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Abstract: Understanding the intricate molecular mechanisms governing the fate of human adipose-
derived stem cells (hASCs) is essential for elucidating the delicate balance between adipogenic and
osteogenic differentiation in both healthy and pathological conditions. Long non-coding RNAs (lncR-
NAs) have emerged as key regulators involved in lineage commitment and differentiation of stem
cells, operating at various levels of gene regulation, including transcriptional, post-transcriptional,
and post-translational processes. To gain deeper insights into the role of lncRNAs’ in hASCs’
differentiation, we conducted a comprehensive analysis of the lncRNA transcriptome (RNA-seq)
and translatome (polysomal-RNA-seq) during a 24 h period of adipogenesis and osteogenesis.
Our findings revealed distinct expression patterns between the transcriptome and translatome during
both differentiation processes, highlighting 90 lncRNAs that are exclusively regulated in the polyso-
mal fraction. These findings underscore the significance of investigating lncRNAs associated with
ribosomes, considering their unique expression patterns and potential mechanisms of action, such as
translational regulation and potential coding capacity for microproteins. Additionally, we identified
specific lncRNA gene expression programs associated with adipogenesis and osteogenesis during
the early stages of cell differentiation. By shedding light on the expression and potential functions
of these polysome-associated lncRNAs, we aim to deepen our understanding of their involvement
in the regulation of adipogenic and osteogenic differentiation, ultimately paving the way for novel
therapeutic strategies and insights into regenerative medicine.
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1. Introduction

Human adipose-derived stem cells (hASCs) offer an accessible and ethically permis-
sible source for studying stem cell biology and exploring their potential applications in
cell therapy and regenerative medicine. These cells, easily isolated from adipose tissue,
possess the remarkable ability to differentiate into various mesenchymal tissues such as fat
(adipogenesis), bone (osteogenesis), and cartilage (chondrogenesis) [1]. Extensive research
efforts have greatly contributed to our understanding of hASCs’ differentiation, shedding
light on the underlying mechanisms and providing valuable insights into stem cell biology.

The differentiation process of hASCs is typically divided into two stages: lineage
commitment, where stem cells transition into specific progenitor cells, and maturation,
where progenitor cells differentiate into mature somatic cell types. These processes in-
volve a complex interplay of biological factors, signaling pathways, and gene regulatory
programs operating at multiple levels, including transcriptional, post-transcriptional, and
post-translational regulation [2,3]. It is crucial to maintain a delicate balance between
adipogenic and osteogenic differentiation, as the factors promoting adipogenesis directly
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inhibit osteogenesis, and vice versa. Imbalances in this equilibrium have been associated
with various health conditions and diseases [4,5]. For instance, in osteoporosis patients,
increased adipogenesis in the bone marrow is correlated with decreased trabecular bone
volume [6]. Therefore, understanding and controlling the adipo-osteogenic fate of hASCs
have significant implications in both physiological and pathological contexts.

Long non-coding RNAs (lncRNAs) have emerged as a significant class of regulatory
RNA molecules involved in various biological processes, including transcription, splicing,
chromatin regulation, X chromosome inactivation, telomere length regulation, cell pro-
liferation, and the self-renewal and differentiation of stem cells. Additionally, lncRNAs
have shown promise as specific biomarkers for different conditions and diseases [7–11].
These transcripts exert their regulatory functions both in the nucleus and in the cytoplasm,
where they can form complexes with RNA-binding proteins (RBPs) and also regulate tran-
scription, translation, and mRNA stability or degradation [12]. Notably, lncRNAs have also
been found to interact with microRNAs (miRNAs) through complementary base pairing,
thus acting as competitive endogenous RNAs (ceRNAs) that sequester miRNAs and prevent
their binding to target mRNAs [13]. Intriguingly, despite being classified as non-coding
RNAs, certain lncRNAs have been found to associate with ribosomes and polysomes, and
some of them even possess small open reading frames (smORFs) that encode microproteins
consisting of fewer than 100 amino acids [14,15]. This discovery has given rise to a new field
of research dedicated to identifying and characterizing these smORFs within lncRNAs and
investigating their potential roles as micropeptides. In light of this, given that polysomes
constitute a dynamic structure facilitating the translation of RNA molecules into multiple
proteins, a more thorough analysis of the association of these non-coding RNAs with such
structures is imperative.

Several lncRNAs have been previously implicated in the regulation of adipogenic
and osteogenic differentiation of mesenchymal stem cells, including lncRNAs associated
with ribosomes [16,17]. For instance, the lncRNA HOTAIR has been shown to interact
with Polycomb Repressive Complex 2 (PRC2), thereby regulating adipogenic-related genes
crucial for lineage commitment [18]. The lncRNA MIR99HG has also been identified as
an enhancer of adipogenesis through the targeting of miR-29b-3p and subsequent regula-
tion of PPARγ [19]. Conversely, certain lncRNAs have been found to inhibit adipogenic
differentiation, such as GAS5, which exerts its effects by sequestering miR-21a-5p and
thereby modulating the PTEN pathway to impede adipogenesis [20]. Interestingly, GAS5
has also been implicated as a positive regulator of osteogenic differentiation by modulat-
ing the FOXO1 and p38/JNK pathways [21,22]. Additionally, the lncRNA H19 has been
shown to exhibit increased expression in response to mechanical tension in human mes-
enchymal stem cells (hMSCs), promoting osteogenesis through the miR-138/FAK axis [23].
While some mechanistic insights have been proposed to elucidate lncRNA regulation dur-
ing cell differentiation, further research is warranted to fully comprehend the intricate and
multifaceted functions of these molecules.

In this study, we employed various bioinformatic analyses on our previously published
dataset [3,24] to investigate and validate a specific lncRNA gene expression program asso-
ciated with early adipogenesis and osteogenesis during cell differentiation. This lncRNA
program was discernible at both the transcriptome and translatome levels, underscoring
the significance of polysome-associated lncRNAs and their potential roles as competing
endogenous RNAs (ceRNAs) and microprotein producers. Thus, our findings shed light
on a previously concealed aspect by revealing that a majority of the identified lncRNAs are
exclusively associated with polysomes.

2. Results
2.1. LncRNA Expression after 24 h of Adipogenesis and Osteogenesis Induction

To determine the expression profile of lncRNAs in hASCs during the initial stages of
adipogenesis and osteogenesis differentiation, hASCs were isolated from adipose tissue
obtained from patients undergoing liposuction surgery. Subsequently, adipogenic and
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osteogenic differentiation were triggered for 24 h followed by a polysome profiling assay
and RNA isolation. We performed bulk RNA sequencing on the total (transcriptome) and
polysomal (translatome) fractions, and the data were subjected to bioinformatic analysis
and subsequent predictions and validations (Figure 1A).
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Figure 1. Expression profile of long non-coding RNAs following 24 h of adipogenic and osteogenic
differentiation. (A) Schematic representation of lncRNA transcriptome and translatome of human
adipose-derived stem cells (hASCs) during adipogenesis and osteogenesis. hASCs were isolated from
freshly obtained subcutaneous adipose tissue of female patients (n = 3) after liposuction surgery. hASCs
were subjected to adipogenic and osteogenic induction for 24 h, followed by polysome profiling and
RNA isolation for next-generation sequencing (RNA-seq) and bioinformatics analyses. (B,E) Volcano
plots depicting the differentially expressed lncRNAs in the total fraction after adipogenesis (red) and
osteogenesis (blue) induction, respectively. (C,F) Volcano plots illustrating differentially expressed
lncRNAs in the Polysomal fraction after adipogenesis (dark red) and osteogenesis (dark blue) induction,
respectively. (D,G) Heatmap displaying the average normalized counts of differentially expressed lncR-
NAs in the total and polysomal fractions of undifferentiated hASCs and those undergoing adipogenesis
and osteogenesis, respectively. CT: undifferentiated hASCs (control cells), ADIPO: hASCs undergoing
adipogenesis, OSTEO: hASCs undergoing osteogenesis. TOTAL and POLY represent the total fraction
and polysomal fraction, respectively.
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Using our stringent cutoff criteria (see Section 4), we identified a total of 60 and 72 dif-
ferentially expressed lncRNAs (DELs) after adipogenic induction in the total and polysomal
fractions, respectively. Among these, 44 lncRNAs showed up-regulation and 16 lncRNAs
exhibited downregulation in the total fraction, while 35 lncRNAs were upregulated and
37 lncRNAs were downregulated in the polysomal fraction (Figure 1B,C). Notably, we
identified previously documented adipogenesis-related lncRNAs, including NEAT1 [25,26]
and HOTAIR [27] (Supplementary Tables S2 and S3).

Following 24 h of osteogenic induction, we detected 37 DELs in the total fraction and
65 DELs in the polysomal fraction. Specifically, 24 lncRNAs were upregulated and 13 lncR-
NAs were downregulated in the total fraction, while 45 lncRNAs were upregulated and
20 lncRNAs were downregulated in the polysomal fraction (Figure 1E,F). Additionally, we
identified lncRNAs associated with osteogenic differentiation, such as HHIP-AS1 [28] and
H19 [29] (Supplementary Tables S4 and S5). Heatmaps displaying the average expression of
transcriptome and translatome DELs in undifferentiated (control) and induced conditions
are presented in Figure 1D,G. Collectively, these findings demonstrate distinct expression
patterns of lncRNAs in both the total and polysomal fractions following 24 h of adipogenic
and osteogenic induction.

2.2. Characterization of DELs Related to Adipogenesis and Osteogenesis

For a comprehensive understanding of these RNAs, we observed that the majority
of DELs belong to the long intergenic non-coding RNAs (lincRNAs) class, followed by
antisense lncRNAs, in both adipogenesis and osteogenesis, as well as in the total and
polysomal fractions (Figure 2A,B). When considering the specificity of expression in either
one (i.e., only total or only polysomal) or both fractions (i.e., common), we found that only
17.7% of upregulated DELs during the initial 24 h of adipogenesis are common between the
total and polysomal fractions. Conversely, 37.9% and 26.5% of the upregulated DELs are
exclusively present in the total and polysomal fractions, respectively (Figure 2C, left panel).
In the case of downregulated adipogenic DELs, 26.4% are common to both the total and
polysomal fractions, with only 3.77% exclusively detected in the total fraction and 43.3%
exclusively detected in the polysomal fraction (Figure 2C, left panel).

Similarly, after 24 h of osteogenesis induction, we identified that 18.8% of the upreg-
ulated DELs are common to both the total and polysomal fractions. Upregulated DELs
exclusively detected in the total fraction account for 15.9% of the identified transcripts,
while 46.3% are exclusively detected in the polysomal fraction (Figure 2C, right panel).
Regarding the downregulated osteogenic DELs, 21.2% are exclusive to the total fraction,
42.4% are exclusive to the polysomal fraction, and 18.1% are shared between both fractions
(Figure 2C, right panel). Collectively, these findings shed light on the significant number
of lncRNAs regulated at the polysomal level, which would be overlooked if only the total
fraction was analyzed.
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Figure 2. Classification of differentially expressed lncRNAs in the total and polysomal fractions
after 24 h of adipogenesis and osteogenesis. (A,B) Categories of classification for adipogenic and
osteogenic lncRNAs based on their genomic loci. These include lncRNAs that are antisense to
protein-coding genes, intergenic lncRNAs (lincRNA) located between protein-coding genes, pro-
cessed transcripts without open reading frames, lncRNAs located in intronic positions in the same
sense as protein-coding genes (sense_intronic), lncRNAs overlapping exons of protein-coding genes
(sense_overlapping), and transcripts awaiting experimental confirmation (TEC). (C) Venn diagrams
illustrating the expression patterns of lncRNAs exclusively in the total fraction, exclusively in the
polysomal fraction, and in both fractions following adipogenesis (represented in red) and osteogenesis
(represented in blue). “TOTAL” and “POLY” refer to the total and polysomal fractions, respectively.

For a comprehensive investigation and characterization of all DELs, we further ana-
lyzed the transcripts based on their fraction-specific location (i.e., only total, only polysomal,
and common). The fraction-specific lncRNAs involved in the initial stage of adipogenesis
(represented in red) exhibited a similar expression pattern, characterized by a significant
increase in the expression of lncRNAs exclusively detected in the transcriptome (only total
fraction). Interestingly, these RNAs were significantly shorter in length compared to the
common and exclusive polysome-associated lncRNAs (Figure 3A,B). In terms of GC content,
the lncRNAs exclusively associated with polysomes showed a significantly higher percent-
age compared to the common lncRNAs (Figure 3C). However, no significant difference was
observed in relation to the minimum folding energy (MFE) of these lncRNAs (Figure 3D).
Using coding potential prediction analysis, we identified six lncRNAs that were classified
as having encoded small open reading frames (smORFs). These included the cancer-related
lncRNAs DLEU2, SNHG7, and LINC01554 (found in only polysomal and common fractions,
respectively), the recently re-annotated lncRNA ENS00000269825 (common), the novel
lncRNA ENS00000267882 (only total), and the lncRNA DANCR (common) (Figure 3E).
Examining the presence of putative coding smORFs, we observed a higher number of
smORFs in the common fraction lncRNAs compared to the exclusive polysomal and total
fraction lncRNAs (Figure 3F). Analyzing all the in-frame smORFs, we determined an av-
erage size of approximately 37 amino acids (aa) for the putative micropeptides across all
fractions combined, 36 aa for the common lncRNAs, 37 aa for the exclusive total lncRNAs,
and 39 aa for exclusively polysome-associated lncRNAs (Figures 3G and S2A).
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Figure 3. Characterization of commonly expressed, transcriptome-exclusive, and translatome-exclusive
differentially expressed lncRNAs during 24 h of adipogenesis and osteogenesis. (A,H) Violin plots
comparing the normalized expression levels of commonly expressed, transcriptome-exclusive, and
translatome-exclusive DELs during adipogenesis and osteogenesis, respectively. (B,I) Boxplots compar-
ing the transcript length among the three categories during adipogenesis and osteogenesis, respectively.
(C,J) Comparison of the GC percentage between commonly expressed and exclusively expressed DELs
during adipogenesis and osteogenesis, respectively. (D,K) Cumulative distribution of the minimum free
energy (MFE) of commonly expressed, transcriptome-exclusive, and translatome-exclusive DELs during
the early stages of adipogenesis and osteogenesis, respectively. (E,L) Analysis of coding probability
prediction using CPC2 and CPAT for adipogenic and osteogenic DELs, respectively. (F,M) Identification
of smORFs within all the identified DELs using ORFfinder during adipogenesis and osteogenesis,
respectively. (G,N) Boxplots showing the average size of smORFs within adipogenic and osteogenic
DELs, respectively. Common: lncRNAs expressed in both the total and polysomal fractions; Only Poly:
lncRNAs exclusively expressed in the polysomal fraction; Only Total: lncRNAs exclusively expressed
in the total fraction. The color red represents adipogenesis, and the color blue represents osteogenesis.
Statistical significance: ns = not significant, * p < 0.05; ** p < 0.01; *** p < 0.001.
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Similarly, we analyzed the fraction-specific lncRNAs involved in the initial stage of
osteogenesis (represented in blue). The expression levels and GC content of these lncRNAs
exhibited a similar pattern between the fractions, with a slight but significant increase in
RNA length observed for the lncRNAs exclusively associated with the polysomal frac-
tion compared to the common lncRNAs (Figure 3H,J). Notably, a significant difference in
MFE was observed when comparing common and only polysomal DELs, which may be
attributed to the size differences of the lncRNAs in these classes (Figure 3K). By conducting
coding potential prediction analysis, we identified three lncRNAs that were classified
as having encoded smORFs. These included the aforementioned lncRNA DANCR (only
polysomal fraction) and LINC01554 (common fraction), as well as LINC00565 (only polyso-
mal fraction) (Figure 3L). The presence of putative coding smORFs displayed a different
pattern compared to adipogenesis-related smORFs, with a higher number of smORFs
observed in the exclusive polysome-associated lncRNAs compared to the common and
exclusive total lncRNAs (Figure 3M). Analyzing all the in-frame smORFs, we found an
average size of approximately 39 amino acids (aa) for the putative micropeptides across
all lncRNAs, 37 aa for the common lncRNAs, 42 aa for the exclusive total lncRNAs, and
39 aa for the exclusive polysome-associated lncRNAs (Figures 3G and S2B). These findings
highlight the lack of a consistent structural and expression pattern among fraction-specific
lncRNAs after adipogenic and osteogenic induction, posing a challenge in predicting their
functions and mechanisms of action.

2.3. Comparison between Adipogenic and Osteogenic DELs

Another crucial characteristic of lncRNAs is their tissue-specific expression, although
it remains uncertain whether this also holds true during the process of cell differentiation.
In this study, we compared the DELs at the onset of adipogenesis with those expressed at
the beginning of osteogenesis, and observed a distinct differentiation-specific expression
pattern between the two processes. Specifically, within the first 24 h of hASCs’ differentia-
tion, a specific gene expression program for lncRNAs associated with either adipogenesis
or osteogenesis was evident in both the total and polysomal fractions (Figure 4). The small
subset of commonly upregulated lncRNAs between adipogenesis and osteogenesis in the
total fraction accounted for only 15.3% of all identified DELs in the transcriptome, includ-
ing lncRNAs NAV2-AS5, LINC00968, and LINC01554. Likewise, the lncRNAs commonly
upregulated in the polysomal fraction constituted only 17.6% of all identified DELs in the trans-
latome. These included lncRNAs such as DANCR, LINC00968, and HOXC13-AS (Figure 4A).
Conversely, the lncRNAs commonly downregulated in both differentiation processes made
up only 16% of all DELs in the transcriptome. This set included lncRNAs like RP11-123O22.1
and APCDD1L-AS1. In the translatome, these common downregulated lncRNAs consti-
tuted a mere 7.5% of all DELs, including lncRNAs MYHAS and RP11-180C1.1 (Figure 4A).
Notably, among all the identified transcripts, only the polysome-associated lncRNA LINC01018
demonstrated up-regulation during the first 24 h of osteogenesis (log2FC: 1.71) and down-
regulation during adipogenesis (log2FC: −3.06) (Figure 4C). Based on these findings, it can
be concluded that the balance between adipogenic and osteogenic fate is tightly regulated
in the expression of both total and polysome-associated lncRNAs, indicating a potentially
important role for these lncRNAs in the determination of cell fate.
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Figure 4. Comparison of differentially expressed lncRNAs expressed during adipogenic and os-
teogenic induction in total and polysomal fractions. (A) Venn diagrams displaying the comparison
of adipogenic-related DELs (highlighted in red) and osteogenic-related DELs (highlighted in blue)
in the total and polysomal fractions. (B,C) Scatter plots representing the distribution of DELs in the
transcriptome and translatome, after 24 h of hASCs differentiation, respectively. Blue dots denote
DELs in osteogenic differentiation, red dots signify DELs in adipogenic differentiation, and orange
indicates common DELs during both osteogenesis and adipogenesis.

2.4. Polysomal LINC01018 during Early Osteogenesis and Adipogenesis

By comparing the upregulated and downregulated lncRNAs in both the total and
polysomal fractions during adipogenic and osteogenic differentiation, we specifically pin-
pointed the polysome-associated lncRNA LINC01018. It was found to be upregulated
during early osteogenesis (log2FC: 1.71) and downregulated during early adipogenesis
(log2FC: −3.06) (Figures 4C and 5A). To date, there is limited information available regard-
ing the function and mechanism of action of LINC01018 in normal cell physiology and stem
cell differentiation. However, this lncRNA has been implicated in various cancer types such
as glioma, colorectal cancer, hepatocellular carcinoma, and leukemia [30–32]. Additionally,
it has been shown to regulate the in vivo expression of metabolic genes in the liver [33].

As LINC01018 was exclusively identified as differentially expressed in the polyso-
mal fraction through both RNA-seq and RT-qPCR (Figures 5A and S3A), we conducted
polysome profiling on hASCs subjected to 24 h of osteogenic induction in the presence of
cycloheximide or puromycin to confirm its presence in the polysomal fraction. This analysis
aimed to investigate whether LINC01018 is directly associated with ribosomes/polysomes
or co-sedimenting with other high-molecular-weight complexes such as P-bodies and
complexes formed by RNA-binding proteins (RBPs) (Figure 5B). Using POLR2A as a
control gene, we were able to observe the transition of the transcript expression from
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the heavy polysome to the light polysome upon puromycin incorporation (Figure 5C).
In contrast, LINC01018 was predominantly identified in the light polysomal fraction, and
upon puromycin incorporation, there was no significant transition to the monosomal
and free fraction, despite a slight reduction in expression in the light polysome fraction
(Figures 5D and S3B). This suggests that LINC01018 may be co-sedimenting with other
large complexes, rather than directly associated or translated in the polysomes.
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Figure 5. Identification and functional prediction of polysomal LINC01018. (A) Comparison of
downregulated DELs exclusively identified in the polysomal fraction during adipogenesis and upregu-
lated DELs exclusively identified in the polysomal fraction during osteogenesis revealed the presence
of LINC01018. (B) Representative plot depicting the pattern of the polysome profiling assay con-
ducted after 24 h of osteogenesis induction with and without puromycin incorporation. (C,D) Reverse
transcription quantitative polymerase chain reaction (RT-qPCR) analysis demonstrating the polyso-
mal expression of RNAP2A and LINC01018 in the presence or absence of puromycin incorporation
(n = 3). (E) Predicted LINC01018-miRNA network displaying three distinct classes of miRNAs: those
with documented inhibitory effects on osteogenesis (blue), those associated with osteogenesis based on
publications (purple), and those without any registered publication regarding osteogenesis (yellow).
(F) Gene ontology analysis revealing that miR-128-3p mRNA targets are involved in biological functions
related to cell development, differentiation, and morphogenesis.
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Additionally, considering that this lncRNA may function as a competing endogenous
RNA (ceRNA), we constructed a network involving potential miRNAs that have comple-
mentary sequences with LINC01018. We identified 67 miRNAs (Figure 5E) and categorized
them based on existing literature into miRNAs associated with inhibition of osteogenesis
(blue), miRNAs mentioned in any osteogenesis-related publications (purple), and miRNAs
without any registered publication (yellow). Among the 19 miRNAs with documented
functions as inhibitors of osteogenesis, we focused on miR-128-3p. We conducted a search
for all target mRNAs of miR-128-3p among the protein-coding genes differentially expressed
in the polysomal fraction during early osteogenic induction. We identified 88 upregulated
mRNAs that are functionally related to system development, anatomical structure devel-
opment, morphogenesis, positive metabolic processes, and cell differentiation (Figure 5F).
Interestingly, a single target mRNA, CNR1 (log2FC: 9.2), was found to be common among
7 out of the 19 miRNAs (miR-128-3p, miR-194-5p, miR-203a-3p, miR-212-5p, miR-214-5p,
miR-221-3p, and miR-338-3p) known to have inhibitory effects on osteogenesis. The CNR1
gene encodes a cannabinoid receptor that has been previously reported to be upregulated
during osteogenesis and is a target of regulation by miRNAs within our network (e.g.,
miR-212-5p) [34]. Therefore, a potential mechanism of action for LINC01018 may involve
acting as a ceRNA that regulates the expression of CNR1 by sequestering specific miRNAs.

Despite the potential non-translation of this lncRNA (Figure 5D), we further ex-
plored its potential to encode and produce microproteins. Using the ORFfinder program
https://www.ncbi.nlm.nih.gov/orffinder/ (accessed on 2 November 2022), we identified
37 smORFs within LINC01018, each starting with a canonical start codon in the three read-
ing frames. We then manually examined the two largest predicted smORFs, both 86 amino
acids in length, which indicated the presence of potential microproteins located in the
nucleus and cytoplasm (Figure S3E). Interestingly, when we analyzed the entire sequence
of LINC01018 using the coding potential prediction tools CPC2 [35] and RNAsamba [36],
it was predicted to be a non-coding transcript (with scores of 0.07 and 0.03, respectively).
However, when we specifically analyzed the selected smORFs, only smORF2 was predicted
to have coding potential (with scores of 0.51 and 0.76, respectively).

3. Discussion

In this study, we aimed to investigate the transcriptional and translational profiles
of lncRNAs during adipogenesis and osteogenesis of human adipose-derived stem cells
(hASCs). Understanding the molecular mechanisms underlying the commitment of stem
cells to adipocytes is crucial for gaining insights into obesity and related metabolic disorders.
Mesenchymal stem cells (MSCs) have been shown to play a significant role in obesity and
body weight regulation. Recent research by Yang et al. provided a comprehensive single-
cell atlas of adipose tissue and skeletal muscle, highlighting the importance of MSCs
in tissue adaptations associated with obesity and exercise in mice. Pathways related to
extracellular matrix remodeling and circadian rhythm were found to be regulated by MSCs
in response to a high-fat diet and exercise [37]. Numerous studies are currently investigating
the regulatory functions of lncRNAs in obesity development, adipogenesis, and the impact
of physical activity on lncRNA expression and regulation [38–41]. Additionally, Martinez
et al. reported the existence of thousands of unannotated small open reading frames
(smORFs) within protein-coding genes and lncRNAs in mouse adipocytes. These smORFs
encode microproteins, including one with orexigenic activity in obese mice [42].

These findings underscore the importance of studying the translatome of differentiat-
ing stem cells and adipocytes to enhance our understanding of adipose tissue development
and metabolic diseases like obesity, as well as to identify novel therapeutic strategies.
Similar considerations apply to bone-related disorders, including osteoporosis, osteopenia,
and osteonecrosis, which affect a large population worldwide [43,44].

Significant progress has been made in recent years in understanding the functions and
mechanisms of lncRNAs. By manually curating the literature on the lncRNAs identified in
our study, we observed that 52% of the lncRNAs in the total fraction and 65% of the lncRNAs
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in the polysomal fraction during early adipogenesis are discussed in at least one published
scientific article, with many of them being implicated in various types of cancer. Similarly, for
osteogenic differentiation, we found that 51% of the lncRNAs in both the total and polysomal
fractions have related scientific articles. These findings highlight the potential importance of
certain lncRNAs in the differentiation process of hASCs and in other conditions.

For instance, Chen et al. proposed a significant role for LINC02202 (RP11-175K6.1)
in adipogenesis of hASCs. Through a bioinformatic analysis, they demonstrated that
LINC02202 could function as a competing endogenous RNA (ceRNA), regulating PIK3R1
and FOXO1 by sequestering miR-136-5p and miR-381-3p, respectively [45]. The PI3K
signaling pathway has been known to play a crucial role in adipogenic induction of stem
cells [46]. In our study, we observed differential expression of LINC02202 in both the
total (log2FC: 2.5) and polysomal (log2FC: 1.58) fractions during early adipogenesis, and
only in the polysomal fraction during early osteogenesis (log2FC: 2.19). Additionally,
Chen et al. also reported increased expression of adipogenic-related lncRNAs, such as
SH3RF3-AS1, LINC01554, OSER1-DT, and LINC01914. Consistent with their findings, our
data confirm the polysomal expression of LINC01554 and SH3RF3-AS1. In a recent study, Na
et al. elegantly demonstrated the microprotein coding capacity of antisense MAP3K4-AS1
(RP3-428L16.2). This lncRNA encoded a nuclear microprotein of 92 amino acids potentially
involved in DNA replication and maintenance as it co-immunoprecipitated with MCM
complex proteins (i.e., MCM2, MCM4, MCM5, and MCM7) and PARP1 [47]. However,
the function of this lncRNA and microprotein during stem cell differentiation remains
unknown. In our study, we observed an increased expression level of MAP3K4-AS1 in both
the total (log2FC: 2.53) and polysomal (log2FC: 2.28) fractions during early adipogenesis,
suggesting enhanced translation and potential microprotein production and function.

Chen et al. demonstrated the downregulation of LINC01119 during adipogenesis of
hASCs. This lncRNA exhibited co-expression with the PTPRB gene, and overexpression
of PTPRB inhibited adipogenic differentiation and reduced the expression of adipogenic-
related markers [45,46]. Consistent with these findings, we also observed the downregula-
tion of LINC01119 in both the total (log2FC: −3.26) and polysomal (log2FC: −2.28) fractions
during adipogenesis, but not during osteogenesis. Interestingly, decreased expression of
LINC01119 was also observed during osteogenic differentiation of bone-marrow mesenchy-
mal stem cells (BMSCs) at 24 h, 48 h, and 72 h of induction. Knockdown and overexpression
of LINC01119 significantly promoted and reduced osteogenesis, respectively, along with
the expression of osteogenic-related genes [48]. Collectively, these results highlight the
critical role of LINC01119 in the adipogenic and osteogenic differentiation processes of
mesenchymal stem cells.

The lncRNA ZFAS1 has been previously implicated in interactions with the ribo-
somal machinery and has a potential smORF that may encode a microprotein [49–52].
In our study, we observed exclusive downregulation of ZFAS1 in the polysomal fraction
(log2FC: −1.69) during osteogenic induction. Wu et al. reported a significant decrease in
ZFAS1 expression during osteogenic differentiation of BMSCs at day 1, 3, 7, and 18, while
ZFAS1 levels only appeared to increase at day 3 of adipogenic differentiation [53]. Similarly,
we demonstrated the exclusive downregulation of the lncRNA SNHG8 in the polysomal
fraction (log2FC: −1.58) during osteogenic induction. Reduction of SNHG8 expression
in periodontal ligament stem cells (PDLSCs) promoted osteogenic differentiation under
mechanical force, leading to a significant increase in the expression of osteogenic-related
genes [54]. Recent studies have described SNHG8 as a translated lncRNA with a coding
smORF that generates a microprotein localized in the mitochondria [51,55]. However, the
exact function and mechanism of action of this microprotein are still unknown.

Previously, another lncRNA named MSC-AS1 was found to associate with ribosomes
in hASCs, and was also suggested to have a smORF encoding a potential microprotein [51].
In our study, we observed downregulation of MSC-AS1 during the early stages of os-
teogenesis in both the total (log2FC: −1.66) and polysomal (log2FC: −1.63) fractions.
However, Zhang et al. demonstrated a significant and progressive increase in MSC-AS1
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expression during osteogenic differentiation of BMSCs, particularly at days 7 and 14
compared to day 0. They also showed that MSC-AS1 induces osteogenesis through the miR-
140-5p/BMP2/Smad axis [56]. Similarly, the expression level of the lncRNA LINC01133
(PAGBC) was shown to significantly increase during osteogenic differentiation of hASCs
under hydrostatic pressure. LINC01133 acts as a sponge for miR-133b and regulates RUNX2
expression [57]. Additionally, LINC01133 expression progressively increased during os-
teogenic differentiation of human PDLSCs and acts by regulating the miR-30c/BGLAP
axis [58]. In our study, we observed the downregulation of LINC01133 in both the total
(log2FC: −2.02) and polysomal (log2FC: −2.36) fractions during the early stages of osteoge-
nesis, while no significant change was observed during adipogenesis. These findings, along
with previously published data, highlight the specific temporal expression and fine-tuned
program of osteogenic-related lncRNAs during the differentiation process.

Limitations of the Study

Despite the valuable insights provided here, certain limitations warrant consideration.
The use of human adipose-derived stem cells (hASCs) from subcutaneous adipose tissue
obtained via liposuction surgery, while relevant for adipogenic and osteogenic studies, may
limit the generalizability of findings to other stem cell types or tissue origins. Addition-
ally, the focus on the initial 24 h of adipogenic and osteogenic induction, while capturing
early transcriptional events, may not fully represent the entire differentiation process.
While we employed specific techniques to validate the lncRNA LINC01018, further exper-
imental validations for this and other lncRNAs are imperative. This also applies to the
ceRNA hypothesis and the putative smORF encoding microproteins. Furthermore, the
ceRNA network involving LINC01018 and miRNAs presents an intriguing avenue for explo-
ration, but requires rigorous experimental validation to confirm and elucidate their impact
on osteogenesis-related genes, such as CNR1. Therefore, we pave the way for future com-
prehensive investigations into the regulatory and mechanistic roles of polysome-associated
lncRNAs in adipogenic and osteogenic differentiation.

4. Material and Methods
4.1. Primary hASCs Isolation

Human adipose-derived stem cell isolation and differentiation were conducted as
previously described [59]. Tissue collection after liposuction surgery were performed after
donor informed consent (three biological replicates, mean age ± SD: 34.3 ± 7.13 years), in
accordance with guidelines for research involving human subjects and with approval of
the Ethics Committee of Oswaldo Cruz Foundation, Brazil (CAEE: 48374715.8.0000.5248).
Briefly, 200 mL of fresh adipose tissue from subcutaneous fat depots were washed with
phosphate-buffered saline (PBS) solution and digested with 0.1% collagenase enzyme for
30 min at 37 ◦C, 5% CO2 under constant shaking. The cell suspension was filtered and
centrifuged following treatment with hemolysis buffer. The obtained cells were plated in
culture flasks with DMEM supplemented with 10% FBS, penicillin (100 units/mL), and
streptomycin (100 µg/mL) in an incubator at 37 ◦C, 5% CO2. Cell characterization was
performed according to the International Society of Cellular Therapy guidelines [60].

4.2. Adipogenic and Osteogenic Differentiation of Primary hASCs

To assess the differentiation potential of freshly isolated hASCs, cells were seeded
in 96-well plates (3.5 × 103 or 2 × 103 cells/well) and, after reaching 85% confluence,
were induced to adipogenic (hMSC Adipogenic BulletKit®, Lonza, Basel, Switzerland)
or osteogenic (hMSC Osteogenic BulletKit®, Lonza, Basel Switzerland) differentiation.
The medium was changed every 3–4 days. Adipogenic differentiation was quantified
after 21 days by examining cytoplasmic triglyceride accumulation using the AdipoRed™
Assay Reagent (Lonza, Basel Switzerland), and the formation of mineralized extracellular
matrix after 28 days of osteogenic differentiation was assessed with the OsteoImage™
Mineralization Assay (Lonza, Basel Switzerland), as previously demonstrated [3,24,59].
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For the polysome profiling assay, hASCs were plated in T300 culture flasks at a density
of 0.2 cells/cm2 or 0.15 cells/cm2, and when reaching 85% confluence, they were treated
with adipogenic (hMSC Adipogenic BulletKit®, Lonza) or osteogenic (hMSC Osteogenic
BulletKit®, Lonza) medium for 24 h.

4.3. Polysome Profiling and RNA Purification

Polysome profiling was prepared according to a previously described procedure [59].
After 24 h of differentiation, cells were treated with 0.1 mg/mL cycloheximide
(Sigma-Aldrich) or 1 mg/mL of puromycin (Sigma-Aldrich) for 60 min at 37 ◦C, followed
by trypsinization and centrifugation. Cells were resuspended in polysome lysis buffer
(15 mM Tris-HCl pH 7.4, 1% Triton X-100, 15 mM MgCl2, 0.3 M NaCl, 40 U RNaseOUT™,
50 U deoxyribonuclease I, and 0.1 µg/mL cycloheximide or 1 mg/mL of puromycin) and
kept on ice for further 10 min. The cell lysates were centrifuged at 12,000× g for 10 min at
4 ◦C, and supernatants were loaded onto 10% to 50% sucrose gradients (BioComp model
108 Gradient Master v.5.3) and ultracentrifuged (SW40 rotor, HIMAC CP80WX HITACHI,
Tokyo, Japan) at 270,000× g for 120 min at 4 ◦C. The polysome profile was recorded using
the ISCO gradient fractionation system (ISCO®, Model 160 Gradient Former, Foxy Jr. Frac-
tion Collector, Lincoln, NE, USA) connected to a UV detector at 254 nm absorbance. RNA
from total and polysomal fractions was isolated using the Direct-zol™ RNA kit (Zymo®

Research, Irvine, CA, USA) according to the manufacturer’s instructions.

4.4. Library Construction and RNA Sequencing

The library construction and next-generation sequencing methods have been previously
published [59], and the data generated were utilized for the expression analyses presented
here. In summary, 1 µg of total and polysomal RNA were used for cDNA library preparation
from three independent replicates of biological samples. The library was prepared using the
TruSeq Stranded Total RNA Sample Preparation kit (Illumina®, Inc., San Diego, CA, USA)
following the manufacturer’s instructions. The purified products were evaluated with an
Agilent Bioanalyzer (Agilent®, Santa Clara, CA, USA). The high-throughput sequencing was
performed in an Illumina HiSeq 2500 platform using the TruSeq SBS Kit v3—HS (Illumina®,
Inc., San Diego, CA, USA), according to the manufacturer’s recommendations.

4.5. Bioinformatic Analysis

Data analysis for mapping and counting were performed with the R package Rsub-
read against the new version of the human genome (GRCh38). Parameters were set for
unique mapping of the reads. For the determination of differential expression between
undifferentiated cells (control) and differentiated cells (induced), only those genes with
a count of more than 1 per million in at least three conditions were considered. For the
analysis and identification of differentially expressed genes (DEGs), we used the edgeR
Bioconductor package. Differentially Expressed lncRNAs (DELs) were selected using a
stringent criterion using a false discovery rate (FDR) threshold of ≤1% and a log fold
change (Log2FC) of ≥1.5 or ≤−1.5. All statistical and functional analyses and graphical
representation were performed using R (v. 3.5.2). Principal component analysis (PCA) was
verified for protein coding genes and lncRNAs (Supplementary Figure S1). The statistical
analysis, including the comparison of expression levels among lncRNAs, assessment of
length, and evaluation of GC content, was conducted using the Mann–Whitney U test.
Significance was considered at a p-value of ≤0.05.

4.6. Prediction of lncRNA Features

The prediction of the minimum free energy (MFE) in the formation of the secondary
structure of lncRNAs was calculated using RNAfold (v.2.4.14) [61]. The prediction is
based on the nearest-neighbor thermodynamic model using a FASTA input file containing
a lncRNA sequence from ensembl (GRCh38). The statistical comparison between the
analyzed groups of lncRNAs was performed using a Mann–Whitney U test.
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For identification of small open reading frames (smORFs) within lncRNAs, we used
Open Reading Frame Finder (ORFfinder), https://www.ncbi.nlm.nih.gov/orffinder/
(accessed on 2 November 2022), accepting the following parameters: a minimal ORF
length of 30 nucleotides (nt), and only smORFs starting with canonical ATG.

The coding potential probability was assessed using CPC2 [35] version 2.0, CPAT [62]
version 3.0.4, and RNAsamba [36] version 0.2.6 software. The cutoff values for defining
coding potential were set as >0.5 for CPC2, >0.3 for CPAT, and >0.5 for RNAsamba.

For protein structural and functional modeling prediction of the microproteins selected,
we used the I-Tasser server [63]. Prediction of microprotein locations was performed
using DeepLoc 2.0 [64].

Interaction predictions between lncRNA and microRNA were conducted using An-
noLnc2 [65]. Briefly, AnnoLnc2 computes the conservation score of interactions within
the primate, mammal, and vertebrate clade. This score facilitates the identification of
miRNAs with enhanced confidence, subsequently scrutinized in the literature related to
osteogenesis and adipogenesis. Upon miRNA identification, all predicted miRNA-target
mRNAs were retrieved from miRbase [66]. A specific miRNA was then chosen to construct
a lncRNA-miRNA-mRNA network. This involved cross-referencing the anticipated target
mRNAs with differentially expressed upregulated protein-coding genes during osteogenic
differentiation. A gene ontology (GO) analysis was performed on these genes. The resulting
network was visualized using Cytoscape (v.3.5.0).

4.7. cDNA Synthesis and Quantitative PCR

For both total and polysomal fractions (n = 3), 1 µg of RNA was used for cDNA
synthesis using the Improm-II Reverse Transcription System (Promega, Madison, WI, USA),
following the manufacturer’s instructions. Specifically for polysomal samples, a GFP spike
was added to the cDNA reaction (internal control). Quantitative PCR was performed with
GoTaq Polymerase Mix (Promega, Madison, WI, USA) and LightCycler 96 (Roche, Basel,
Switzerland) equipment. Normalization was performed using the internal control POLR2A,
and all reactions were performed in three technical replicates. The primers used can be
checked in Supplementary Table S1.

4.8. Data Availability

The RNA-seq and Polysomal-RNA-seq raw data are deposited in the ArrayExpress
repository under the accession number E-MTAB-6298.

5. Conclusions

In summary, our study utilized next-generation sequencing to comprehensively an-
alyze the transcriptome (RNA-seq) and translatome (Poly-RNA-seq) fractions of hASCs
following 24 h of adipogenic or osteogenic induction. The results obtained provide valu-
able insights into the expression patterns of lncRNAs, emphasizing the fraction-specific
and differentiation-dependent nature of their expression. Particularly, the analysis of
polysomal-associated lncRNAs highlights their regulatory potential during cellular differ-
entiation. This aspect is of great significance, as it reveals a previously overlooked subset of
lncRNAs that interact exclusively with the ribosomal machinery, potentially influencing
differentiation processes through translational control and the generation of microproteins.
These findings underscore the importance of considering polysomal-associated lncRNAs
for a comprehensive understanding of their regulatory roles in cellular differentiation,
which would have been missed by conventional analysis of total RNA fractions.
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