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A B S T R A C T   

The LIM-domain-only protein FHL2 is a modulator of signal transduction and has been shown to direct the 
differentiation of mesenchymal stem cells towards osteoblast and myocyte phenotypes. We hypothesized that 
FHL2 may simultaneously interfere with the induction of the adipocyte lineage. Therefore, we investigated the 
role of FHL2 in adipocyte differentiation. For these studies pre-adipocytes isolated from mouse adipose tissue and 
the 3T3-L1 (pre)adipocyte cell line were applied. We performed FHL2 gain of function and knockdown exper-
iments followed by extensive RNAseq analyses and phenotypic characterization of the cells by oil-red O (ORO) 
lipid staining. Through affinity-purification mass spectrometry (AP-MS) novel FHL2 interacting proteins were 
identified. Here we report that FHL2 is expressed in pre-adipocytes and for accurate adipocyte differentiation, 
this protein needs to be downregulated during the early stages of adipogenesis. More specifically, constitutive 
overexpression of FHL2 drastically inhibits adipocyte differentiation in 3T3-L1 cells, which was demonstrated by 
suppressed activation of the adipogenic gene expression program as shown by RNAseq analyses, and diminished 
lipid accumulation. Analysis of the protein-protein interactions mediating this repressive activity of FHL2 on 
adipogenesis revealed the interaction of FHL2 with the Nuclear factor of activated T-cells 5 (NFAT5). NFAT5 is 
an established inhibitor of adipocyte differentiation and its knockdown rescued the inhibitory effect of FHL2 
overexpression on 3T3-L1 differentiation, indicating that these proteins act cooperatively. We present a new 
regulatory function of FHL2 in early adipocyte differentiation and revealed that FHL2-mediated inhibition of pre- 
adipocyte differentiation is dependent on its interaction with NFAT5. FHL2 expression increases with aging, 
which may affect mesenchymal stem cell differentiation, more specifically inhibit adipocyte differentiation.   
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Enhancer Binding Protein Beta; CCR4-NOT, Carbon catabolite repression 4 (Ccr4)-negative on TATA-less (Not) Complex; CHOP, C/EBP-Homologous Protein 10; 
CUGBP1, CUG triplet repeat, RNA binding protein 1; DLK1/Pref1, Delta Like Non-Canonical Notch Ligand 1; DMIX1, Differentiation mix; DMEM, Dulbecco’s 
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1. Introduction 

Mesenchymal stem cells can differentiate into distinct cell types such 
as adipocytes, myocytes, chondrocytes, and osteoblasts (1). The transi-
tion of precursor cells into cells with a mature cellular phenotype is 
orchestrated by the intricate expression pattern of cell-type-specific 
factors (2). Adipocyte differentiation occurs through two main phases: 
the commitment phase, when mesenchymal stem cells commit to the 
adipocyte lineage, and the terminal differentiation phase, which results 
in a unique adipocyte-specific gene expression profile and eventually the 
accumulation of lipid droplets in the cell (3). The adipocyte differenti-
ation program involves a cascade of transcriptional events that regulate 
the expression of key proteins to establish the mature adipocyte 
phenotype. One of the key factors in adipocyte differentiation is the 
nuclear receptor peroxisome proliferating-activated receptor gamma 
(PPARγ) (4). Recently, it has been demonstrated that especially white 
adipose tissue (WAT) shows an extensive and relatively early differential 
gene expression pattern in aging mice (5). In addition, it has been pro-
posed that peripheral fat loss with aging in humans involves defects in 
adipogenesis in the subcutaneous WAT depot (6). Overall, the differ-
entiation capacity of pre-adipocytes gradually deteriorates with 
increasing age (7,8). The impaired pre-adipocyte differentiation has 
been linked to reduced levels of adipogenic factors such as C/EBP family 
members and PPARγ, but also to enhanced expression of for example 
AMP-Activated Protein Kinase (AMPK) and Delta Like Non-Canonical 
Notch Ligand 1 (DLK1/Pref1) (9,10). Given that pre-adipocyte (dys) 
function is a determinant of several human metabolic diseases (11), it is 
relevant that new factors and pathways that play a significant role in 
adipogenesis are still being discovered (12). 

Four-and-a-Half LIM domains protein 2 (FHL2) is a member of the 
FHL subfamily of LIM-only proteins and is expressed in a wide variety of 
cells and tissues (13). FHL2 is a component of numerous signal trans-
duction pathways acting through protein-protein interactions, thereby 
fine-tuning cellular processes (14). Recently, we demonstrated a novel 
function for FHL2 in energy metabolism, and more specifically in WAT 
(15). Using the mouse diet-induced obesity model, we observed that 
FHL2 deficiency in mice prevents weight gain, in part through enhanced 
browning of their WAT. FHL2 is also known to promote myoblast and 
osteoblast differentiation, through interaction with β-catenin and Wnt 
proteins, respectively (16–18). In the osteoblast study, it has been pro-
posed that FHL2 deficiency may have an impact on adipocyte size, 
specifically in the bone marrow (16). However, a direct impact of FHL2 
on adipogenesis has not been studied so far. Methylation of the human 
FHL2 gene is one of the strongest epigenetic DNA marks to identify the 
age of an individual, and FHL2 methylation is associated with an 
increased expression of this gene. Not only in blood but also in WAT, 
pancreatic β-cells, and skeletal muscle FHL2 methylation and expression 
is increased with aging (13). In the current study, we hypothesized that 
FHL2 plays a pivotal role in adipocyte differentiation. Therefore, the 
main aim of this study was to unveil a potential role for FHL2 in 
adipogenesis. 

In two different models of adipogenesis ex vivo differentiated pri-
mary (pre)adipocytes and 3T3-L1 (pre)adipocyte cell line), we observed 
downregulation of FHL2 expression at the early stages of in vitro dif-
ferentiation. Based on loss-of-function experiments (ex vivo differenti-
ated FHL2− /− primary (pre)adipocytes) and overexpression 
experiments, we conclude that reducing FHL2 expression is essential for 
pre-adipocytes to undergo full differentiation into mature adipocytes. 
Considering that FHL2 exerts its biological functions through protein- 
protein interactions, we employed co-immunoprecipitation experi-
ments followed by proteomics and identified the Nuclear factor of 
activated T-cells 5 (NFAT5) as a novel FHL2 interactor. NFAT5 has been 
reported to decrease adipocyte differentiation similarly to FHL2 (19,20), 
and we show that FHL2 requires NFAT5 to exert its function. In 
conclusion, we demonstrated a crucial role of FHL2 in adipogenesis and 
propose that FHL2 is a determinant factor in early adipogenesis and cell 

lineage commitment. 

2. Materials and methods 

2.1. Animals and Stromal Vascular Fraction (SVF) isolation 

All animal experiments were approved by the ethics committee of the 
Amsterdam University Medical Center, The Netherlands, and were 
performed following European directive 2010/63/EU guidelines 
(permit number DBC287). FHL2-deficient mice (FHL2− /− ) were 
generated by R. Bassel-Duby (University of Texas Southwestern Medical 
Center, Dallas, TX) and were bred onto a C57BL/6 background for >11 
generations. Male littermates of 11-week-old were used, and n refers to 
the number of single animals. Littermates from wild-type and FHL2- 
deficient genotype were randomly separated in ventilated cages with 
free access to water and food. The suffering of animals was minimized as 
much as possible. The isolation of pre-adipocytes from the mouse SVF 
was performed as described previously (15). In short, excision of sub-
cutaneous white adipose tissue depots was performed in WT and 
FHL2− /− mice, and the SVF was isolated to obtain pre-adipocytes for 
differentiation in vitro. The tissue was minced and digested in collage-
nase solution (1.5 mg/mL; Sigma-Aldrich; #C6885). After filtering and 
centrifuging, the pre-adipocytes were purified using a red blood cell lysis 
buffer (Roche; # 11814389001) and neutralized with Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco, Thermo Fisher; #41965062) 
supplemented with 10% FBS and 1% penicillin-streptomycin. Finally, 
cells were centrifuged again and seeded in cell culture plates for 
differentiation. 

2.2. 3T3-L1 cell culture and pre-adipocyte differentiation 

The 3T3-L1 cell line (ATCC: CL-173) was cultured in DMEM sup-
plemented with 10% FBS and 1% penicillin-streptomycin at 37 ◦C and 
5% CO2. The protocol for pre-adipocyte differentiation was performed 
as described elsewhere (21), and it was used for both 3T3-L1 and SVF 
pre-adipocyte differentiation. Cells were grown to confluency and after 
2 days culture medium supplemented with differentiation mix 1 
(DMIX1) was added to the cells for 2 days (DMIX1 contains: 500 μM of 
isobutyl-1-methylxanthine (IBMX), 1 μM of dexamethasone, and 170 nM 
of insulin). On day 4, DMIX1 was replaced by differentiation mix 2 
(DMIX2; culture medium containing 170 nM of insulin) and this was 
replaced regularly until day 8 of differentiation. 

2.3. Lentiviral transduction 

Recombinant lentiviral particles encoding FHL2 with GFP tag (FHL2- 
GFP), only the GFP tag as control (CTRL-GFP), and two different con-
structs of shRNA targeting mouse NFAT5 (shNFAT5–1 target sequence is 
5′- GCAGAACAACATCCCTGGAAT-3′ and, shNFAT5–2 target sequence 
is 5′- CCACCATGTTTCAGACACCAA-3′), as well as one without NFAT5 
as control (shCTRL), were produced, concentrated, and titrated as 
described previously (22). Cells were seeded at 70–80% confluency and 
incubated with recombinant lentivirus for 24 h. After 24 h, the medium 
was refreshed, and cells were cultured using medium containing 1 μg/ 
mL of the selection marker puromycin (for the GFP constructs) or 500 
μg/mL of neomycin (for the shNFAT5 constructs). After 3–10 days 
resistant cells were further expanded for experiments. 

2.4. RNA isolation and reverse transcription (RT)-qPCR 

Total RNA isolation from cultured cells was performed using TRI 
Reagent® (Sigma Aldrich; #T9424). Then, cDNA was synthesized using 
iScript™ cDNA Synthesis Kit (BioRad; #1708890). Quantitative PCR 
was carried out using a LightCycler 480 II PCR platform (Roche) with 
the correspondent pair of primers (sequences listed in Table S1) and 
SensiFAST SYBR No-ROX Kit (Bioline; #BIO-98050). Cycle 
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quantification and amplification efficiency were calculated using the 
LinReg PCR software package (23) and Rplp0 and β-actin were used as 
housekeeping genes to normalize target gene expression. 

2.5. RNA sequencing 

Cells transduced with lentiviral particles and stably expressing CTRL- 
GFP or FHL2-GFP were differentiated for 2 days as described before. 
RNA isolation from these cultured cells was performed using TRI Re-
agent® according to the manufacturer’s protocol. Libraries were pre-
pared using Truseq RNA stranded polyA (Illumina) and sequenced on an 
Illumina nextseq2000 in paired-end 50 bp reads. Reads were subjected 
to quality control (FastQC, dupRadar), trimmed using Trimmomatic 
v0.39, and aligned to the genome using HISAT2 (v2.2.1) (24–26). 
Counts were obtained using HTSEq. (v0.11.0) using the corresponding 
GTF. Statistical analyses were performed using the edgeR and limma/ 
voom R packages. Count data were transformed to log2-counts per 
million (logCPM), normalized by applying the trimmed mean of M- 
values method and precision weighted using voom. Differential 
expression was assessed using an empirical Bayes moderated t-test 
within limma’s linear model framework including the precision weights 
estimated by voom. The resulting p values were corrected for multiple 
testing using the Benjamini-Hochberg false discovery rate. Genes were 
re-annotated using biomaRt using the Ensembl genome databases. 
Geneset enrichment is performed with MSigDB genesets using CAMERA 
approach as implemented in limma (27), and applying the Geneset 
Enrichment Analysis (GSEA) tool. The resulting DEGs, expression plots, 
and geneset enrichment results are shown in an in-house made Shiny- 
app. The raw and processed RNA-seq data have been deposited in the 
Gene Expression Omnibus (GEO) database under accession number 
GSE200920. 

2.6. Western blotting 

Proteins from cultured cells were obtained using RIPA lysis buffer 
(150 mM NaCl, 50 mM Tris pH 7.4, 1% IGEPAL-CA630, 0.5% sodium 
deoxycholate, 0.1% SDS and Roche cOmplete™ protease inhibitor 
cocktail). Concentration was calculated using the DC protein assay 
(BioRad; #5000111) to load equal amounts of sample into SDS-PAGE 
gels. After transferring to nitrocellulose membranes, these were 
blocked with 2% non-fat milk for 1 h and incubated overnight at 4 ◦C 
with the corresponding primary antibody (Mouse anti-FHL2 - 
#MA1–40200 from ThermoFisher, Rabbit anti-NFAT5 - #ab3446 from 
Abcam, Rabbit anti-HA tag - #3724S from Cell Signaling, Mouse anti-c- 
Myc tag - #sc-40 from Santa Cruz and Mouse anti-alpha-tubulin - 
#CLT9002 from Cedarlane as loading control). After washing the 
membranes, they were incubated with the appropriate HRP-conjugated 
secondary antibody at room temperature for 1 h. Visualization of protein 
bands was done in ImageQuant 800 imager using SuperSignal West Pico 
PLUS Chemiluminescent Substrate (ThermoScientific #34579), and 
quantification of band intensity was possible using the ImageJ Gel 
Analysis software. 

2.7. Intracellular lipid staining and immunofluorescence staining 

To stain lipid accumulation in 3T3-L1 cells, we used two different 
methods: Oil Red O (ORO) staining and HCS LipidTOX Deep Red Neutral 
Lipid Stain (Invitrogen; #H34477), both methods stain neutral lipids in 
cultured cells. For the ORO staining, cells were fixed for 20 min at room 
temperature using 4% formalin. Fixative was removed and after washing 
again with PBS, the 0.2% ORO solution was added to the wells and 
incubated for 30 min at room temperature. After this, cells were washed 
several times with distilled water. For quantification, the dye was eluted 
using 100% 2-propanol, and absorbance was measured at 510 nm in 
triplicate. For LipidTOX staining, cells were grown on gelatin-coated 
glass coverslips and fixated as described before. Then, coverslips were 

incubated with LipidTOX (1:150 dilution) and DAPI nuclear staining 
(1:1000) for 30 min at room temperature. After washing, coverslips 
were mounted on slides and imaged. For immunofluorescence, cells 
were cultured on gelatin-coated glass coverslips for differentiation. On 
different days of differentiation, cells were fixed in 4% para-
formaldehyde (Roth) for 20 min at room temperature. After the addition 
of 0.5% Triton X-100 for 5 min to permeabilize the nuclei, samples were 
blocked with 2% BSA and incubated with primary antibody (Rabbit anti- 
NFAT5 - #ab3446 from Abcam) and DAPI nuclear staining. Then, 
following washing and incubation with secondary (Alexa-488 goat anti- 
Rabbit) the samples were mounted in slides for imaging using a Nikon 
ECLIPSE Ti microscope with standard DAPI, GFP, and mCherry filter 
cubes. Images were processed using ImageJ Gel Analysis software. 

2.8. Co-immunoprecipitation 

HEK-293 T cells were co-transfected with HA-tagged FHL2 and myc- 
tagged NFAT5 plasmids using the CalPhos Mammalian Transfection Kit 
(Takara; #631312) and incubated for 48 h. For the LIM mutants, plas-
mids encoding different numbers of FHL2 LIM-domains (HA-tagged 
LIM0–1, LIM0–2, and LIM0–3) (28) were co-transfected together with 
myc-tagged NFAT5. Then, protein lysates were obtained using NP-40 
lysis buffer (1% (v/v) Nonidet P-40, 50 mM Tris-HCl, 100 mM NaCl, 
10% (v/v) glycerol) supplemented with protease and phosphatase in-
hibitors. After calculating protein concentration, lysates were incubated 
with pull-down antibody (Rabbit anti-HA tag - #3724S from Cell 
Signaling) overnight at 4 ◦C. The next day, the complex was incubated 
for 2 h with magnetic Dynabeads® Protein G (ThermoFisher; #10003D). 
Immunoprecipitates were then washed and eluted from the beads and 
analyzed by western blotting. 

2.9. Mass spectrometry 

Precipitated proteins were denatured and alkylated in 50 μl 8 M 
Urea, 1 M ammonium bicarbonate (ABC) containing 10 mM TCEP (tris 
(2-carboxyethyl) phosphine hydrochloride) and 40 mM 2-chloro-acet-
amide. After 4-fold dilution with 1 M ABC and digestion with trypsin 
(250 ng/200 μl), peptides were separated from the beads and desalted 
with homemade C-18 stage tips (3 M, St Paul, MN), eluted with 80% 
Acetonitrile (ACN) and, after evaporation of the solvent in the speedvac, 
redissolved in buffer A (0,1% formic acid). After separation on a 30 cm 
pico-tip column (75 μm ID, New Objective) in-house packed with C-18 
material (1.9 μm aquapur gold, dr. Maisch) using a 140 min gradient 
(7% to 80% ACN, 0.1% FA), delivered by an easy-nLC 1200 (Thermo), 
peptides were electro-sprayed directly into a Orbitrap Eclipse Tribrid 
Mass Spectrometer (Thermo Scientific), that was run in DDA mode with 
a cycle time of 1 s, with the FAIMS compensation voltage (CV) switching 
between -45 V and -65 V. The full scan (400–1400 mass range) was 
performed at a resolution of 240,000. Ions reaching an intensity 
threshold of 10E4, were isolated by the quadrupole with na 0.8 Da 
window, fragmented with a HCD collision energy of 30% and measured 
in de Iontrap on rapid mode. 

After splitting of the raw files into the two CV channels with Freestyle 
Software (Thermo), analysis of the raw data was performed with Max-
Quant (1.6.3.4), using the Uniprot fasta file (UP000000589) of Mus 
musculus (taxonomy ID: 10090) (2020 Jan 21). To determine proteins of 
interest, we performed a differential enrichment analysis. We filtered for 
proteins that were identified in at least two out of three of the replicates 
of one condition and background corrected and normalized the data by 
variance stabilizing transformation. We used a left-shifted Gaussian 
distribution to impute for missingness since our data presented a pattern 
of missingness not at random (MNAR). Finally, we performed a t-test 
with multiple testing correction using a Benjamini-Hochberg FDR 
approach set to 0.5%. The program used for the analyses was R [version 
4.0.4] through R-Studio [version 1.5.64]. The mass spectrometry pro-
teomics data have been deposited to the ProteomeXchange Consortium 
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via the PRIDE partner repository with the dataset identifier PXD033974 
(http://www.ebi.ac.uk/pride). Then, differential enrichment analysis 
was created to identify those proteins that were over-enriched and 
selected those with at least a 2.5-fold change and adjusted p-value 
≤0.05. 

2.10. Reporter assays 

Transient transfection of HEK-293 T cells with pcDNA3.1-Gal4DBD- 
NFAT5, pCMV-HA-FHL2, and pCMV-HA-LIM0–2 (28), pGL3 reporter, 
and TK-Renilla luciferase was performed using Xtreme gene 9 DNA 
transfection reagent (Roche; #XTG9-RO). Following incubation for 48 h, 
cells were lysed and the Dual-Luciferase Reporter Assay System 
(Promega) was used to measure luciferase in a TriStar2 LB942 Multi-
mode Reader. Independent experiments were performed three times. 

2.11. BrdU proliferation assay 

The proliferation of 3T3-L1 cells was determined using the BrdU cell 
proliferation ELISA (Roche; #11647229001) according to the manu-
facturer’s protocol. An equal number of cells stably overexpressing 
CTRL-GFP or FHL2-GFP were labeled with BrdU for 2 h. After fixation, 
samples were incubated with a peroxidase-conjugated anti-BrdU anti-
body. Next, samples were washed and incubated with the substrate so-
lution for colour development. The reaction was stopped after 10–20 
min, and absorbance was measured at 450 nm. 

2.12. Statistical analysis 

Statistical analyses were performed using GraphPad Prism software. 
Data are presented as mean ± SEM. P-values were calculated using 
Student’s t-test, or two-way ANOVA with Tukey’s posthoc correction if 
data were normally distributed. A p-value <0.05 was considered 

statistically significant. 

3. Results 

3.1. FHL2 is expressed in WAT and expression is regulated during early 
differentiation of 3T3-L1 cells 

To examine the expression of FHL2 in the different cell types in ad-
ipose tissue, subcutaneous WAT from wild-type C57BL/6 mice was 
separated into mature adipocytes and the stromal vascular fraction 
(SVF); the latter fraction contains immune cells, endothelial cells, and 
pre-adipocytes. FHL2 mRNA is expressed in both SVF (containing pre- 
adipocytes) and in the mature adipocyte fraction, with the highest 
expression in SVF (Fig. 1A). Therefore, we hypothesized that FHL2 
expression might be regulated during adipocyte differentiation. To 
address this in an independent experimental model, we applied the 3T3- 
L1 cell line, a standard model to study adipogenesis (29,30). Cells were 
differentiated for 8 days using standard hormonal cocktails and we 
confirmed a successful differentiation based on the expression of key 
adipogenic markers such as PPARγ and its target genes adiponectin 
(ADIPOQ) and fatty acid-binding protein 4 (FABP4) (Fig. 1B). During 
differentiation, FHL2 is transiently downregulated at day 2 of differen-
tiation both at the mRNA and protein level (Fig. 1C-D), this being the 
moment that the adipogenic cocktail (here named differentiation mix or 
DMIX1) is added to trigger the initiation of adipocyte differentiation. 
Based on this observation, we decided to dissect which specific 
component of the DMIX1 causes this regulation of FHL2 expression. 
3T3-L1 cells were incubated with separate components of the mix and 
we demonstrated that IBMX, which enhances intracellular cAMP levels, 
causes the decrease in FHL2 expression, whereas dexamethasone and 
insulin do not affect FHL2 expression (Fig. 1E). In conclusion, FHL2 is 
expressed in pre-adipocytes and is downregulated in the early stages of 
in vitro pre-adipocyte differentiation. 
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Fig. 1. FHL2 expression in mouse adipose tissue fractions and 3T3-L1 adipocyte differentiation. A) Relative mRNA expression of FHL2 in pre-adipocytes from the 
SVF and in mature adipocytes. B and C) Relative mRNA expression of PPARγ, ADIPOQ, FABP4, and FHL2 during 8 days of differentiation of 3T3-L1 cells, where cells 
were cultured to confluency before receiving 2 days of treatment with DMIX1 and later maintained with DMIX2 until day 8 (section 2.2). D) Western blot to reveal 
FHL2 protein expression during 3T3-L1 differentiation (β-actin used as loading control). E) FHL2 protein expression in cells treated with Dexamethasone (1 μM), 
IBMX (500 μM), Insulin (170 nM), or full differentiation mix (DMIX1) for 2 days before protein harvest. Data are indicated as mean ± SEM (*p < 0,05). 
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3.2. FHL2 overexpression inhibits adipocyte differentiation 

To study the role of FHL2 in adipocyte differentiation in more detail, 
we used full-body FHL2-deficient mice and their wild-type littermates as 
control, FHL2− /− and WT mice; to isolate the pre-adipocytes from WAT 
and induce differentiation towards mature adipocytes. Similar to 3T3-L1 
cells (Fig. 1 C and D), FHL2 expression is downregulated at day 2 in WT 
pre-adipocytes during differentiation (Fig. 2A), but we did not find any 
difference in adipocyte differentiation between WT and FHL2− /− pre- 
adipocytes based on the expression of the aforementioned adipocyte 
markers PPARγ, ADIPOQ, and FABP4 (Fig. 2B) nor lipid accumulation 
(data not shown). Therefore, we conclude that FHL2 deficiency does not 
alter the overall adipogenic capacity of mouse pre-adipocytes. However, 
given the transient and dramatic decline in FHL2 expression during 
early differentiation, we hypothesized that this reduction of FHL2 levels 
may present an essential step in adipogenesis. To investigate this, we 
constitutively overexpressed GFP-tagged FHL2 or GFP through stable 
lentiviral transduction in 3T3-L1 cells (Fig. 2C, Fig. S1A). Next, these cell 
lines were subjected to the differentiation protocol and we observed that 

cells constitutively expressing FHL2-GFP did not differentiate properly, 
based on reduced intracellular lipid accumulation using LipidTOX 
staining after 5 days (Fig. 2D) and by Oil Red O lipid staining followed 
by quantification (Fig. S1B). Moreover, mRNA analyses showed that 
even though the early adipogenic marker CEBPβ is not different between 
groups, the expression of the late adipogenic markers PPARγ, ADIPOQ, 
and FABP4 is drastically inhibited in FHL2-GFP cells (Fig. 2E). Since cell 
differentiation often antagonizes cell proliferation (31), we evaluated 
whether FHL2 overexpression affects cell proliferation in these cells, but 
we did not observe any difference between GFP and FHL2-GFP cells 
(Fig. S1C). These experiments established that whereas lack of FHL2 has 
no apparent effect on adipocyte differentiation, constitutive expression 
of FHL2 prevents differentiation of pre-adipocytes into mature adipo-
cytes, keeping them in an immature state. 

3.3. FHL2 overexpression alters gene transcription in early differentiation 

Given that FHL2 overexpression effectively represses differentiation, 
we next aimed to assess the effect of elevated FHL2 levels on the 
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Fig. 2. FHL2 overexpression inhibits the differentiation of pre-adipocytes. A) Relative mRNA expression of FHL2 during differentiation of pre-adipocytes derived 
from WT (n = 3) and FHL2− /− (n = 3) mice. B) Relative mRNA expression of PPARγ, ADIPOQ, and FABP4 at days 0 and 8 of differentiation of WT and FHL2− /−
pre-adipocytes. C) Western blot to visualize protein expression of endogenous FHL2 and overexpressed FHL2-GFP in 3T3-L1 cells (tubulin used as loading control). D) 
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transcriptome of 3T3-L1 cells during the early stages of differentiation. 
We performed RNAseq transcriptomic analysis of confluent cell cultures 
before (day 0) and two days after the addition of the adipocyte differ-
entiation cocktail necessary to start differentiation (DMIX1; Fig. 3A). 
The largest difference in terms of the number of differentially expressed 
genes between cells expressing FHL2-GFP and control cells (CTRL-GFP) 
was found on day 2 when 473 genes are significantly upregulated and 
651 genes are downregulated. In contrast, 141 and 274 genes were 
found to be significantly up- and down-regulated at day 0, respectively 
(Fig. 3B), indicating that the main effect of FHL2 at the transcriptional 
level occurred after 2 days of differentiation. In Fig. 3C-D, volcano plots 
with several genes are indicated as the top differentially expressed genes 
in FHL2-GFP cells. At day 2, the top downregulated genes include well- 
established adipogenesis marker genes including the Pparγ target genes 
Adipoq, Perilipin 1 (Plin1), and Adipsin (Cfd), confirming the inhibition 
of adipogenesis upon FHL2 overexpression (Fig. 2). Extensive pathway 
analyses (Fig. 3E, Fig. S2A–B) revealed that adipogenic pathways, as 
well as other pathways that have been described to participate in 
adipocyte differentiation or lineage commitment, such as HIF1A targets 
and Response to TGFB1 (32,33), are downregulated upon constitutive 
FHL2 expression during differentiation. A heatmap of genes involved in 
adipogenesis illustrates the repressive effect of FHL2 on the expression 
of these genes (Fig. 3F). Detailed gene set enrichment analysis (GSEA) of 
these data further illustrate these findings (Fig. 3G). These tran-
scriptomic data strongly support our finding that constitutive FHL2 
expression results in inhibition of early adipocyte differentiation. 

3.4. FHL2 interacts with the nuclear factor of activated T-cells 5 
(NFAT5) in 3T3-L1 cells 

As FHL2 does not bind DNA by itself but modulates gene transcrip-
tion through interaction with transcription factors (34), we wished to 
identify with which proteins FHL2 interacts to inhibit adipogenesis. We 
applied GFP-mediated affinity-purification mass spectrometry (AP-MS) 
to identify FHL2 interactors in 3T3-L1 cells, using an optimized tech-
nique (35), with GFP overexpressing cells as a control. Using this 
approach, we identified 51 significant interactors, some of which are 
shown in Table S2, for FHL2 in 3T3-L1 cells. In Fig. 4A the results are 
presented in a volcano plot with the most significant interactors indi-
cated. The presence of FHL2 among this set of proteins confirms the 
specificity of this approach. Among the most significant interacting 
protein, we detected the nuclear factor of activated T-cells 5 (NFAT5), a 
transcription factor previously implicated in adipogenesis (19,20,36), 
and eight members of the carbon catabolite repression 4 (Ccr4)-negative 
on TATA-less (Not) complex, referred to as the CCR4-NOT or CNOT 
complex, a large, highly conserved, multifunctional assembly of proteins 
that is predominantly involved in the regulation of mRNA stability 
(37,38). As NFAT5 has been shown to inhibit adipocyte differentiation 
and WAT browning (19,20,36), reminiscent of the function of FHL2 in 
adipocytes as presented in the current study and our previous study (15), 
we decided to focus on the interaction between FHL2 and NFAT5. First, 
we assessed the expression pattern of NFAT5 during adipocyte differ-
entiation in more detail and examined whether its expression was 
altered upon overexpression of FHL2. NFAT5 shows a similar down-
regulation of expression at day 2 as FHL2, and overexpression of FHL2- 
GFP does not alter NFAT5 expression (Fig. 4B). To confirm the inter-
action observed in the AP-MS experiments between FHL2 and NFAT5, 
co-immunoprecipitation was performed for HA-tagged FHL2 and Myc- 
tagged NFAT5 (Fig. 4C). It is worth to mention that for this experi-
ment same amount of DNA and cells was used across the different 
conditions, but the result shows enhanced expression levels of FHL2-HA 
and NFAT5-Myc when co-expressed, which suggests some degree of 
protein stabilization. Moreover, in this experiment three different mu-
tants of FHL2 were included in which one or more LIM domains are 
missing; LIM0–1, LIM0–2, and LIM0–3. We observed that the LIM 
mutant lacking the last LIM domain (LIM0–3) was the only mutant, in 

addition to full-length FHL2, interacting with NFAT5 albeit to a lesser 
extent (Fig. 4D). 

Given that NFAT5 is a transcription factor, we assessed whether the 
interaction between FHL2 and NFAT5 affects the transcriptional activity 
of NFAT5. First, we performed immunofluorescence staining for FHL2 
and NFAT5 in 3T3-L1 cells and demonstrated that FHL2 is localized 
throughout the cell and that both proteins co-localize in the nucleus 
(Fig. 4E). As NFAT proteins are widely expressed (39), we next 
employed a Gal4-reporter assay to perform transcriptional activity as-
says, to avoid interference of endogenous NFAT proteins. Fusion of the 
Gal4 DNA-binding domain to NFAT5 resulted in a protein that activates 
a Gal4-luciferase reporter. The activity of Gal4-NFAT5 is reduced upon 
overexpression of FHL2, but not when the LIM0–2 variant of FHL2, 
which fails to interact with NFAT5 (Fig. 4D), was used (Fig. 4F). These 
data confirm that the interaction between NFAT5 and full-length FHL2 is 
functional. 

3.5. FHL2 inhibition of adipocyte differentiation involves cooperation 
with NFAT5 

Lee et al. (20) demonstrated that NFAT5 inhibits adipogenesis by 
blocking the expression of the PPARγ gene, similar to what FHL2 does 
after overexpression during differentiation. As both FHL2 (Fig. 2) and 
NFAT5 (19,20) inhibit adipogenesis, and because these proteins func-
tionally interact (Fig. 4), we considered that FHL2 and NFAT5 operate 
through a common cellular pathway. To examine this, we knocked down 
NFAT5 expression in CTRL-GFP and FHL2-GFP overexpressing cells 
using two different short-hairpin constructs (shNFAT5–1 and 
shNFAT5–2), resulting in approximately 40% knockdown of NFAT5 
compared to the corresponding control (shCTRL) (Fig. 5A). We first 
confirmed that this level of inhibition of NFAT5 expression in 3T3-L1 
cells leads to enhanced adipogenesis, as illustrated by the strong upre-
gulation of FABP4 expression (Fig. 5B) (20). While FABP4 expression is 
inhibited in FHL2 overexpressing cells (Fig. 2E), simultaneous knock-
down of NFAT5 resulted in a rescue of FABP4 expression for both short 
hairpins on both the mRNA and protein level (Fig. 5B-C and Fig. S4). 
Other differentiation markers (ADIPOQ and PPARγ) gave comparable 
results, with some variation between the two short hairpins used 
(Fig. S3A–B, Fig.S4 and Fig. 5C). To underscore the recovery of the 
FHL2-mediated inhibition of adipogenesis by reducing NFAT5 expres-
sion, we performed an intracellular lipid staining showing that FHL2 
overexpression inhibits lipid loading of the cells unless NFAT5 expres-
sion is knocked down (Fig. 5D). Overall, these experiments support the 
conclusion that inhibition of adipogenesis in FHL2 overexpressing cells 
involves its interaction with NFAT5. In the absence of NFAT5, FHL2 can 
no longer inhibit PPARγ expression, and thus no longer affect the dif-
ferentiation of 3T3-L1 cells. In conclusion, our data support a model 
where downregulation of the FHL2-NFAT5 pathway presents an essen-
tial step in early adipogenesis (Fig. 6). 

4. Discussion 

Pre-adipocyte differentiation is a highly-regulated and complex 
process requiring the sequential expression of a considerable number of 
proteins, ultimately resulting in the generation of mature adipocytes. 
The expression of crucial proteins occurs in a specific chronological 
order during the distinct stages of adipogenesis with for example the 
transcription factor CEBPβ playing a crucial role during the early stages, 
while PPARγ is a key player at later stages (40). Furthermore, multiple 
proteins have been identified to inhibit adipogenesis, like AMPK, C/ 
EBPβ-LIP, CHOP, and CUGBP1 (6,9,10). Any alteration in this intricately 
regulated gene expression profile affects the formation of mature adi-
pocytes, either promoting or inhibiting appropriate differentiation 
(9,10,41,42). In the current study, we discovered that the multifaceted 
protein FHL2 is transiently downregulated during the early stages of 
adipocyte differentiation, which is essential to achieving full 
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differentiation. More specifically, we demonstrated that FHL2 expres-
sion is downregulated in two distinct adipocyte differentiation systems; 
in pre-adipocytes isolated from the SVF of mouse WAT, as well as in the 
3T3-L1 cell line. The latter cell line is an extensively used model to study 
adipogenesis where cells are already committed to some extent to the 

adipocyte lineage (3). 
We found that one of the components of the differentiation cocktail, 

IBMX, is sufficient to incite downregulation of FHL2 expression, indi-
cating that increased intracellular cAMP inhibits the expression of FHL2 
in pre-adipocytes. Further studies are required to identify the 

Fig. 3. Transcriptional changes in FHL2-GFP and control 3T3-L1 cells. A) Experimental setup scheme. B) Venn diagram of differentially expressed genes of FHL2-GFP 
vs CTRL-GFP comparison at days 0 and 2 of differentiation (p-value <0.05). Upregulated genes in red and downregulated genes in blue. C) Volcano plot of RNAseq at 
day 0 and D) day 2 of differentiation (FHL2-GFP vs CTRL-GFP). E) Top up- and down-regulated pathways in FHL2-GFP cells at day 2 of differentiation. F) Heatmap 
depicting the gene expression pattern of the Adipogenesis pathway at day 2 in CTRL-GFP and FHL2-GFP cells. G) Significant GSEA Enrichment Score curves (in 
green) from two adipogenic pathways: Adipogenesis activated by PPARG (GSEA: C2_M1645) and Adipogenic genes repressed by SIRT1 (GSEA: C2_M2183). Genes on 
the far left (red) correlated with FHL2-GFP cells, and genes on the far right (blue) correlated with CTRL-GFP cells. The vertical black lines indicate the position of 
each gene in the studied gene set. The normalized enrichment score (NES), false discover rate (FDR), and nominal p-value are shown for each pathway. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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physiological stimulus triggering an intracellular cAMP increase in pre- 
adipocytes and to clarify which specific cAMP-dependent factor(s) or 
pathways trigger downregulation of FHL2 expression, both in cellular 
differentiation assays and in vivo. To substantiate that the decrease in 
FHL2 expression is essential for adipogenesis, we constitutively over-
expressed FHL2, resulting in a complete block of the differentiation 
process. In line with the crucial downregulation of FHL2 expression to 
allow adipocyte differentiation, we demonstrated that the differentia-
tion of pre-adipocytes derived from FHL2-deficient mice occurs nor-
mally. It is important to mention that FHL2 has a function in mature 
WAT, as we demonstrated recently (15). More specifically, in mice FHL2 
regulates the ‘browning’ of WAT, thereby affecting the energy expen-
diture of this tissue, which may contribute to the extent of weight gain of 
the mice when exposed to a high-fat diet (15). Furthermore, also in 
humans, the expression level of FHL2 in WAT is associated with 
‘browning’ genes. 

Upon constitutive expression of FHL2, the adipogenic program 

involving the expression of PPARγ and its target genes ADIPOQ and 
FABP4 is blunted, as well as the final lipid loading of the cells. Taking 
into account that FHL2 acts through protein-protein interactions, we 
investigated the interactome of FHL2 in 3T3-L1 cells using a mass 
spectrometry method and identified NFAT5. This protein is part of the 
Rel family of transcription factors and is also known as a ‘tonicity- 
responsive enhancer-binding protein’ because it is involved in the 
cellular response to hypertonic stress (43). NFAT5 also has a function in 
the immune response, especially in T cells and macrophages (44). 
However, what made us particularly interested in this interaction part-
ner, is its role in adipogenesis and adipose tissue (19,20,36). In 3T3-L1 
cells, NFAT5 has been reported to bind to the PPARγ promoter and block 
PPARγ expression (20). In addition, the reduction of NFAT5 expression 
promotes a faster activation of the adipogenic program, whereas its 
overexpression inhibits adipogenesis (19,20). This analogous behavior 
of NFAT5-overexpressing cells and FHL2-overexpressing cells is the 
main reason to hypothesize that FHL2 indeed inhibits adipocyte 

B

C

sh
CTRL

sh
NFAT5-1

sh
NFAT5-2

sh
CTRL

sh
NFAT5-1

sh
NFAT5-2

0

50

100

150

%
 N

FA
T5

 e
xp

re
ss

io
n

CTRL-GFP FHL2-GFP

✱✱
✱

✱
0.06

CTRL-GFP FHL2-GFP

sh
C

TR
L

sh
N

FA
T5

-1
sh

N
FA

T5
-2

D

0 2 5 8
CTRL-shCTRL

0 2 5 8
CTRL-shNFAT5-1

0 2 5 8
CTRL-shNFAT5-2

Day

0 2 5 8
FHL2-shCTRL

0 2 5 8
FHL2-shNFAT5-1

0 2 5 8
FHL2-shNFAT5-2

Day

- ADIPOQ

- FABP4

- TUB

- FABP4

- ADIPOQ

- TUB

A

0

5

10

15

20

FABP4

Days of differentiation
R

el
at

iv
e

m
R

N
A 

ex
pr

es
si

on
 (a

.u
.)

0 2 5 8 0 2 5 8 0 2 5 8 0 2 5 8 0 2 5 8 0 2 5 8

shCTRL shNFAT5-1 shNFAT5-2 shCTRL shNFAT5-1 shNFAT5-2

CTRL-GFP FHL2-GFP

**

****
***

**
**

Fig. 5. FHL2 overexpression inhibits adipogenesis through interaction with NFAT5. A) Relative mRNA expression of NFAT5 in CTRL-GFP and FHL2-GFP cells that 
were transduced with shCTRL or two different short hairpins for NFAT5 (shNFAT5–1 and shNFAT5–2). B) Relative mRNA expression of FABP4 in CTRL-GFP and 
FHL2-GFP transduced with shCTRL, shNFAT5–1, or shNFAT5–2. C) Western blot of FABP4, Adiponectin, and Tubulin in FHL2-GFP transduced with shCTRL, 
shNFAT5–1, or shNFAT5–2 cells during 8 days of differentiation. D) Immunofluorescence staining of intracellular lipids (red) and nuclear DAPI (blue) in differ-
entiated cells. Data are indicated as mean ± SEM (*p < 0,05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

M.P. Clemente-Olivo et al.                                                                                                                                                                                                                    



Cellular Signalling 104 (2023) 110587

10

differentiation through its interaction with NFAT5. We confirmed the 
interaction of NFAT5 with FHL2 by co-immunoprecipitation and 
recovered adipocyte differentiation in overexpressing FHL2 cells by 
reducing NFAT5 expression. Previously, hypertonicity has been re-
ported as a relevant process in lipid accumulation in 3T3-L1 cells, we 
may therefore speculate that the FHL2-NFAT5 complex modulates hy-
pertonic stress in pre-adipocytes (45). Another finding that puts forward 
interesting aspects to be studied further, is our finding that the FHL2 
pull-down in 3T3-L1 cells contains eight members of the CNOT complex, 
which strongly suggests that FHL2 participates in this complex. Given 
that FHL2 is known to interact with several nuclear receptors, among 
which ERα, it is of interest to mention that direct interaction of CNOT1 
with the nuclear receptors ERα and RXR has been reported (46). Even 
more relevant for the current study, the CNOT complex is necessary for a 
correct adipocyte phenotype in mouse adipose tissue, as well as for 
appropriate differentiation of 3T3-L1 cells (47–49). We wish to propose 
that it is very likely that the binding of FHL2 with the CNOT complex, 
with NFAT5, and other factors identified in our pull-down screen, also 
occurs in other cellular systems undergoing differentiation (16,18). Of 
note, the interaction between FHL2 and NFAT5, as well as with CNOT- 
elements has been reported before in the study by Huttlin et al, which 
concerns a protein interaction network study in T293 and HCT116 cells 
(50). The current study now demonstrates a functional interaction be-
tween FHL2 and NFAT5 in adipogenesis, and it will be of interest to 
assess the relative contribution of this specific protein-protein interac-
tion in other cellular processes. 

5. Conclusion 

FHL2 is expressed in pre-adipocytes where it refrains the cells from 
differentiating towards mature adipocytes through its interaction with 
NFAT5. Our data indicate that the expression of both proteins needs to 
be reduced to initiate the adipogenic program. Based on the present 
findings, we can firstly add FHL2 to the list of factors requiring timely 
regulation of expression to facilitate accurate adipocyte differentiation 
(3,51,52) and, secondly add adipocytes to the list of cells in which FHL2 

plays an important role in differentiation (16,18). Especially in elderly 
individuals, FHL2 expression in WAT is increased, which may interfere 
with appropriate adipogenesis and subsequent peripheral fat loss with 
aging. Finally, whereas FHL2 has been described to promote differen-
tiation of myoblasts and osteoblasts (16,18), we now demonstrated that 
FHL2 plays the opposite role in pre-adipocytes. Given that these cells are 
all derived from mesenchymal stem cells, this poses FHL2 at the inter-
section of these two distinct cellular processes, tilting the balance to-
wards osteoblasts, whereas its downregulation facilitates pre-adipocyte 
formation (53). 
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FHL2 in early adipogenesis is an essential step in the differentiation process. 
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