whole dataset (N = 7) in terms of
Pearson'’s correlation coefficient (r) and log, of fold change (FC) in pheochromocytoma samples as compared to respective controls; rand log,(FC) pvalues
<0.05 were used as the threshold for statistical significance.

(B) Enrichment scatter diagrams showing the top-10 most highly altered pathways according to REACTOME database analysis of the statically significant (p
< 0.05) transcripts positively-correlated (left) and negatively-correlated (right) with UCP1T mRNA expression in adipose tissue from controls and
pheochromocytoma patients (N = 7). The vertical axis represents the pathway name and the horizontal axis the rich factor corresponding to the pathway.
Significant differences are indicated by p < 0.05. The magnitude of the p-value is represented by the dot color and the number of UCP1-correlated genes
within each pathway is indicated by the dot size.

(C) Pie chart representation of the top-scoring pathways corresponding to statistically significant (p < 0.05) positively-correlated (left) and negatively-
correlated (right) with UCP1T mRNA expression in adipose tissue from controls and pheochromocytoma patients (N = 7) according to the KEGG database
analysis.

signaling involving insulin, AMP kinase, and PPARs. This non-biased analysis also detected thermogenesis
as a significantly induced pathway (Figure 2B). An additional analysis using REACTOME confirmed the
increased prevalence of metabolic pathways and mitochondria-uncoupled respiration in adipose samples
from the pheochromocytoma patients (Figure 2B). Overall, our analyses confirmed that the adipose sam-
ples of pheochromocytoma patients showed the induction of thermogenic and oxidative lipid metabolism
typical of browning.

Of interest, our analysis of the down-regulated gene pathways revealed a totally different scenario.
Both KEGG and REACTOME analyses of the down-regulated pathways identified the downregulation
of immune system-related processes (Figure 2B, right). Inflammation/immune pathways such as
"chemokine signaling pathway” and "cytokine-cytokine receptor interaction, innate and cytokine signaling
in immune systems” were identified as the most highly down-regulated pathways (see the pro-inflamma-
tory markers, ITGAX/CD11c, CCL2 and CXCLS8, in Figure 2A). This finding is consistent with experimental
findings in rodent models suggesting that the downregulation of inflammation-related pathways and
cross-talk between immune cells and adipogenic cells are involved in adipose tissue plasticity and
browning.”®

Gene expression profile associated with UCP1 expression in human adipose tissue

The analysis described above indicated that the adipose samples from pheochromocytoma patients
showed morphological and molecular evidence of browning. We observed, however, remarkable vari-
ability in the extent of brown/beige adipocyte content, based on the expression of the “gold-standard”
marker gene, UCP1. We used this variability to determine in a non-biased manner which pathways were
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the most highly associated with the extent of browning. Our analysis revealed that 749 and 2894 transcripts
correlated positively and negatively with UCPT mRNA levels, respectively (see Table S3). Figure 3A shows
the Pearson correlations of the transcript levels of various genes with that of UCP1 in the samples analyzed.
The top correlated transcripts included expected genes such as CKMT1A, CKMT1B and CKMT2, which
encode components of the creatine kinase-related pathways that appear to contribute to thermogenesis
inbeige cells,” and PPARGC1A, which encodes the master co-transcriptional regulator of brown/beige adi-
pogenesis, PGC-1a.”” Of interest, HGMCS2, which encodes hydroxymethylglutaryl-coenzyme A synthase
2, was the top transcript correlated with the UCPT mRNA level, which is consistent with previous findings
that identified HMGCS2 as the top-induced lipid metabolism gene in the cold response of supraclavicular
human BAT.*

In addition, we conducted an enrichment analysis using REACTOME and KEGG to determine the path-
ways and processes significantly associated with the overall transcripts pattern of genes whose mRNA
levels correlated with that of UCP1 (Figure 3, Table S4). The top REACTOME-identified pathways (Fig-
ure 3B, left) included “metabolism” followed by several mitochondrial metabolism-related pathways
and processes (respiratory chain, TCA cycle, mitochondrial biogenesis, mitochondrial fatty acid oxida-
tion, etc.). The KEGG analysis (see Figure 3C, left, for a pie chart representation of the top 10 pathways)
confirmed that “thermogenesis” correlated with the extent of UCPT expression, as did oxidative phos-
phorylation- and TCA cycle-related metabolic pathways and fatty acid catabolism. These findings agreed
with above-described pathway analysis and indicated that mitochondrial biogenesis and mitochondrial
metabolism processes are directly associated with the extent of browning in adipose tissue. This is
consistent with the known intrinsic enrichment of the mitochondrial oxidative machinery in brown/beige
adipocytes.®

Of interest, our REACTOME-based analysis of the top pathways that were negatively associated with the
extent of UCP1 expression in adipose samples (Figure 3B, right) identified splicing-associated processes
of capped-intron containing pre-mRNA”, “mRNA splicing”) and pathways related to intracellular
and extracellular protein trafficking. Moreover, KEGG analysis (pie chart in Figure 3C, right) revealed
marked negative associations between UCP1 expression and “splicecosome” and (to a lesser extent)
“proteasome”.

Downregulation of splicing factors and splicing-related proteins in association with browning

The potential involvement of splicing processes in browning prompted us to check the expression
levels of transcripts encoding components of the splicing machinery and its regulation. Figure 4A shows
the expression levels of 47 representative splicing-related factors, selected according to the SpliceAid
dataset,®’ in adipose tissues from pheochromocytoma patients relative to controls. These data
confirmed a massive trend for downregulation of splicing-related factors in browned samples (significant
decreases in 35 of 47 analyzed factors and non-significant decreasing trends in many others). The
down-regulated factors included those involved in forming the pre-mRNP and spliceosomal complexes
A, C, and E, as well as components of the exon inclusion/exclusion machinery. Exceptions to this global
downregulation of the splicing machinery were the significant upregulation of ELAVL3 and ELAVL4 (en-
coding two RNA-binding proteins involved in regulating alternative splicing®?), and non-significant
trends for upregulation of PRPF8 and RBFOXT in the pheochromocytoma adipose tissue samples relative
to controls.

These data were compared with previously published differential gene expression data from inguinal WAT
of cold-exposed mice (GSE13432),” an established model of experimental adipose tissue browning (Fig-
ure 4B). Our comparison revealed a remarkable trend for concordance despite the differences in species
and browning-inducing stimuli: of the 47 factors analyzed in our human samples, 21 were also significantly
down-regulated in “"browned"” adipose tissue from mice relative to controls, and 18 of these were concor-
dantwith the factors found to be down-regulated in the pheochromocytoma adipose tissue samples. Elav/3
and Elavl4, the only splicing-related factors significantly up-regulated in browned adipose tissue from hu-
man patients, were also up-regulated in mouse BAT, concordantly with findings in human adipose tissue
samples. Hnrnpl and Elavl1 were the only identified exceptions to the above-described concordance:
they were up-regulated in mice but not in the human pheochromocytoma patient samples.
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Figure 4. Regulation of splicing factors and splicing-related proteins in association with browning
(A) Transcript levels of splicing factors and splicing-associated proteins in adipose tissue from individuals with pheochromocytoma (brown bars, N = 4) and

healthy controls (white bars, N = 3).

(B) Transcript levels of splicing factors and splicing-associated proteins in mouse inguinal adipose tissue experiencing browning (mice exposed to 4°C for
p plicing plicing P el p p 9 9 p

1 week, beige bars) and controls (mice housed at thermoneutrality, white bars) (N = 3 each) (GDS3804, ref. *). Data are presented as means + SEM. *:
p<0.05, **: p<0.01, ***: p<0.001 vs. Control; unpaired t-test. Blue shading indicates coincidentally-regulated transcripts in humans and mice. Color codes

indicate grouping of genes according to their involvement in distinct RNA splicing and processing mechanisms, as indicated at the bottom.

iScience 26, 106847, June 16, 2023 7




¢? CellPress

OPEN ACCESS

These results support the notion of an overall repression of splicing machinery-associated processes dur-
ing adipose tissue browning, with a few exceptional upregulations of certain specific RNA-binding proteins
involved in splicing regulation.

Cell-autonomous human browning recapitulates the altered gene expression patterns of
splicing factors and splicing-related proteins found in adipose tissue from
pheochromocytoma patients

To confirm the involvement of regulated splicing in human adipose browning in a cell-autonomous model,
we analyzed available transcriptomics datasets obtained from in vitro models of differentiating human
brown/beige adipocytes. We assessed the expression changes of genes encoding splicing factors and
splicing-related proteins in preadipocytes obtained from a 3-month-old Simpson-Golabi-Behmel syn-
drome patient (SGBS cells), which offer an established model of human brown/beige differentiation,*
at the non-differentiated stage (day 0) and at early (day 8) and long-term (day 14) stages of browning in
cell culture.®® We also assessed the time courses of transcriptomic changes during the brown adipogenic
differentiation of human embryonic stem cells and inducible pluripotent stem cells.?” This multi-omics
comparison revealed that transcripts encoding components involved in forming pre-mRNP and spliceoso-
mal complexes A, B, C, and E, as well as parts of the exon inclusion/exclusion machinery, were generally
down-regulated during the in vitro differentiation of human cells into brown/beige adipocytes (Figure 5A).
There was also a converse upregulation of some components involved in splicing regulation and the mRNA
stabilization machinery (e.g., ELAVL3 and ELAVL4) across brown/beige differentiation in the studied cell
culture models. These findings were highly concordant with our observations in the browned adipose tis-
sue of pheochromocytoma patients.

To independently validate the results obtained from our GEO datasets analyses, we cultured SGBS cells
and used qRT-PCR to assess the transcript levels of several representative components of the splicing ma-
chinery at distinct stages of brown/beige adipogenic differentiation (Figure 5B). Our results (Figure 5C)
indicated that HNRNPF (pre-mRNA formation), RBFOX2 (spliceosomal E complex), ELAVLT (RNA bind-
ing/splicing regulation), and RBM17 (accessory factors in splicing) were down-regulated whereas ELAVL3
(RNA binding/splicing regulation) was up-regulated, as reported in the cell-based browning databases and
seen, with the exception of RBFOX2, in browned adipose tissue from our pheochromocytoma patients.

Splicing-driven transcript isoform expression of master regulators of browning and
metabolism-related genes is altered in adipose tissue from pheochromocytoma patients

To investigate the potential consequences of altered splicing on gene expression across browning, we
compared the expression of transcript isoforms in our adipose tissue RNA-seq data from pheochromocy-
toma patients versus controls. Our results indicated that 351 isoforms were up-regulated and 452 were
down-regulated (Table S1). We next performed a manually curated search of those corresponding to genes
known to be involved in adipose tissue metabolism, seeking to identify differential expression of alternative
splicing-originated transcript isoforms in browned adipose tissue from pheochromocytoma patients rela-
tive to controls (see Table S5 for the number and characteristics of transcript isoforms). The genes showing
upregulation of alternative splicing-driven transcripts included SREBF1 (encoding the transcription factor
SREBP-1, which is a master regulator of glucose metabolism and lipogenesis)®® and several genes encod-
ing proteins involved in the metabolism of lipids (SLC27Aé, long-chain fatty acid transport protein 6;
PNPLA4, patatin-like phospholipase A4; ELOVLé, fatty acid elongase 6; ACSDVL, very long chain acyl-
CoA dehydrogenase) and glucose (PCK1, cytosolic phosphoenolpyruvate carboxykinase; ALDOA, fruc-
tose-bisphosphate adolase), as well as CKMT2, which encodes the human BAT biomarker, creatine kinase
S-type.” Figure 6A (top) shows the individual fold-changes for transcript isoforms whose expression levels
were significantly higher in pheochromocytoma patients versus controls. Remarkable examples included
CKMT2 and ALDOA: The expression levels of the CKMT2-211 and ALDOA-205 isoforms were around 15
logy-fold higher than their control values, whereas the expression levels of the other isoforms of these tran-
scripts were increased around 5 log,-fold. For PCK1, the isoforms PCK1-204 and PCK1-205 were induced
close to 10 logy-fold, whereas the other two isoforms were induced close to 5 log,-fold. The alternative
splicing-driven isoform SREBF1-216 was induced more than 8 logy-fold. For most of the relevant genes,
the differential induction of isoforms involved both protein-coding and non-protein-coding transcripts,
with the exception of ALDOA and SLC27Aé, for which only protein-coding transcript isoforms were
induced. Regarding the downregulation of alternative splicing-driven isoforms, we analyzed the distinct
transcript isoforms encoded by ANPEP (alanine aminotransferase), AOAH (acyloxyacyl hydrolase),
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Figure 5. Cell-autonomous regulation of splicing factors and splicing-related proteins in human adipocyte browning

Max'm”"‘ Relative transcript levels

(A) Multitranscriptomics comparison heatmaps of relative levels of transcripts encoding splicing factors and splicing-associated proteins across different
days (D) of differentiation into a brown/beige adipocyte (BA) phenotype for three human cell culture models: Simpson-Golabi-Behmel (SGBS) cells, H9
embryonic stem cells (hESC), and KOLF2-C1 inducible pluripotent stem cells (iPS). GEO datasets and color coding (maximum-minimum) are indicated.
Expression of UCP1, as a marker of BA differentiation, is shown at the bottom.

(B) Representative inverted optical microscopy pictures of SGBS cell cultures at DO (preadipocytes), D7 (early adipogenic induction), and D14 (fully
differentiated beige adipocytes). Scale bars represent 50 um.

(C) mRNA levels of representative splicing-associated genes and the browning marker UCP1 in SGBS cells during differentiation at DO, D7, and D14 (n = 3
each). Data are presented as means + SEM. *: p< 0.05, **: p< 0.01, ***: p< 0.001 vs. DO; ###: p< 0.001 vs. D7; one-way ANOVA followed by Tukey's post-hoc
test; ND: not detectable.

MTHFD2 (methylenetetrahydrofolate dehydrogenase 2), and NAMPT (nicotinamide phosphoribosyltrans-
ferase, also known as visfatin) (see Table S5). As seen for upregulation, we observed isoform-specific
expression for downregulation (Figure 6A, bottom). This was markedly intense for NAMPT/visfatin, whose
isoform NAMPT-202 was more than 10 log,-fold lower in samples from pheochromocytoma patients versus
controls, whereas the other five transcript isoforms were less intensely (5 log,-fold or less) decreased. Over-
all, these data indicate that the browning of human adipose tissue is associated with dramatic changes in
the alternative splicing-mediated gene expression of metabolic machinery components associated with
brown/beige adipocytes.
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Figure 6. Altered patterns of splicing-driven transcript isoform expression among metabolism-related genes and master regulators of browning

in adipose tissue from pheochromocytoma patients

(A) Fold change in expression levels of splicing-driven gene transcript isoforms showing statistically significant upregulation (green positive bars) or
downregulation (salmon negative bars) in adipose tissue from pheochromocytoma patients (N = 4) relative to controls (N = 3).

(B) Fold change in expression levels of detectable transcript isoforms among genes for which splicing-driven isoforms were previously linked to changes in

brown/beige adipocyte thermogenic function. Those showing upregulation (green positive bars) or downregulation (salmon negative bars) in adipose tissue

from pheochromocytoma patients relative to controls are shown. Darker-colored bars represent protein-coding isoforms. The numbering of the transcript
isoforms corresponds to ENSEMBL naming and annotations, based on human genome assembly GRCh38.p14 (hg38) from the Genome Reference

Consortium. See also Table S5.

We further analyzed the altered alternative splicing-driven expression of transcript isoforms for genes
previously reported to exhibit brown/beige thermogenic function-related alternative splicing in rodent
models, including those encoding glycerol kinase (GK),*” insulin receptor (INSR),*® the master transcrip-
tional regulators of thermogenic adipocyte differentiation, PPARGC1A*” and PRDM16,"° and the splicing
regulator, muscleblind-like 1 (MBNL1).*' PPARGC1A showed a concordant upregulation of distinct tran-
script isoforms in browned tissue from pheochromocytoma patients (Figure 6B), which was consistent
with the above-described bulk transcript level data (Figure 2A); however, upregulation occurred at distinct
ranges of intensity according to the isoform (e.g., there was around 3-fold log,-induction of PPARGC1-206
isoform but a negligible induction of PPARGC1A-208. MBNL1, meanwhile, showed consistent downregu-
lation of distinct splicing-mediated transcript isoforms, which also agreed with the bulk data shown in
Figure 4A and the overall downregulation of splicing regulators during browning. There was no major
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difference in the expression levels of MBNL-204(lacking exon 5) relative to isoforms -207 and -202 (bearing
exon 5) in browned adipose tissue from pheochromocytoma patients, which contrasted with results ob-
tained for equivalent isoforms in a cellular mouse model of brown adipocyte differentiation.*’ The isoform
transcript levels for GK, INSR, and PRDM16 were distinctly modified in association with browning. For GK;,
some transcript isoforms were markedly up-regulated (e.g., the non-protein encoding isoform GK-209)
whereas others were intensively down-regulated (e.g., the non-protein encoding GK-208 and the pro-
tein-encoding GK-207) in adipose tissue from pheochromocytoma patients. The same was seen for
INSR, as the non-protein-encoding INSR-207 isoform was induced whereas -201 and -202 (human equiva-
lents: the exon 11-containing and exon 11-lacking transcripts, respectively) were reduced in mice.?® For
PRDM16, the two non-protein-encoding transcript isoforms -209 and -202 were induced by more than 2
logz-fold whereas the other isoforms, including protein-encoding ones, were down-regulated. Collectively,
these data obtained from pheochromocytoma patients indicate that the browning of human adipose tissue
is associated with major changes in the alternative splicing of key master factors controlling the brown/
beige adipogenic processes.

DISCUSSION

We herein report the non-biased transcriptomics analysis of adipose tissue from patients with pheochro-
mocytoma. This condition can be used as a model of human adipose tissue browning, and allowed us to
identify differential splicing control as strongly associated with the ability of human adipose tissue to ac-
quire a thermogenic brown/beige phenotype.

Our whole-genome gene expression profiling of adipose tissue from pheochromocytoma patients
confirmed the intense browning of adipose tissue in the visceral compartment of these individuals. This
is believed to reflect chronic exposure to high levels of tumor-secreted norepinephrine, which mimics
the sympathetic stimulation of fat to elicit browning. Historically, research on adipose tissue from pheo-
chromocytoma patients led to the discovery that human adipose tissue can express UCPT mRNA when
acquiring brown fat features.'” Subsequent studies on cellular morphology, ' gene expression,®
coupled mitochondrial activity'” confirmed the appearance of substantial amounts of brown adipocyte-like
cells, likely of the beige/brite type, in formerly white fat visceral depots of these patients. Our study estab-
lishes in a non-biased manner that this browning process is associated with an overall induction of genes
related to enhanced mitochondrial thermogenesis and lipid and carbohydrate catabolic pathways, and an
overall reduction of pro-inflammatory pathways. These findings are consistent with existing concepts
regarding the phenotypic features of thermogenic adipose tissue.”?® In humans, a higher presence of ther-
mogenic cells in visceral relative to subcutaneous fat was suggested years ago on the basis of UCP1 expres-
sion,*” and recent data based on single nuclei transcriptome analysis identified a thermogenic adipocyte
cell population in humans only in the visceral depot.”® Moreover, a case of massive brown adipose tissue
infiltration-with functional evidenced of metabolic activity on the basis of PET-scan assays-was reported in
the visceral adipose tissue depotin a patient with type 2 diabetes with a catecholamine-secreting paragan-
glioma,* indicating that human visceral adipose tissue holds an unprecedented potential for brown
adipogenic differentiation. Overall, the appearance of a large number of adipocytes showing a whole
pattern of brown phenotype in omental adipose tissue from patients with pheochromocytoma is consistent
with the pre-existent population of thermogenic adipocytes in the visceral adipose compartment.

2% and un-

By using pheochromocytoma-associated browning of adipose tissue in humans as a model, we revealed
that splicing-driven processes may be important for browning. The massive downregulation of splicing-
related machinery components, with a few up-regulated exceptions, was also found in rodent and human
cell-autonomous models of adipocyte browning.

In recent years, the relevance of alternative splicing has been recognized in adipose tissue pathophysi-
ology.*” Impaired splicing in preadipocytes was recently reported to be essential for pathologically altered
preadipocyte differentiation in obesity” but the specific role of splicing processes in the program of
thermogenic differentiation (i.e., the acquisition of a brown/beige phenotype) is not well understood. Scat-
tered reports in mouse models have indicated that brown adipogenesis is associated with downregulation
of the splicing factors and regulators Ksrp," Nova 44% ,*® Sprk1,*” and Acin1°°; loss- and gain-of-function
experiments supported the notion that these factors repress brown and beige adipogenesis. A recent
study in which beige adipogenesis was enhanced in vitro by knocking down the long non-coding RNA,
Ctcflos, found that there was a concomitant and massive induction of splicing machinery components
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and splicing regulating factors (44 up-regulated, 9 down-regulated from the 140 analyzed),”'further sup-
porting the idea that there is an overall reciprocal relationship between the expression of splicing-related
factors and the process of brown/beige adipogenesis.

We observed a few but remarkable exceptions to this relationship, such as ELAVL3 and ELAVL4, which were
positively associated with browning. These genes encode members of the ELAVL family of RNA-binding
proteins (also called Hu proteins), which are known to stabilize mRNAs and control alternative splicing
to regulate gene expression.”’ElavlT has been reported to act as a negative regulator of WAT browning
in rodent models,”>which is consistent with our observation that it is down-regulated in BAT from pheo-
chromocytoma patients and in cellular models of human brown/beige adipogenesis. Other studies have
indicated that ELAVL3 and ELAVL4 are involved in alternative splicing during neural development™>
and ELAVL3 is involved in the control of endocrine pancreatic function,”* >’ but their role in adipogenesis
is unknown. The expression of these splicing regulators was found to be up-regulated in association with
browning in pheochromocytoma patients, in rodent models of adipose browning in vivo, and in human cell
models of brown adipogenic differentiation in vitro. Further research is warranted to explore the potential
positive impact of these ELAVL family members on brown/beige adipocyte gene expression via the control
of alternative splicing processes.

Our data reveal that altered splicing is substantially associated with the pattern of transcript isoforms ex-
pressed during human adipose browning, especially for molecular regulators of lipid and carbohydrate
metabolism. Thus, we speculate that alternative splicing processes are involved in remodeling adipose tis-
sue enzymatic properties toward the metabolic and thermogenic features characteristic of human brown/
beige adipose tissue. Moreover, previous candidate-driven studies in rodent models recognized that
genes encoding master factors involved in the control of browning, such as PRDM16"° and InsR,*® are
expressed differentially because of alternative splicing-driven mechanisms, leading to the synthesis of
protein isoforms that distinctly control adipose thermogenic functions. Our data support that browning
in humans is also associated with a re-arrangement of alternative splicing-driven transcript isoforms encod-
ing PRDM16 and InsR. Although browning in patients with pheochromocytoma did not increase InsR and
PRDM16 global expression, there is a trend to increased InsR-A (INSR-202)/InsR-B (INSR-201) isoform ratio,
and PRDM16-exon16 (PRDM16-206)/PRDN16+exon16é (PRDM16-201) in adipose tissue from patients
relative to controls, concordantly with the behavior of these isoforms described in experimental brown
adipocyte differentiation models.?®*” Moreover, other critical enzymatic factors involved in the specialized
metabolic machinery of thermogenic brown/beige adipocytes (as shown in Figure é) are strongly affected
by alternative splicing-driven differential expression of isoforms during human adipose tissue browning.

Collectively, our data suggest that the splicing process modifications associated with a browned pheno-
type of adipose cells may act via direct modification of the enzymatic machinery involved in metabolic
and thermogenic functions and/or more indirectly by affecting the isoform expression patterns of master
regulators of browning, which would then induce the enzymatic machinery of brown/beige adipocytes.

Recent years have witnessed intense developments in drug design efforts to modify splicing as a potential
tool for treating cancer and other diseases.”® Here, we demonstrate that splicing may play an important
role in human adipose browning. Further research is warranted to explore whether splicing-modifying
drugs could be used to target and promote the browning of thermogenic adipose tissue to improve
obesity and associated diseases.

Limitations of the study

The current study has several limitations to be considered. The analysis of adipose tissue in pheochromo-
cytoma patients has been used for decades as a model of human adipose browning in response to adren-
ergic stimulation, in light of the intrinsic difficulties of intervention strategies to address adipose tissue
browning in humans. However, pheochromocytoma is ultimately a pathological condition, and the events
associated with the acquisition of a brown/beige phenotype in adipose tissue found in patients cannot be
ruled out to involve pathogenic-related signaling, distinct from the actual physiological events controlling
human adipose tissue browning. Other issues include relatively small sample size and potential variability
over patients’ clinical features, and a lack of functional studies that allow one to establish cause-and-effect
conclusions regarding the role of alternative splicing. Moreover, the present results should be considered
within the context of the high complexity and intricacy of splicing processes, with dozens of splicing factors
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and regulators involved, which makes unfeasible in practical terms a comprehensive experimental target-
ing of each for determining functional consequences. However, the current study can help to prioritize
selected sets of molecular actors related to the control of splicing to undertake gain- and loss-of-function
experimental approaches to determine their precise role on human adipose browning.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Human omental adipose tissue biopsies

Hospital del Mar; Hospital de la Santa

Creu i Sant Pau (Barcelona)

https://www.parcdesalutmar.cat/en/hospitals/
hospital-del-mar/; https://www.santpau.cat/
en/web/public

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s Medium
(DMEM):F-12
Fetal Bovine Serum (FBS)

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#SCM162

Cat#F7524

Critical commercial assays

Spurr Low Viscosity Embedding Kit
TagMan™ Reverse Transcription Reagents
Platinum™ Quantitative PCR SuperMix-UDG
w/ROX

NucleoSpin® RNA

Merck
Thermo Fisher Scientific

Thermo Fisher Scientific

Macherey-Nagel

Cat#EM0300-1KT
Cat#N8080234
Cat#11743500

Cat#740955.250

Deposited data

Unprocessed RNA-sequencing data

Human reference genome GENCODE build
38, GRCh38.p12

Raw RNA-Sequencing data — Cold-exposed
mice

Raw microarray data — SGBS cells

Raw RNA-Sequencing data — H9 hESC and
KOLF2-C1 iPS

This paper; Zenodo

Harrow et al.”?

Xue et al.**

Kalkhof et al.*®

Carobbio et al.”®

https://doi.org/10.5281/zenodo.7314338
RRID: SCR_01496; https://www.

gencodegenes.org

GEO: GSE13432

GEO: GSE123385
GEO: GSE168387

Experimental models: Cell lines

Human: Simpson-Golabi-Behmel syndrome
(SGBS) cells

ATCC

RRID: CVCL_GS28; Cat#ATCC® PCS-210-010

Oligonucleotides

TagMan™ gene expression probes (see
Table S7 for a complete list)

Thermo Fisher Scientific

See Table S7

Software and algorithms

FastQC v0.11.8

Salmon v1.1.0

DESeq2 v1.24.0

g:Profiler ve108_eg55_p17_9f356ae

Rv4.2.0
RStudio v2022.06.2

Babraham Bioinformatics

Patro et al.®°

Love et al.®’

Raudvere et al.?

R Project
Posit

RRID: SCR_01458; https://www.
bioinformatics.babraham.ac.uk/projects/

fastqc/

RRID: SCR_017036; https://combine-lab.
github.io/salmon/

RRID: SCR_015687; https://bioconductor.org/
packages/release/bioc/html|/DESeq2.html

RRID: SCR_006809; https://biit.cs.ut.ee/
gprofiler/

RRID: SCR_001905; https://www.r-project.org/
RRID: SCR_000432; https://posit.co/products/

open-source/rstudio/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GraphPad Prism v8.0.1 GraphPad Software RRID: SCR_002798; https://www.graphpad.
com/

Other

HiSeq 2000 sequencer lllumina; DNAvision (Brussels) https://www.illumina.com/

7500 Real-Time PCR System Thermo Fisher Scientific Cat#4377354

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Rubén Cereijo (rcereijo@ub.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The raw transcriptomics data reported in this study cannot be deposited in a public repository because
of private company ownership. To request access, contact DNAVision (Brussels, Belgium; infos@
dnavision.be). In addition, unprocessed RNA-sequencing count data have been deposited at Zenodo
and are publicly available as of the date of publication. DOl is listed in the key resources table. This paper
analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key
resources table. All other data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Adipose biopsies and processing

Omental adipose tissue was obtained from patients of Caucasian ethnicity with pheochromocytoma during
surgical removal of the tumors (N = 8), and from age- and ethnicity-matched control individuals (N = 4) on
the occasion of minor unrelated surgical procedures, as previously described.'® The procedures was per-
formed in accordance to the Declaration of Helsinki and approved by the medical ethics committees of the
Hospital del Mar and Hospital de la Santa Creu i Sant Pau (Barcelona). Informed consent was also obtained
from all individuals; the characteristics of those whose samples were used for RNA-seq analysis are shown in
Table Sé6. Upon extraction, biopsies were immediately rinsed with sterile saline and snap-frozen in liquid
nitrogen. Frozen biopsies were stored at —80°C until RNA isolation. For biopsies from individuals with
pheochromocytoma, prior to freezing, a ~50 mg fragment was isolated in situ with a sterile scalpel, fixed
in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), and postfixed in 1%
osmium tetroxide and 0.8% FeCNK in phosphate buffer. After dehydration in a graded acetone series, tis-
sue samples were embedded in Spurr resin (Merck, Darmstadt, Germany). Ultrathin sections were stained
with uranyl acetate and lead citrate and examined by transmission electron microscopy (JEOL 1010, Izasa
Scientific, L'Hospitalet delLlobregat, Spain).

SGBS cell culture

SGBS preadipocytes (ATCC Cat# PCS-210-010, RRID:CVCL_GS28) were cultured as previously
described.*? Briefly, SGBS cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM):F12
medium (Thermo Fisher Scientific, Waltham, MA, USA) plus 10% fetal bovine serum (FBS; Thermo Fisher
Scientific). When cultures reached confluence, adipogenic differentiation was induced by incubation for
7 days in FBS-free medium containing 20nM insulin, 0.2nM triiodothyronine, 100nM cortisol, 25nM dexa-
methasone, 500 pM 3-isobutyl-1-methyl-xanthine, and 2 uM rosiglitazone (Merck, Darmstadt, Germany).
The cells were then switched to DMEM:F12 plus 20nM insulin, 0.2nM triiodothyronine, and 100nM cortisol,
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and maintained for up to 14 days, during which time more than 90% of the cells acquired a fully-differen-
tiated multilocular adipocyte morphology. The utilized cell culture reagents were obtained from Sigma. For
the time-course differentiation analyses, SGBS cells at the preadipocyte (DO0), shortly after adipogenic
induction (D7), and fully differentiated (D14) stages were used. For each time point (n = 3) inverted optic
microscopy pictures were taken to visually monitor differentiation, and cells were harvested by removal
of medium followed by scraping and RNA extraction was performed as described above.

METHOD DETAILS

RNA isolation and RNA-sequencing

Tissue fragments (~150 mg) of adipose biopsies from controls and pheochromocytoma patients were
homogenized using a metal bead-based mechanical procedure in a TissuelLyser (QIAGEN, Dusseldorf,
Germany). Total RNA was isolated from tissue homogenates using a NucleoSpin RNA kit (Macherey-
Nagel, Dueren, Germany) following the manufacturer’s protocol. mRNA was purified from 2pg of total
RNA using oligo-dT beads; it was then fragmented, retrotranscribed with random primers, and subjected
to second-strand synthesis to create double-stranded cDNA fragments. Adaptor ligation, purification of
200-base pair cDNA fragments, amplification of the purified fragments, and library preparation were per-
formed as previously reported by our laboratory.®* Before sequencing, the RNA integrity number (RIN) of
each sample was determined using an Agilent Bioanalyzer 2100; samples with RIN > 7.5 were used for
RNA-sequencing. The cDNA library quality and quantity were further analyzed as previously described.®*
Libraries yielding satisfactory results were sequenced on an Illumina HiSeq 2000 sequencer (DNAvision,
Charleroi, Belgium). The average reads per sample was 45 million; this level of coverage was previously
shown to provide sufficient sequencing depth for gene expression quantification and transcript
6> Quality control of reads was performed using FastQC (version 0.11.8; bio-
informatics.babraham.ac.uk/projects/fastqc). Gene expression was quantified in TPM units (transcripts
per million) using Salmon version 1.1.0°° with the additional parameters “~ seqBias — gcBias — validateMap-
pings”. GENCODE version 31 (GRCh38.p12) was used as the reference genome™ and indexed using
default parameters; this resulted in 175,775 transcripts corresponding to 35,183 genes. Raw count datasets
for each gene and individual transcript expression are available at the Zenodo repository (CERN Data Cen-
ter, Geneva, Switzerland; see “data and code availability” section). Differential expression analysis be-
tween control and pheochromocytoma adipose samples was conducted using DESeq2 version 1.24.0.°
For each gene and transcript isoform, log, fold change (log,(FC)) values were calculated, and the unpaired
Wald test was used to evaluate differential expression. A gene was considered to be differentially ex-
pressed between the groups when it met the criteria of log,(FC) > ]0.585| (i.e., FC = |1.5|) and adjusted
p-value < 0.05 with Benjamini-Hochberg correction.

detection.

Analysis of correlation with UCP1 expression

Expression values of UCP1 were retrieved from the generated RNA-seq datasets and Pearson’s correlation
analyses were performed against the levels of all other detected transcripts using R 4.2.0. The threshold for
statistically significant correlation was set at p< 0.05, yielding r values > [0.70].

Functional enrichment analysis

Lists of genes that were differentially expressed between control and pheochromocytoma samples (up-
and down-regulated) or significantly correlated with the UCP1 expression level (positively and negatively)
were retrieved and imported into g:Profiler (biit.cs.ut.ee/gprofiler/gost).? Functional enrichment analyses
to identify relevant KEGG and REACTOME-listed pathways were performed as ordered queries with all
known genes; statistical significance was accepted at adjusted pvalue <0.05 (with Benjamini-Hochberg
correction). For each pathway, the number of genes detected (intersection size), rich factor (intersection
size/number of genes listed for each specific pathway) and pvalues were retrieved in tabular format; the
top results for each in terms of size were visualized as scatter bubble plots using R 4.2.0 in R Studio (Boston,
MA, USA).

Comparative omics analyses

Transcriptional molecular signatures previously used to define BAT or WAT phenotypes in humans?®-?’

were assessed in our dataset. Specific brown- and white-associated scores (Bscore and Weeore, respectively)
were calculated for each experimental sample. Briefly, normalized expression values (TPM) of each of the 98
BAT-selective and 21 WAT-selective genes listed in Perdikari et al.”® were retrieved from our RNA-seq data
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in each of the 3 control and 4 pheochromocytoma individually. Then, for each individual adipose sample, a
summatory or TPM values of all transcripts corresponding to either BAT-selective or WAT-selective genes
were separately calculated, resulting in the designated brown (Bgcore) OF White (Wscore) adipose tissue cu-
mulative signature scores. The same approach was conducted using the 20 BAT- and 20 WAT-selective
gene lists identified by Jespersen et al.”” Comparisons of these scores, generation of their ratio between
control and pheochromocytoma-derived samples, and correlations among the scores were used to identify
the brown or white signature of each sample.

Microarray data from white adipose tissue of cold-exposed (4°C, 1 week) or thermoneutrally-housed (30°C)
wild-type C57/Bl6 male mice was retrieved from gene expression omnibus (GEO) dataset GSE13432.%
Expression levels of selected splicing-associated proteins were calculated as the mean of the detection
values for all probes covering the expression of each specific transcript. Values were expressed as the
fold change relative to thermoneutrality and significant between-group (cold vs. neutral temperature) dif-
ferences were identified (two-tailed unpaired t test; p<0.05).

Transcriptomics data from three in vitro models of human brown/beige adipocyte differentiation were also
retrieved from GEO: 1) microarray data from SGBS cells at three different stages of differentiation (days O,
7,and 14; n = 1-2 each; GSE123385)°°: 2) differentiation time-courseRNA-seq data representing the brown/
beige adipogenesis of human embryonic stem cells (H? hESC, day 0-30; n = 3 each); and 3) differentiation
time-course RNA-seq data representing the brown/beige adipogenesis of human inducible pluripotent
stem cells (KOLF2-C1 iPS, day O to day 25, n = 3 each; GSE168387).2° Mean expression data of selected
transcripts of interest for each time point and model were retrieved, calculated, expressed in terms of
fold induction from DO, and represented as heatmaps of relative transcript levels using R.

RT-qPCR

The expression levels of genes of interest were quantified by real-time reverse transcriptase polymerase
chain reaction (RT-gPCR). RNA was retrotranscribed into cDNA using 0.5 pg of total RNA, random hexamer
primers, and Multiscribe reverse transcriptase (TagMan Reverse Transcription Reagents; Thermo Fisher
Scientific) following the manufacturer’s protocol. Platinum Quantitative PCR SuperMix-UDG with ROX re-
agent (Thermo Fisher Scientific) master mix was used in a final volume of 20 pL containing TagMan probes
specific for each gene (see Table S7), as established by the supplier. RT-gPCR amplification was performed
and monitored in an ABI 7500 Real-Time PCR System (Thermo Fisher Scientific). The expression of each
target gene was normalized to that of the housekeeping gene, RPLPO.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analyses during bioinformatics procedures were performed as described above. PCA was
conducted and plotted with the pca function of R. Comparisons between two experimental conditions
were assessed using two-tailed unpaired Student’s t tests, as applied using GraphPad Prism 8.0.1 (San
Diego, CA, USA), while comparisons among three conditions were performed with one-way analysis of
variance (ANOVA) followed by Tukey's post-hoc test. Correlation between variables was assessed using
Pearson’s method, as applied using R or Prism. The threshold of statistical significance for all analyses
was set at p< 0.05. Unless otherwise specified, all data are presented as means + statistical error of the
mean (SEM).
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