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Small integral membrane protein 10 like 1 (SMIM10L1) was identified by RNA sequencing as the most
significantly downregulated gene in Phosphatase and Tensin Homologue (PTEN) knockdown adipose
progenitor cells (APCs). PTEN is a tumor suppressor that antagonizes the growth promoting Phosphoi-
nositide 3-kinase (PI3K)/AKT/mechanistic Target of Rapamycin (mTOR) cascade. Diseases caused by
germline pathogenic variants in PTEN are summarized as PTEN Hamartoma Tumor Syndrome (PHTS).
This overgrowth syndrome is associated with lipoma formation, especially in pediatric patients. The
mechanisms underlying this adipose tissue dysfunction remain elusive. We observed that SMIM10L1
downregulation in APCs led to an enhanced adipocyte differentiation in two- and three-dimensional cell
culture and increased expression of adipogenesis markers. Furthermore, SMIM10L1 knockdown cells
showed a decreased expression of PTEN, pointing to a mutual crosstalk between PTEN and SMIM10L1. In
line with these observations, SMIM10L1 knockdown cells showed increased activation of PI3K/AKT/mTOR
signaling and concomitantly increased expression of the adipogenic transcription factor SREBP1. We
computationally predicted an a-helical structure and membrane association of SMIM10L1. These results
support a specific role for SMIM10L1 in regulating adipogenesis, potentially by increasing PI3K/AKT/
mTOR signaling, which might be conducive to lipoma formation in pediatric patients with PHTS.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

PHTS is caused by germline pathogenic variants in the tumor
suppressor gene PTEN, a lipid and protein phosphatase, which
functions as the main antagonist of the phosphoinositide 3-kinase
(PI3K)/AKT/mechanistic Target of Rapamycin (mTOR) signaling
pathway. PTEN dephosphorylates the second messenger phos-
phatidylinositol-3,4,5-trisphosphate (PIP3) and thereby reverses
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the action of PI3K. PI3K is activated by extracellular signals like
insulin and leads to a downstream activation of AKT and mTOR,
promoting cell growth, proliferation and survival. Patients with
PHTS show a wide spectrum of clinical appearances for example
neurodevelopmental abnormalities, malignancies such as breast,
thyroid, renal and endometrial cancer or nonmalignant manifes-
tations such as dermatologic features, gastrointestinal polyposis
and vascular malformations. Bannayan-Riley-Ruvalcaba-type PHTS
patients are predisposed to lipoma development [1]. We previously
reported on a pediatric PHTS patient with progredient cachexia,
multiple solitary lipomas and abdominal lipomatosis [2]. The
pathogenesis of PHTS associated lipoma development is not clari-
fied yet. Lipomatosis not only compromises the quality of life of
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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PHTS patients but can be harmful due to possible infiltration and
displacement of surrounding organs and tissue. To investigate
possible mechanisms for lipoma formation, we previously used
adipose progenitor cells (APCs) isolated from human visceral adi-
pose tissue to establish an in vitro model for PTEN hap-
loinsufficiency [3]. RNA sequencing of APC with and without PTEN
knockdown (KD) revealed 1379 differently expressed genes [3]
(Supplementary Fig. 1). SMIM10L1 was identified as the most
significantly downregulated gene besides PTEN. It belongs to a
family of small integral membrane proteins. The structure and
function of this 68 amino acid protein with a calculated mass of
7.4 kDa are unknown. The SMIM10L1 gene is located on the short
arm of chromosome 12 and expression displays low tissue speci-
ficity [4,5]. SMIM10, another family member, is a mitochondrial
membrane protein and was found to regulate BRAFV600E RNA and
protein expression on a post-transcriptional level. BRAFV600E is a
pathogenic variant of a Ser-Thr protein kinase and is known to be
deleterious in various types of cancer. BRAFV600E melanoma cells
transfected with SMIM10 undergo senescence and show a reduced
proliferation, whereby the sensitivity to the BRAF-kinase inhibitor
Vemurafenib is elevated. In addition, patients suffering from mel-
anoma skin cancer expressing higher levels of SMIM10 have a
better prognosis. These results suggest an oncosuppressive role for
SMIM10 [6]. Two other gene family members, SMIM10L2A and
SMIM10L2B, were identified as long non-coding RNAs that are
positively associated with overall survival of patients with gastric
cancer, suggesting them to be prognostic factors [7].

We aim to functionally characterize SMIM10L1 and its role in
APCs and to investigate whether this protein could contribute to
lipoma formation in PHTS patients.

2. Materials and methods

2.1. Computational structural characterization of SMIM10L1

The Rosetta membrane ab-initio protocol [8] was used to
generate 20,000 models of the SMIM10L1 gene product. All models
were clusteredwith durandal [9], and the ten top scoring structures
in each cluster were further analyzed with our custom Rosetta
membrane scanning technique [10]. For that, we translated the
model along the membrane z-axis in 1 Å increments and sampled
100 random rigid body perturbations for each membrane depth.
The final model was selected by three criteria: I) the best Rosetta
energy score, II) its agreement with Jufo9D [11] secondary structure
prediction and III) plausible localization in the membrane. The
secondary structure of the final model was visualized with POLY-
VIEW [12]. For visualization purposes, the CHARMM-GUI web
toolkit [13] was used to generate an explicit membrane model as
described in a previous study [14].

2.2. Integration of additional transcriptome data

For a broader understanding of the role of SMIM10L1 we inte-
grated additional transcriptome data from a PTEN knockdown RNA
Sequencing study [3] (Supplementary Fig. 1 and 1c) and differen-
tiation of mouse adipocytes [15] (Supplementary Fig. 3b). Addi-
tional visualizations of these data were realized with programming
language R [16].

2.3. Cell culture

We obtained APCs from the stromal vascular fraction (SVF) of
visceral adipose tissue extracted from three healthy donors during
bariatric surgery [3]. PTEN haploinsufficient lipoma cells (LipPD1)
were obtained from a pediatric PHTS patient [2]. Isolation and
58
culture was performed as previously described [2,17].

2.4. Small-interfering RNA (siRNA) mediated knockdown of
SMIM10L1 and PTEN

APCswere seeded at a density of 1,400 cells/cm2 one day prior to
transfection. The transfection was performed using the NEON
transfection system (Invitrogen, Thermo Fisher Scientific, Inc) as
previously described [3]. Cell pellets were mixed with a combina-
tion of two SMIM10L1 siRNAs (ID #269721, #276961, both Ambion)
or two PTEN siRNAs (s325, s326, both Ambion) or control siRNA
(Silencer™ Negative Control No. 1 siRNA, Ambion). Cells were
seeded at a density of 60,000 cells/well on 6-well plates and har-
vested after 24 h. SMIM10L1 and PTEN knockdown efficiencies were
determined via qPCR assays.

2.5. Determination of proliferation

After transfection, cells were seeded at a density of 2,000 cells/
well on 96-well plates. SMIM10L1 knockdown and control APCs
were fixed at day 1 and day 7. Themediumwas renewed every 72 h.
Nuclei of fixed cells were stained with Hoechst 33342 (Sigma,
Munich, Germany) for 5 min at a concentration of 1 mg/ml in DPBS
and fluorescence was measured at 455 nm.

Ki-67 immunofluorescence staining was performed as previ-
ously described [3]. The proliferative fraction was defined as Ki-67
positive cells per total nuclei count in %.

Proliferating-Cell-Nuclear-Antigen (PCNA) expression in APCs
with and without SMIM10L1 knockdownwas determined via qPCR.
Cells were seeded at a density of 60,000 cells/well on 6-well plates
and harvested after 24 h.

To investigate SMIM10L1 knockdown stability, cells with and
without SMIM10L1 knockdown were seeded at a density of
10,000 cells/well on 6-well plates and cultured for 7 days.

2.6. Adipocyte differentiation assays

Cells were seeded in culturemedium at a density of 15,000 cells/
well on 96-well plates. After 24 h medium was replaced by differ-
entiation medium (Dulbecco's modified Eagle's medium/F12 con-
taining 8 mg/ml D-biotin, 10 mg/ml D-pantothenic acid, 2 mM
rosiglitazone, 25 nM dexamethasone, 0.5 mM methyl-
isobuthylxantine, 0.1 mM cortisol, 0.01 mg/ml apotransferrin,
0.2 nM triiodotyronin, and 20 nM human insulin [18]). After 8 days,
cells were fixed, stained with Nile Red lipid stain (0.5 mg/ml) and
Hoechst 33342 DNA stain (1 mg/ml) and analyzed as described
elsewhere [3].

To mimic in vivo conditions more closely, a modified method
according to Klingelhutz et al. was used for scaffold-free 3D cultures
of lipoma cells [19,20]. To form spheroids, 10,000 cells/well were
seeded into low attachment 96-well microplates (PS, U-bottom,
clear, cellstar®, cell-repellent surface, Greiner Bio-One, Kremsmün-
ster, Austria). Mediumwas changed to 100 ml differentiationmedium
after 24 h (day 0). Half of the medium was replaced every 48 h and
cells were kept in differentiation medium until day 8. Microscope
images were taken daily using the EVOS FL Auto 2 Cell Imaging
System (Invitrogen; Thermo Fisher Scientific, Inc). To determine
spheroid size, image analysis was performed using ImageJ [21].

To investigate adiponectin (ADIPOQ) and fatty acid binding pro-
tein 4 (FABP4) as well as SMIM10L1 mRNA expression during dif-
ferentiation, APCs with or without SMIM10L1 knockdown were
seeded at a density of 120,000 cells/well on 12-well plates and kept
in differentiation medium for 8 days.

SMIM10L1 expression during adipogenesis was determined via
qPCR. 130,000 cells/well were seeded on 12-well plates and
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medium was replaced by differentiation medium after 24h. Cells
were kept in differentiation medium for 4, 8 and 12 days.

Medium for control APCs was replaced by serum-free medium
after 24 h. Control cells were harvested after 4 days.
2.7. Quantitative real-time PCR (qPCR)

RNA isolation, reverse transcription and qPCRs were performed
as described earlier [17]. TaqMan™ assays were performed using
Takyon LowRox ProbeMasterMix dTTP Blue (Eurogentec). For SYBR
Green assays we used the Takyon Low Rox SYBR MasterMix dTTP
Blue (Eurogentec). Supplement table 1 contains a list of primers
used for qPCR assays. Expression was normalized to hypoxanthine
phosphoribosyltransferase (HPRT) and TATA-box binding protein
(TBP).
2.8. Western blot analysis

Cells were seeded at a density of 60,000 cells/well on 6-well
plates and changed to serum-free medium after 24 h. Cells were
harvested the next day. After lysis and protein extraction, 10 mg
protein per lane was separated electrophoretically and blotted onto
nitrocellulose membranes as described earlier [2]. Supplement
table 2 contains a list of primary (Cell Signaling Technology) and
secondary antibodies (Dako; Agilent Technologies). Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and a-Tubulin were
used as loading controls.
Fig. 1. SMIM10L1 was downregulated in PTEN knockdown APCs. (a) PTEN and (b) SMIM1
down by 75.9 ± 1.5% (n ¼ 4, p ¼ 0.0093) and was associated with a downregulation of SMIM1
SMIM10L1 expression in control (yellow) and PTEN knockdown (blue) APCs. The locatio
Computational prediction of the SMIM10L1 structure and its orientation in the membrane.
loops (blue). Jufo 9D (yellow heatmap) predicts localization of the protein in the transmemb
computational modelling of the orientation in a membrane using Rosetta suggests two p
horizontally oriented helix associated with a membrane (f). Two smaller helices remain ex
colour in this figure legend, the reader is referred to the Web version of this article.)
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2.9. Statistical analysis

Means of � 3 independent experiments were statistically
analyzed using GraphPad Prism 6 software (GraphPad Software
Inc.). For comparison of two conditions, means of independent
experiments were compared via paired Student's t-test. For mul-
tiple comparisons, we used one-way analysis of variance (ANOVA)
followed by a Tukey's multiple comparisons test. Results are indi-
cated as the mean ± SEM.
3. Results

3.1. SMIM10L1 was significantly downregulated in PTEN
knockdown APCs

SMIM10L1 was the most significantly downregulated gene in
PTEN siRNA knockdown APCs compared to matched controls [3]
(Supplementary Fig. 1). We confirmed this via qPCR in APCs, with
PTEN siRNA knockdown (p < 0.01; Fig. 1a). We showed the down-
regulation of SMIM10L1 expression to 35.5 ± 1.9% (p ¼ 0.001;
Fig. 1b), comprising also the coding region of SMIM10L1 (Fig. 1c).

Computational prediction of the 3D structure of the SMIM10L1
gene product suggests a proteinwith alpha-helical character. Rosetta
was used to scan for the most likely orientation with respect to the
membrane. The resulting model matches the Jufo9D secondary
structure and membrane position predictions well (Fig. 1d). Two
small N-terminal helices are predicted solvent exposed, while the
largerC-terminalhelix is likely inserted inamembrane. Thepredicted
0L1 mRNA expression in control and PTEN siRNA transfected APCs: PTEN was knocked
0L1mRNA gene expression by 64.5 ± 1.9% (n ¼ 4, p ¼ 0.001). (c) RNA sequencing data of
n of the SMIM10L1 exon is shown as black bar on top of the expression plots. (d)
The ab-inito model of SMIM10L1 exhibits alpha-helical character (red) connected with
rane region (TR), and localization into the membrane core (MC) around residue 55. The
ossibly favorable orientations: a vertical integration of the C-terminal helix (e) or a
posed to the solvent in both cases. **p < 0.01. (For interpretation of the references to



Fig. 2. SMIM10L1 knockdown enhanced differentiation of APCs. (a) mRNA expression of SMIM10L1 in control and SMIM10L1 siRNA transfected APCs: SMIM10L1 was reduced by
92.7 ± 1.9% (n ¼ 13, p < 0.0001). (b) Hoechst nuclei staining (blue) and Nile red lipid staining (red) in control and SMIM10L1 siRNA transfected APCs: the fraction of adipocytes was
1.6 ± 0.2 fold higher in SMIM10L1 knockdown cells compared to controls (n ¼ 7, p < 0.05). (c) 3D culture of controls and cells transfected with SMIM10L1 siRNA: the spheroid size of
SMIM10L1 knockdown cells significantly increased during 8 days of differentiation while the size of control spheroids decreased (n ¼ 4). mRNA expression of adipogenesis markers
(d) ADIPOQ and (e) FABP4 in controls and SMIM10L1 siRNA transfected cells after 8 days of differentiation: ADIPOQ mRNA expression in SMIM10L1 knockdown cells is 204.1 ± 49.6%
higher than in controls. (n ¼ 3, p ¼ 0.0378). FABP4 expression is raised by 60.5 ± 27.0% (n ¼ 3, p ¼ 0.0131) compared to control APCs. (f) Hoechst nuclei staining of control and
SMIM10L1 siRNA transfected cells (day 7 over day 1): proliferation in SMIM10L1 knockdown cells was reduced by 15.8 ± 3.1% (n ¼ 5, p ¼ 0.0115). (g) mRNA expression of pro-
liferation marker PCNA in controls and SMIM10L1 siRNA transfected cells: SMIM10L1 knockdown cells express 13.7 ± 4.1% (n ¼ 13, p ¼ 0.0036) less PCNA mRNA than controls. (h)
Proliferation marker Ki-67 immunofluorescence staining (Ki67 (green)/Hoechst (blue) cell count ¼ proliferative fraction in %) in control and SMIM10L1 siRNA transfected cells: the
proliferative fraction was reduced to 0.8 ± 0.07 fold in SMIM10L1 knockdown cells compared to controls (n ¼ 6, p < 0.05). *p < 0.05, **p < 0.01, ***p < 0.001. (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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Rosetta energy units (REU) are similar and suggest two possible ori-
entations of the C-terminal helix: a vertical integration of the helix
into themembrane (Fig.1e)with�110REUorahorizontalmembrane
association (Fig. 1f) with �121 REU.
3.2. SMIM10L1 knockdown enhanced adipocyte differentiation of
APCs

To test the effects of SMIM10L1 downregulation in APCs, we
established an efficient siRNA-mediated SMIM10L1 knockdown
(p < 0.0001, Fig. 2a). This knockdown was stable during 7 days of
proliferation and 8 days of differentiation (Supplementary Fig. 2).
We analyzed SMIM10L1s role in adipogenesis by investigating
the effect of SMIM10L1 downregulation on adipocyte differenti-
ation of APCs. The fraction of adipocytes was significantly
increased in SMIM10L1 knockdown cells (p < 0.05; Fig. 2b).
Furthermore, we observed that SMIM10L1 downregulation in a
3D adipogenesis assay led to an increased spheroid size and lipid
accumulation compared to spheroids from control APCs
(p < 0.01; Fig. 2c). We additionally analyzed gene expression of
two adipogenesis markers: adiponectin and FABP4 and detected a
significantly higher expression in APCs with SMIM10L1 knock-
down. The expression of adiponectin was twice as high as in
controls (p < 0.05; Fig. 2d). FABP4 expression was raised by
60.5 ± 27.0% (<0.05; Fig. 2e).
60
We analyzed SMIM10L1 expression at day 0, 4, 8 and 12 of dif-
ferentiation in APCs and PHTS lipoma (LipPD1) cells. SMIM10L1was
upregulated during adipogenesis (compared to day 0, p < 0.05)
(Supplementary Fig. 3a).

We observed a slight, but significant decrease of proliferation of
SMIM10L1 knockdown APCs (p < 0.05; Fig. 2f). Proliferation marker
PCNA gene expressionwas reduced by 13.7 ± 4.1% (p < 0.01; Fig. 2g)
and the proliferative fraction of Ki-67 positive cells was reduced to
0.8 ± 0.07 fold in SMIM10L1 knockdown cells compared to controls
cells (p < 0.05; Fig. 2h).
3.3. SMIM10L1 enhanced PI3K/AKT/mTOR pathway signaling via
PTEN downregulation

In further experiments, we analyzed PTEN gene expression in
SMIM10L1 knockdown APCs and noticed that PTEN expression was
downregulated by 12.7 ± 2.8% (p < 0.01; Fig. 3a). We also saw a
downregulation of PTEN protein by 18.9 ± 7.0% in SMIM10L1
knockdown cells compared to controls (p < 0.05; Fig. 3b).

Interestingly, we found that in SMIM10L1 siRNA knockdown
APCs phosphorylation of AKT was 90.0 ± 18.5% higher than in
control cells (p ¼ 0.11; Fig. 3c). AKT activation leads to increased
expression of the adipogenic transcription factor sterol regula-
tory element-binding protein 1 (SREBP1). Consistently, we
observed a tendency of increased SREBP1 expression in



Fig. 3. SMIM10L1 enhanced AKT phosphorylation. (a) PTEN mRNA expression in control and SMIM10L1 siRNA transfected cells: PTEN expression is downregulated by 12.7 ± 2.8%
(n ¼ 13, p ¼ 0.0018) in SMIM10L1 knockdown cells compared to controls. Western blot of control and SMIM10L1 siRNA transfected cells: a downregulation of SMIM10L1 in APCs
using siRNA leads to (b) a downregulation of PTEN protein expression by 18.9 ± 7.0% (n ¼ 4, p ¼ 0.0225), (c) increased phosphorylation of AKT by 90.0 ± 18.5% (n ¼ 4, p ¼ 0.1132) and
(d) increased SREBP1 protein expression by 44.4 ± 24.6% (n ¼ 3, p ¼ 0.0961) in SMIM10L1 knockdown cells compared to controls. *p < 0.05, **p < 0.01, ***p < 0.001.
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SMIM10L1 knockdown APCs compared to controls (p ¼ 0.096;
Fig. 3d).
4. Discussion

Multiple lipomas are frequently observed in pediatric patients
with PTEN germline pathogenic variants. The reason and underly-
ing mechanisms behind this adipose tissue dysfunction are not yet
clarified. In this study we characterized the role of SMIM10L1 in
adipocyte progenitors and investigated whether SMIM10L1 has an
impact on adipocyte differentiation. We created a computational
prediction of SMIM10L1 three-dimensional structure and found
that the small N-terminal helices are probably solvent exposed,
while the larger C-terminal helix is likely inserted in a membrane.
The SMIM10L1 gene product is 66% identical to SMIM10 in the C-
terminal helix region, which is vertically orientated in the mem-
brane [6].

We found SMIM10L1 differentially expressed in a data set
comparing gene expression in immortalized inguinal vs. epidid-
ymal adipose progenitor mouse cell lines during adipocyte differ-
entiation [15] (Supplementary Fig. 3b). In agreement with our
study upregulation of SMIM10L1 during adipogenesis was shown,
supporting a role of SMIM10L1 in adipose tissue development.

PTEN downregulation, as observed in PHTS lipoma cells [17],
leads to an enhanced proliferation of APCs and confers long-term
ability to differentiate into adipocytes, as it has been shown pre-
viously [3]. We therefore investigated the impact of SMIM10L1
downregulation on proliferation and differentiation of APCs. Our
data showed that SMIM10L1 downregulation reduced proliferation
but enhanced adipocyte differentiation of adipose progenitors after
long-term culture. The reduction in proliferation is not consistent
with the increased proliferation observed in APCs with PTEN
knockdown [3]. This suggests that SMIM10L1may not contribute to
the enhanced proliferation in PTEN knockdown cells, but plays a
specific role in adipocyte differentiation, which could possibly
redound to the lipoma formation of patients with PTEN germline
pathogenic variants.

Interestingly, we noticed that PTEN mRNA and protein expres-
sions were downregulated in SMIM10L1 knockdown APCs. A
possible explanation for this observation might be a so far un-
known regulatory crosstalk between PTEN and SMIM10L1. PTEN
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plays a significant role in the glycolysis, gluconeogenesis, lipid
metabolism and mitochondrial metabolism [22]. A mutual inter-
action between SMIM10L1 and PTEN is not described yet but would
be conceivable considering the wide range of PTEN's functions and
interaction partners.

In SMIM10L1 knockdown cells we observed an increased AKT
phosphorylation. This could be mediated by the decreased PTEN
levels in cells with SMIM10L1 downregulation. Higher AKT activa-
tion could entail the higher SREBP1 protein levels, and conse-
quently increased adipogenesis observed in SMIM10L1 knockdown
cells. Further experimental investigations are needed to detect the
mechanisms behind these observed effects and identify possible
interaction partners of SMIM10L1.

The present study was designed to investigate the role of
SMIM10L1 in adipocyte development and to observe whether
SMIM10L1 is involved in mechanisms contributing to the lipoma
formation in PHTS patients. We found that SMIM10L1 enhances
differentiation of APCs. SMIM10L1 expression seems to be associ-
ated with PTEN gene and protein expression and influences the
PI3K/AKT/mTOR signaling pathway. We established a computa-
tional prediction of SMIM10L1 and its orientation in themembrane.
Further research is needed to better understand the function of
SMIM10L1 in adipose tissue development.
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