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TMEM135 deficiency improves hepatic steatosis
by suppressing CD36 in a SIRT1-dependent
manner
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ABSTRACT

Objectives: Dysregulation of lipid homeostasis pathway causes many liver diseases, including hepatic steatosis. One of the primary factors
contributing to lipid accumulation is fatty acid uptake by the liver. Transmembrane protein 135 (TMEM135), which exists in mitochondria and
peroxisomes, participates in intracellular lipid metabolism. This study aims to investigate the role of TMEM135 on regulating cellular lipid import in
the liver.

Methods: We used in vivo, ex vivo, and in vitro models of steatosis. TMEM135 knockout (TMEM135K0) and wild type (WT) mice were fed a high-
fat diet (HFD) to induce hepatic steatosis. Primary mouse hepatocytes and AML12 cells were treated with free fatty acid (FFA). Additionally,
TMEM135-deficient stable cells and overexpressed cells were established using AML12 cells.

Results: TMEM135 deficiency mitigated lipid accumulation in the liver of HFD-fed TMEM135KO0 mice. TMEM135-depleted primary hepatocytes
and AML12 cells exhibited less lipid accumulation when treated with FFA compared to control cells, as shown as lipid droplets. Consistently, the
effect of TMEM135 depletion on lipid accumulation was completely reversed under TMEM135 overexpression conditions. CD36 expression was
markedly induced by HFD or FFA, which was reduced by TMEM135 depletion. Among the SIRT family proteins, only SIRT1 expression definitely
increased in the liver of HFD-fed TMEM135K0 mice along with a significant increase in NAD™/NADH ratio. However, inhibition of SIRT1 in
TMEM135-depleted cells using siSIRT1 or the SIRT1 inhibitor EX-527 resulted in an increase of CD36 expression and consequent TG levels.
Conclusions: TMEM135 depletion attenuates CD36 expression in a SIRT1-dependent manner, thereby reducing cellular lipid uptake and hepatic

steatosis.
© 2024 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION Dysregulation in any of these pathways leads to lipid accumulation in

the liver [6]. Increased uptake of free FA (FFA) and lipoproteins from

Transmembrane protein 135 (TMEM135), also known as peroxi-
somal membrane protein 52 (PMP52), is present in the outer
membrane of mitochondria, peroxisomes and lipid droplets (LDs)
[1—4]. Previous studies propose a key role of TMEM135 in mito-
chondrial dynamics and peroxisome abundance [1,4]. TMEM135 is
also known to be involved in the longevity and lipid accumulation of
worms [2]. TMEM135FUNO25/FUNO25 T\EM135 mutant mice increase
lipid accumulation in retinal pigmented epithelium [5]. Recently,
TMEM135FUNOZ5/FUNO2S e \which have increased peroxisome
number and beta-oxidation, were shown to be protected against the
development of fatty liver [1].

Lipid homeostasis in the liver is controlled through several molecular
mechanisms, including fatty acid (FA) uptake, de novo lipogenesis, FA
oxidation (FAO) and very-low-density lipoprotein secretion [6].

blood circulation is one of the major factors for hepatic lipid accu-
mulation in patients with metabolic dysfunction-associated steatotic
liver disease (MASLD) [7]. FA uptake in the liver is predominantly
dependent on FA importers with a negligible contribution from passive
diffusion [6]. Cluster differentiation 36 (CD36, fatty acid translocase),
fatty acid transport protein (FATP), and caveolins are major FA trans-
porters in the liver [6].

CD36 is a transmembrane protein, a member of the family of class B
scavenger receptors, also known as scavenger receptor B2 (SR-B2),
and facilitates the uptake of oxidized low-density lipoprotein and FA,
with a high affinity for long-chain fatty acids [8,9]. Among the various
FA transporters, CD36 is the most efficient transporter known to date
[10]. Although expressed at low levels in normal hepatocytes, hepatic
CD36 expression positively correlates with the development of hepatic
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steatosis [11]. Its role in FA uptake is evident in CD36-null mice that
have impaired cellular FA uptake, an inability for lipid accumulation in
the tissues and are resistant to diet-induced obesity [12]. CD36 is
transcriptionally activated by peroxisome proliferator activated
receptor-gamma (PPAR-v), liver X receptor (LXR), and pregnane X
receptor (PXR) [13]. Moreover, SIRT1 plays a pivotal role in regulating
CD36 expression [14—17].

SIRTUIN 1 (SIRT1) is a NAD™ dependent deacetylase that regulates
many metabolic processes. SIRT1 has a protective role against MASLD
which makes it an attractive therapeutic target for the prevention of
MASLD [18]. Increased SIRT1 suppresses CD36 expression and pre-
vents high-fat diet (HFD)-induced hepatic steatosis [16]. SIRT1
deacetylates a number of proteins, including histone H3 of CD36 pro-
moter [14,15].

In this study, we investigated the role of TMEM135 on FA importer
under hepatic steatosis conditions using in vivo, ex vivo, and in vitro
experimental models. Our results suggest that the reduction in intra-
cellular lipid accumulation under TMEM135 depletion is closely linked
to the inhibition of lipid import regulated by CD36 in a SIRT1-dependent
manner. These findings propose that TMEM135 might be a promising
candidate for the treatment of hepatic steatosis.

2. MATERIALS AND METHODS

2.1. Animal

TMEM135 knockout (TMEM135K0) mice were generated by Asan
Medical Center (Seoul, Korea) using CRISPER-Cas9 technology. Two
sgRNA sequences were SgRNA1: TGTACATTACTTTCTTCTGC and
sgRNA2: CCAGTCCGCCTCCTTCCTGA. Pups of wild type (WT),
TMEM135K0, and heterozygous were obtained by mating heterozy-
gous TMEM135K0 male and female mice, and further verified by
genotyping. Primer sequences used for genotyping were 5’-
GTTAGTCTTTCACACGCGCT-3’ and 5/-GTTTCCATTTCAA-
CAAAGCAAATTC-3'. Litter mate male mice of WT and TMEM135K0 at
age of 8-weeks were included in the study. Mice were housed at 22 °C
and maintained at 12 h light/dark cycle. WT and TMEM135K0 mice
were randomly divided into two groups. One group of WT and
TMEM135K0 mice was fed a normal chow diet (NCD, 10% kcal from
fat, #D12450B, Research Diets Inc., New Brunswick, NJ, USA) and the
other group was fed a high-fat diet (HFD, 60% kcal from fat, #D12492,
Research Diets Inc.) for 22 weeks. All procedures involving mice ex-
periments were conducted according to the guidelines for The Care
and Use of Laboratory Animals approved by Gwangju Institute of
Science and Technology (GIST), Korea. On the day of sacrifice, mice
were fasted for 12 h and anesthetized. The liver was harvested, snap
frozen in liquid nitrogen, and then stored at —80 °C until used.

2.2. lsolation and culture of the primary hepatocytes

Primary hepatocytes were isolated from the livers of WT and
TMEM135K0 mice at age of 8-weeks as described previously [19] with
some modifications. Isolated hepatocytes were cultured in William
E. media (#A1217601, Gibco, Grand Island, NY, USA). They were
allowed to grow for 12 h, then treated with or without 150 uM of FFA for
12 h.

2.3. Cell culture

Mouse hepatocyte cell line, AML12, was purchased from American
Type Culture Collection (#CRI-2254, ATCC, Manassas, VA, USA). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM,; Gibco,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco, Carlsbad, CA, USA) and 1% penicillin-streptomycin (Gibco,

Carlsbad, CA, USA). After 16 h of seeding, cells were treated with or
without 150 uM of FFA for 12 h.

2.4. Generation of stable cell lines

Lentivirus transfection (#631276, Takara Bio, CA, USA) method as
mentioned by the manufacturer’s protocol was followed to generate
stable cells with TMEM135 depletion (sh-TMEM135) using shRNA
oligos targeting TMEM135 into pLV-[shRNA]-EGFP: T2A: puro-
U6>mTMEM135 [shRNA#1]. The shRNA sequence targeting
TMEM135 is 5'-TAGAAAGGCGTTGCTTAATAA-3’. shRNA sequence 5'-
CCTAAGGTTAAGTCGCCCTCG-3' in pLV-[ShRNA]-EGFP: T2A: puro-
U6>sh-Scramble was used for scramble. shRNA was designed and
ordered from VectorBuilder. Briefly, pLV-shRNA plasmid was co-
transfected with lentivirus packing plasmid into HEK293T cells. Len-
tiviral supernatant was harvested from HEK293T cells after 48 h of
transfection. Supernatant was mixed with 8 pg/ml polybrene (TR-
1003-G, Sigma—Aldrich, St. Louis, MO, USA) to increase the trans-
fection efficiency. After 48 h of transfection, cells were selected in
10 pg/ml puromycin (P4512, Sigma—Aldrich, St. Louis, MO, USA) for 3
weeks. The media with puromycin was replenished every 3 days.

2.5. Reagents and antibodies

Sodium palmitate (#P9767), sodium oleate (#07501), and Oil Red O
solution (#01391) were purchased from Sigma—Aldrich (St. Louis,
MO, USA). CD36 antibody (#NB400-144) and FSP27 (#NB100-430)
were bought from Novus Biological (Minneapolis, MN, USA). Anti-
PPAR-v (#2443S), anti-SIRT1 (#9475 and #2028S), anti-SIRT2
(#12650), anti-SIRT3 (#5490), anti-SIRT4 (#69786), anti-SIRT5
(#8782), anti-SIRT6 (#12486), anti-SIRT7 (#5360) and anti-MYC-tag
(#2278S) were obtained from Cell Signaling Technology (Beverly,
MA, USA). TG assay kit (ab65336) was purchased from Abcam
(Abcam, Cambridge, MA, USA). Anti-PLIN2 (15294-1-AP) was bought
from Proteintech (Rosemont, IL 6008, USA). HRP Conjugated-Beta
actin (#Sc-47778) from Santa Cruz Biotechnology (Dallas, TX, USA),
HRP conjugated goat anti-mouse (A90—131P0) and HRP conjugated
goat anti-rabbit (#A120—101P) were obtained from Bethyl Labora-
tories (Montgomery, TX, USA).

2.6. Preparation of free fatty acid (FFA)

Sodium palmitate and sodium oleate powder were weighted and mixed
with 150 mM sodium chloride solution separately. Sodium palmitate
and sodium oleate were heated at 70 °C and 60 °C, respectively. Then,
the solution was mixed for 1 h with fatty acid-free bovine serum al-
bumin (BSA) solution prepared in 150 mM NaCl at 37—40 °C for
conjugating fatty acids to BSA. A mixture of palmitic and oleic acid (1:2)
was used as FFA. FFA was aliquoted and stored at —20 °C until used.

2.7. 0il Red 0 (ORO) staining and lipid droplet (LD) quantification
Staining for LDs was performed using ORO solution as the manufac-
turer’s instruction. Cell’s nuclei were stained with DAPI. For liver tissue
sections, nuclei were stained with Mayer’s hematoxylin solution. Im-
ages were acquired using a microscope. Quantification of LD size,
number, and area was done using ImagedJ software [20].

2.8. Plasmids

The plasmid pCMV-TMEM135-myc encoding full-length versions of
wild-type mouse TMEM135 followed by five tandem copies of a ¢c-Myc
epitome tag (EQKLISEEDL), as mentioned earlier, was used [3].
pcDNA3.1 was used as a control. Plasmid was transfected by using
JetOPTIMUS  (#101000006, Polyplus) as mentioned by the
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manufacturer’s protocol. After 12 h of transfection, cells were treated
with FFA for 12 h and harvested for further analysis.

2.9. Immunofluorescence staining

Cells were grown on coverslips. As confluency reached around 70%,
cells were transfected with TMEM135-myc or control plasmid. After
12 h of transfection, cells were treated with FFA for 12 h and then fixed
with 4% paraformaldehyde for 20 min at room temperature. Cells were
rinsed three times with PBS, permeabilized with 0.25% TritonX-100 for
5 min, and followed by blocking with 3% BSA for 1 h at room tem-
perature. Cells were incubated with primary antibody overnight. Next,
cells were rinsed three times with PBS and incubated with secondary
antibodies (1:500) for 1 h. Nucleus was stained with DAPI. Finally,
samples were examined under microscope. Image J software was
used to quantify the fluorescence intensity.

2.10. FA uptake assay

The stable cell lines, sh-Scramble and sh-TMEM135, were tagged with
EGFP. EGFP-tagged sh-RNA cells interfere with the green fluorescence
of BODIPY-Palmitate staining during the fine visualization of lipid
import. To avoid this issue, we used, si-Control and si-TMEM135,
AML12 cells specifically for performing the BODIPY-Palmitate assay.
BODIPY-Palmitate (26749, Cayman chemical company, Michigan
48108, USA) was mixed with 1% FFA-free BSA and treated to cells at
concentration of 1 M for 1 h at 37 °C. BSA was used as a control. BSA
treatment was used as a control. Then, cells were immediately washed
three times with cold PBS. DAPI staining was performed and washed
three time with cold PBS. Finally, coverslip was mounted on clean
glass slides and fluorescent images were obtained under microscope.

2.11. RNA interference

Procedure followed INTERFERin (#101000028, Polyplus) in vitro short
interfering RNA (siRNA) transfection reagent protocol from the manu-
facture. siControl (SN-1003), siTMEM135, and siSIRT1 were pur-
chased from Bioneer (Daejeon, Korea). Double depletion was carried
out in sh-TMEM135 cells using siRNA targeting SIRT1. siRNA se-
quences were as follows: siSIRT1 are 5’-CCCUGUAAAGCUUUCAGAA-3’
and 3’-UUCUGAAAGCUUUACAGGG-5’; siTMEM135 are 5'-UACAAAC-
GUUUUCAUA-3' and 3'-UAUGAAACCCACGUUUGUA-5’. After 48 h of
transfection, cells were treated with FFA for 12 h and collected for
further analysis.

2.12. EX-527 treatment

Cells were seeded in 6 cm plate and maintained until they reached
50% of confluency. Then, cells were pretreated with 10 uM EX-527
(2780, TOCRIS, Bristol, UK) or DMSO as a vehicle for 24 h and fol-
lowed by 12 h of FFA treatment.

2.13. Histology

Cryosection of tissues was prepared by incubating with sucrose 15%
and 30%, embedded in OCT, frozen by dry ice for 30 min, and stored
at —80 °C. Tissue was sectioned in 8 um thickness and ORO staining
was performed as the manufacturer’s instructions described above.
Immunohistochemical stain of CD36 was performed from paraffin-
embedded liver tissues. Tissues fixed in 10% neutral buffer formalin
was sectioned into 5 um thickness. Deparaffinization of slides was
done by heating slide at 60 °C for 15 s. Slides were kept in xylene and
then in a series of ethanol 100%, 95% and 70%, and then finally
washed with distilled water. Blocking of endogenous peroxides was
achieved by incubating slides in 3% H,0, solution for 10 min. Slides

I

MOLECULAR
METABOLISM

were washed in PBS for 5 min thrice. Antigen retrieval was performed
by heating slide in citrate buffer for 10 min at 97 °C, and blocking was
done for 1 h in 1% BSA containing PBS. Again, slides were washed
with PBS for 5 min thrice. Primary antibody was incubated for 1 h at
37 °C and unbound antibody was washed thrice with PBS-T for 5 min.
Secondary antibody in GBI kit was incubated for 1 h at room tem-
perature. After wash unbound antibody, then slides were incubated in
DAB for 1 min, washed with PBS for 5 min thrice, and counterstained
with Mayer’s hematoxylin for 1 min. Image was taken using OLYMPUS
BX-51 and analyzed by image J software.

2.14. Triglyceride (TG) measurement

Hepatic and intracellular TG levels were determined using TG assay kit
(ab65336, Abcam, Cambridge, MA, USA) according to the manufac-
turer’s instruction. Briefly, cells were harvested and washed with cold
PBS. The pellet was homogenized in 1 ml of 5% NP40. The homog-
enate was heated at 80 °C for 2 min and cooled at room temperature.
After centrifugation for 2 min, the clear supernatant was transferred to
a new EP tube. Protein concentration was measured by Bradford
method. After normalization to protein concentration, TG concentration
was calculated by reading OD at 570 nm. Similarly, for liver tissue,
100 mg of liver tissue was homogenized in 5% NP40 and followed the
similar procedures as mentioned before.

2.15. Diacylglycerol (DAG) measurement

Intracellular DAG levels were determined using DAG assay kit
(ab242293, Abcam, Cambridge, MA, USA) according to the manu-
facturer’s instruction. Briefly, cells were harvested and washed with
cold PBS. The pellet was resuspended in 1 ml of cold PBS. Then, 1 mi
of methanol, 2.25 ml of 1 M NaCl and 2.5 ml of chloroform were added
to the sample. The sample was vortex well and centrifuged at 1500 g
for 10 min. The upper aqueous phase was discarded and the lower
chloroform phase was washed twice with pre-equilibrated upper
phase mentioned in manufacturer’s protocol. After the final wash,
lower organic phase was carefully collected into a glass vial. This lower
phase was completely dried in a stream of nitrogen gas. Finally, 50 p
of assay buffer was added and DAG concentration was measured by
fluorometric method at excitation in 530—560 nm and emission in
585—595 nm.

2.16. RT-qPCR

Total RNA from liver tissue and cells were prepared by TRIzol reagent
(#15596018, Invitrogen, Carlsbad, USA) according to the manufac-
turer’s instruction. A reverse transcription kit (#73201, HK Genomics,
Korea) was used to transcribe cDNA. Real-time gPCR was performed
with cDNA template using a light cycler system with SYBR green PCR
master mix (#4309155, Applied Biosystems, Austin, TX, USA). Primer
sequences were listed in the Supplementary table 1 and 36B4was
used as an internal control.

2.17. Western blot analysis

Liver tissues and cells were homogenized in RIPA lysis buffer (RC2002-
050-00, Biosesang, Seoul, Korea) mixed with 1X protease phospha-
tase inhibitor cocktail (#1861281, Thermo Scientific, USA). Protein
lysate was kept in ice for 15 min and centrifuged at 14000x g for
10 min at 4 °C to collect supernatant. Protein concentration was
measured by Bradford method (#5000006, BIO-RAD, USA). Protein
was mixed with SDS, heated at 97 °C for 5 min, and subjected to SDS-
PAGE. Antibody-targeted proteins were visualized using Western blot
detection kit (#LF-QC0103, Abfrontier, Seoul, Korea).
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2.18. SIRT1 activity assay

SIRT1 activity was measured by SIRT1 activity kit (ab156065, Cam-
bridge, MA, USA) as mentioned by the manufacture’s instruction.
Fluorescent intensity was measured at 1 min interval for 60 min using
CLARIOstar plus microplate reader (BMG LabTech, Germany) at
350 nm excitation and 460 nm emission.

2.19. Metabolomics

Liver samples from WT and TMEM135KO mice fed with either NCD or
HFD were collected and sent to Metabolon Inc. (Durham, NC, USA)
(N = 6/group) for untargeted metabolite profiling, including NAD™,
NADH, and ceramide analysis [21]. Briefly, samples were extracted and
split into equal parts for by liquid chromatography/tandem mass
spectrometry (LC/MS/MS). Proprietary software was used to match ions
to an in-house library of standards for metabolite identification and for
metabolite quantitation by peak area integration. Statistical analysis
was performed on natural log-transformed data. For comparison of
metabolites in the heatmap, normalized data were converted to z-score.

2.20. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 9.0
(San Diego, CA, USA). Student’s t-test and ANOVA were performed as
mentioned in the respective figures. Tukey HSD post-hoc test was
conducted after ANOVA analysis. Statistical significance was set at a p-
value <0.05.

3. RESULTS

3.1. TMEM135 depletion alleviates lipid accumulation in the liver of
HFD mice and FFA treated cells

To investigate the role of TMEM135 depletion on lipid accumulation, we
performed in vivo, ex vivo and in vitro experiments. TMEM135 expres-
sion in mouse liver and knock down cells was confirmed by measuring
mRNA expression (Supplementary Figure. S1). The liver of HFD-fed WT
mice demonstrated an increased lipid accumulation shown as lipid
droplets (LDs), while that of TMEM135K0 mice showed less LDs even in
HFD conditions (Figure 1A). Consistently, expression of LD-associated
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Figure 1: Depletion of TMEM135 decreases lipid accumulation in the liver of HFD mice and FFA-treated primary hepatocytes and AML12 cells. (A—C) WT and
TMEM135K0 mice were fed either NCD or HFD for 22 weeks (n = 6 per group). (A) Oil Red O staining of liver tissue section (Original magnification x100). (B) Immunoblots and
densitometry for PLIN2, FSP27, and f-actin from the liver tissue of mice. Data represent mean + SD, **p < 0.01, *p < 0.05, Two-way ANOVA. (C) Hepatic TG levels. Data
represent mean + SD, **p < 0.01, Two-way ANOVA. (D—F) Primary hepatocytes were isolated from the livers of WT and TMEM135K0 mice and treated with FFA for 12 h. (D) Oil
Red 0 staining and quantification of LD area (Original magnification x40, scale bar 20 um). More than 100 cells per group in each experiment were measured. Data represent
mean =+ SD, ****p < 0.0001, Two-way ANOVA. (E) Inmunoblots and densitometry for PLIN2 and [-actin. Data represent mean & SD, ****p < 0.0001, ***p < 0.001, Two-
way ANOVA. (F) Quantification of TG levels. Data represent mean + SD, ****p < 0.0001, Two-way ANOVA. (G—I) sh-Scramble and sh-TMEM135 cells were treated with FFA for
12 h. (G) Oil Red 0 staining and quantification of LD area (Original magnification x100, scale bar 20 pm). More than 100 cells per group in each experiment were measured. Data
represent mean & SD, ****p < 0.0001, **p < 0.01, Two-way ANOVA. (H) Immunoblots and densitometry for PLIN2 and (-actin. Data represent mean 4 SD, ****p < 0.0001,
Two-way ANOVA. (I) Quantification of TG levels. Data represent mean + SD, ****p < 0.0001, **p < 0.01, Two-way ANOVA.
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proteins [22,23], including PLIN2 and FSP27, was attenuated in the liver
of TMEM135K0 mice compared to that of WT mice under both NCD and
HFD-fed conditions (Figure 1B). Though, PLIN2 expression markedly
increased by HFD in both WT and TMEM135K0 mice, FSP27 expression
did not show any notable change in the liver of HFD-fed TMEM135K0
mice (Figure 1B). Next, we measured hepatic TG levels in the mice to
confirm the difference in lipid accumulation between WT and
TMEM135K0 mice. TG accumulation was significantly elevated in the
liver of HFD-fed WT mice (Figure 1C). In contrast, TG levels in
TMEM135K0 mice remained unchanged by HFD feeding, which was
almost similar to that under the NCD condition (Figure 1C). We also
analyzed the hepatic ceramide levels in WT and TMEM135K0 mice
(Supplementary Figure. S2). However, various types of ceramides were
not changed between WT and TMEM135K0 mice, ceramide (d18:1/
17:0,d17:1/18:0) was significantly decreased in TMEM135K0 mice liver
compared to WT, regardless of diet conditions (Supplementary Figure S2
G). Ceramide (d18:1/16:0(20H)) tended to reduce in WT mice liver under
HFD conditions (Supplementary Figure S2 C).

Next, primary hepatocytes were maintained with or without FFA to
mimic in vivo HFD conditions. ORO staining and LD area quantification
results showed that FFA treated primary hepatocytes from
TMEM135K0 mice had significantly reduced LD accumulation
compared to WT (Figure 1D). Furthermore, we measured the number
and size of LDs in primary hepatocytes. The number of LDs in primary
hepatocytes from TMEM135K0 mice was significantly decreased
compared to WT mice under FFA treatment (Supplementary Figure S3
A). The average number of LDs per cell was almost 50% less in the
primary hepatocytes from TMEM135K0 mice compared to WT mice
under FFA treatment (Supplementary Figure S3 A). In addition, LD size
was smaller in the primary hepatocytes from TMEM135K0 mice
treated with FFA, while the primary hepatocytes from WT mice were
rich in larger LDs (Supplementary Figure S3 B). Approximately, 50% of
LDs in the primary hepatocytes from TMEM135K0 mice was below
2 um in diameter and only 20% of LDs was above 3 um. However, only
22% of LDs in the primary hepatocytes from WT mice was below 2 pm
in diameter and 50% of LDs was above 3 pum. The difference in LD
accumulation between the primary hepatocytes from WT and
TMEM135K0 mice was further confirmed by measuring the protein
expression of PLIN2. A marked increase in PLIN2 expression by FFA
treatment in the primary hepatocytes from WT mice was attenuated in
TMEM135 KO mice (Figure 1E). Consistently, primary hepatocytes from
TMEM35K0 mice showed a significant decrease in TG levels compared
to WT mice under both BSA and FFA treatment conditions (Figure 1F).
We also demonstrated the effect of TMEM135 depletion on lipid
accumulation in AML12 cells, demonstrating that FFA treatment led to
a significant reduction in ORO staining and LD area in sh-TMEM135
cells compared to sh-Scramble (Figure 1G). Consistent with primary
hepatocytes, sh-TMEM135 cells treated with FFA had reduced LD
numbers (Supplementary Figure S3 C). LDs in sh-TMEM135 cells
treated with FFA were smaller, whereas LDs in sh-Scramble cells were
larger (Supplementary Figure S3 D). Additionally, PLIN2 expression by
FFA treatment was augmented in sh-Scramble cells which was
markedly attenuated in sh-TMEM135 cells (Figure 1H). sh-TMEM135
cells showed significantly lower TG and diacylglycerol (DAG) levels
compared to sh-Scramble cells under FFA treatment, further con-
firming that lipid storage was reduced in the TMEM135-deficient
in vitro experimental model (Figure 11 and Supplementary Figure S4 A).
Collectively, these observations clearly indicate that TMEM135 may
contribute to lipid accumulation, which was significantly suppressed in
the liver and the primary hepatocytes of TMEM135K0 mice, and sh-
TMEM135 AML 12 cells.
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3.2. TMEM135 overexpression increases lipid accumulation in FFA
treated AML12 cells

Next, to observe the effect of TMEM135 overexpression on lipid
accumulation, TMEM135-myc was transfected to AML12 cells for 24 h
and followed by FFA treatment for 12 h. Expression of PLIN2 signifi-
cantly increased by the addition of FFA in both control and TMEM135-
myc cells (Figure 2A). However, overexpression of TMEM135 drove
more expression of PLIN2 compared to control cells in the presence of
FFA. In addition, TG level which was significantly increased by FFA
treatment, further augmented in TMEM135-myc cells (Figure 2B).
Similarly, FFA treatment significantly increased DAG levels in
TMEM135-myc cells compared to control cells (Supplementary Figure
S4 B). In TMEM135-myc cells, fluorescence intensity of PLIN2
significantly increased in the presence of FFA compared to control cells
(Figure 2C—D). These results suggest that TMEM135 modulates lipid
accumulation in the liver and hepatocytes of mice.

3.3. TMEM135 depletion suppresses CD36 expression in the liver
of HFD mice and FFA treated cells

Next, we measured the expression of proteins and genes involved in
lipid uptake to determine whether the reduced LD accumulation under
both TMEM135 deficiency and depletion conditions was due to
decreased FFA uptake. CD36, which facilitates the transport of long-
chain fatty acids (LCFAs) [8,13], significantly increased in the immu-
nohistochemical staining of the liver of HFD-fed WT mice, whereas that
clearly disappeared in TMEM135K0 mice (Figure 3A). In parallel, we
verified that the protein expression of CD36 markedly upregulated only
in the liver of HFD-fed WT mice but not in HFD-fed TMEM135K0 mice
(Figure 3B). Similarly, protein expression of PPAR-v, a well-known
upstream regulator of CD36, was also increased only in the liver of
HFD-fed WT mice compared to NCD-fed WT mice (Figure 3B). Besides
ppar-y, we also analyzed the mRNA expression of /xrand pxr, which
are known to regulate CD36 expression [24]. As expected, mRNA
expression of ppar-y, Ixr, pxr, and cd36 was significantly upregulated
in the liver of HFD-fed WT mice (Supplementary Figure S5 A-D).
However, the protein expression of LXR and PXR between WT and
TMEM135K0 mice was not different (Supplementary Figure S6). To
confirm whether lipid import was solely through CD36 or not, we also
measured mRNA expression of other lipid importers, including fafp2
and falp5, in the liver tissue. There was no difference in their mRNA
expression levels (Supplementary Figure S7 A-B).

In consistent with in vivo data, the expression of CD36 markedly
increased in the primary hepatocytes from WT mice in the presence of
FFA, however, it was not obvious in the primary hepatocytes from
TMEM135K0 mice (Figure 3C). We also tested CD36 protein expres-
sion in FFA treated sh-Scramble and sh-TMEM135 cells in a time
dependent manner. CD36 expression increased after 15 min of FFA
treatment in both cells (Figure 3D). CD36 persisted up to 12 h of FFA
treatment in sh-Scramble cells, while that began to markedly reduce in
sh-TMEM135 cells after 30 min and completely disappeared after 2 h
(Figure 3D). In contrast, TMEM135 overexpression was sufficient to
increase CD36 protein expression in AML12 cells, irrespective of FFA
treatment (Figure 3E).

Next, to confirm whether lipid import might have altered under
TMEM135 depletion, we measured lipid import into cells using
BODIPY-Palmitate, a green fluorescence tagged palmitic acid. The
intensity of BODIPY-Palmitate increased in siControl cells compared to
SiTMEM135 transfected cells with statistical significance (Figure 3F).
Collectively, these data demonstrate that TMEM135 regulates lipid
uptake into cells through CD36 expression in experimental models of
in vivo, ex vivo, and in vitro.
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3.4. TMEM135 depletion inhibits lipid accumulation through
regulation of CD36 expression in a SIRT1-dependent manner in the
liver of HFD mice and FFA treated cells

To identify the possible regulator of CD36 under TMEM135 depletion,
we investigated whether CD36 expression could be regulated though
SIRT1 [14,15]. Among SIRT family proteins, from SIRT1 to SIRT7, only
SIRT1 prominently upregulated in the liver tissue of HFD-fed
TMEM135K0 mice (Figure 4A). In addition, NAD*/NADH ratio signifi-
cantly increased in the liver tissue of TMEM135K0 mice compared to
WT (Figure 4B). However, there were no significant differences in
SIRT1 protein as well as NAD'/NADH ratio in WT mice irrespective of
diets (Figure 4A—B). Consistent with in vivo data, SIRT1 expression
significantly increased in the primary hepatocytes from TMEM135K0
mice with FFA treatment (Figure 4C). Likewise, SIRT1 significantly
increased in sh-TMEM135 cells treated with FFA (Figure 4D). However,
TMEM135 overexpression markedly reduced SIRT1 expression
regardless of FFA treatment (Figure 4E).

To confirm whether CD36 was regulated by SIRT1 in TMEM135
depleted condition, SIRT1 was suppressed with either siRNA or SIRT1
inhibitor EX-527, respectively. Consistent with Figure 3D, FFA treat-
ment increased the protein expression of CD36 only in sh-Scramble

staining for PLIN2 (Original magnification x100, scale bar 20 um). (D) Quantification of
0.001, Two-way ANOVA.

cells, but not in sh-TMEM135 (Figure 5A). In addition, PLIN2 expres-
sion was significantly higher in sh-Scramble cells compared to sh-
TMEM135 under FFA treatment (Figure 5A). However, SIRT1 protein
suppression by siSIRT1 transfection in sh-TMEM135 cells increased
CD36 protein expression (Figure 5A). PLIN2 expression under FFA
treatment was elevated by siSIRT1 transfection in sh-TMEM135 cells
and was comparable to that in FFA-treated sh-Scramble cells
(Figure 5A). siSIRT1 transfection significantly increased TG levels in sh-
TMEM135 cells similar to sh-Scramble cells under FFA treatment
(Figure 5B). In contrast, siSIRT1 transfection did not further increase
the expression of CD36 and PLIN2 in sh-Scramble cells under FFA
treatment (Figure 5A). However, TG levels in sh-Scramble cells tended
to increase with siSIRT1 transfection under FFA treatment, and it was
also higher than siSIRT1 transfected sh-TMEM135 cell under FFA
treatment (Figure 5B). Moreover, FFA treatment increased SIRT1 ac-
tivity in sh-TMEM135 cells, which was attenuated by siSIRT1 trans-
fection. In contrast, FFA treatment did not result in any detectable
change in SIRT1 activity in sh-Scramble cells (Figure 5C).

Next, we also verified the effect of EX-527, a SIRT1 activity inhibitor, on
CD36 expression and TG accumulation in sh-TMEM135 cells
(Figure 5D—E). Treatment with EX-527 increased CD36 expression
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similarly to siSIRT1 transfection in sh-TMEM135 cells (Figure 5D).
Accordingly, EX-527 treatment in sh-TMEM135 cells increased PLIN2
expression and TG accumulation in the presence of FFA (Figure 5D—E).
However, the protein expression of CD36 and PLIN2 was not changed
in sh-Scramble cells by EX-527 treatment in the presence of FFA. EX-
527 treatment with FFA did not induce any detectable changes in TG
accumulation in sh-Scramble cells. Taken together, TMEM135
depletion increases NADT/NADH ratio, which further induces SIRT1
that inhibits CD36 expression and lipid import (Figure 5F).

4. DISCUSSION

Previous studies relate the role of TMEM135 in peroxisome abundance
[1], mitochondrial dynamics [4] and lipid metabolism [1,2]. There is
controversy among studies regarding the role of TMEM135 in lipid
metabolism [1,2,5,25]. On one hand, TMEM135 mutant (TMEM135-
FUNO25/FUNO25) has heen reported to increase the gene expression
relating to cholesterol metabolism, FA metabolism and steroid meta-
bolism along with increased lipid accumulation in the mouse eyecup
[5]. In addition, siRNA-mediated knockdown of TMEM135 in HepG2
cells resulted in increased basal TG accumulation [26]. Similarly,
reduced TMEM135 expression has been reported in the abdominal
subcutaneous white adipose tissue of obese females [25]. On the other
hand, TMEM135UN025/FUN025 hag heen shown to reduce hepatic lipid
accumulation in Lep®°® mice with an increase in peroxisomal pro-
teins, including those involved in FAQ [1]. Global TMEM135 transgenic

(TG) mice exhibit small-sized adipocytes and absence of liver fat
accumulation even with HFD-feeding [25]. In contrary, the heart of
TMEM135TG mice has increased oxidative stress and might trigger ER
stress [27]. However, other independent studies have demonstrated
that ER stress upregulates CD36, thereby increasing lipid accumulation
[28]. So far, the changes in peroxisomal content and mitochondrial
dynamics have been reported with lipid accumulation in TMEM135
mutant mice [1,25].

In this study, we addressed the unknown role of TMEM135 in regu-
lating lipid uptake ultimately affecting the cellular lipid contents by
in vivo, ex vivo, and in vitro studies. Although, recent studies have
established a role of CD36 in FA uptake that serves as a substrate for
TG synthesis and the development of steatosis [29,30]. HFD and FFA
did not induce CD36 expression under TMEM135 depleted conditions.
Besides CD36, we measured mRNA expression of fafp2 and fatp5
which are known to be prominent in the liver tissue. It is expected that
an increase in FFA flux happens through FATPs in the absence of CD36
[11,31]. We found no significant difference in FATP expression be-
tween WT and TMEM135K0 mice. However, an increased tendency of
fatp5 mRNA expression in the liver of TMEM135K0 mice could also be
one of the compensatory mechanisms in the absence of CD36 [11].
TMEM135KO0 liver showed reduced CD36 and lipid accumulation
compared to WT under HFD condition, despite increased tendency of
FATP5. Therefore, our study focused on lipid import through CD36.
Although we expected complete absence of LDs in sh-TMEM135 cells
treated with FFA, we observed increased lipid accumulation compared
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to BSA treatment. An increased lipid in sh-TMEM135 cells could be
possibly due to a slight increase in fatp5 or passive diffusion. These
data indicate that among several FA importers present in liver tissue,
CD36 expression was specifically affected by TMEM135 depletion.
Therefore, we propose that the primary mechanism for reduced lipid
accumulation in TMEM135 deficiency may be prevention of FA uptake
through downregulation of CD36 expression.

Fatty liver diseases are characterized by the accumulation of neutral
lipids inside LD in hepatocytes [32]. Upon HFD, rodents develop fatty
liver with an increased expression of PLIN2 and FSP27, similar to pa-
tients with MASLD [29,32—36]. However, HFD did not equally increase
the expression of these LD proteins, including PLIN2 and FSP27, in the
liver tissue of TMEM135K0 mice. This is consistent with our hypothesis
that in the absence of CD36 expression, lipid may not be taken up as
efficiently into the liver of TMEM135K0 mice as compared to WT,
resulting in reduced lipid accumulation under HFD-fed conditions.
Moreover, reduced LD size by blocking FA uptake through CD36 has

been demonstrated earlier [37]. As CD36 was expressed only for the
initial few hours upon FFA treatment in sh-TMEM135 cells, we assume
that both reduced LD size and TG level in TMEM135-depleted cells
might be due to limited import of FFA during the fade out of CD36
expression. However, inhibition of lipolysis and lipophagy could also
result in the accumulation of larger and smaller LD in the hepatocytes,
respectively [38]. Besides, an increase in peroxisomal FAO could be
another factor for reduced LD accumulation in TMEM135-depleted cells
[1]. In contrary, an increased CD36 expression in TMEM135-
overexpressed cells indicates an increased lipid import into cells with
an enhanced lipid accumulation, as demonstrated by both increased
PLIN2 and TG levels. However, the reduced peroxisomal FAO proteins
have been described in the liver of TMEM135TG mice [1]. Surprisingly,
FFA treatment facilitated PLIN2 expression under TMEM135 over-
expression conditions, suggesting that TMEM135 plays a crucial role in
increased lipid accumulation. However, a previous study in Caeno-
rhabditis elegans showed that TMEM135-GFP co-localizes with LD
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decreases fatty acid import and accumulation in the liver.

without a significant change in lipid accumulation [2]. This difference in
observation might be due to different experimental models between
C. elegans and AML12 hepatocytes.

Provided that lipid metabolism in the liver relies on interplay among
various tissues [39], our ex vivo and in vitro results showed that
TMEM135-deficient cells exhibited less lipid accumulation compared
to control cells in the presence of FFA. This strongly implies that the
reduced lipid accumulation in the liver of TMEM135K0 mice may be
due to lipid metabolism mediated by intrahepatic interplays between
different liver cell types.

Next, we tried to clarify the mechanism by which TMEM135KO0 prevents
lipid import and accumulation. TMEM135 depletion has been reported to
increase sirt3 mRNA expression in HepG2 cells [26]. SIRT1 is known to
regulate both PPAR-y and CD36 [14—16,40]. Therefore, we also
investigated the involvement of SIRT proteins in TMEM135K0 mice.
Upregulated SIRT1 protein expression in liver tissue of HFD-fed
TMEM135KO0 mice could be related to the suppressed expression of
PPAR-y and CD36 [14,40]. Yet, we did not clarify whether SIRT1
regulated CD36 was secondary to PPAR-vy in this study. SIRT1 is known
to downregulate CD36 expression by the histone deacetylation of CD36
promoter region [14,15]. Our data suggest that the inability to upregulate
SIRT1 expression in HFD-fed WT mice could have failed to inhibit the
expression of PPAR-y and CD36 [14,40]. In addition, NAD/NADH ratio,
which is known to increase the expression and activity of SIRTT,
increased in the liver of TMEM135K0 mice [14,41,42]. Though, the ratio
was higher also in the liver of NCD-fed TMEM135KO0, an increase in
SIRT1 was observable only in that of HFD-fed TMEM135K0. We assume
that NCD could notinduce CD36 expression, thus SIRT1 is not required to
be upregulated in the liver of NCD-fed TMEM135K0 mice. Besides, CD36
expression and lipid accumulation were increased in autophagy deficient
cells, specifically ATG5 knockout dendritic cells [43]. SIRT1 also induces
autophagy [44]. We observed that SIRT1 was induced in sh-TMEM135
only after FFA treatment. Therefore, it is possible that the initial degra-
dation of CD36 was suppressed in sh-TMEM135 cells. An increase in
SIRT1 after FFA treatment indicates the possibility of autophagic
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degradation of CD36. However, in this study, we did not detect auto-
phagic degradation of CD36. Likewise, ex vivo and in vitro studies with
FFA in TMEM135 depleted cells demonstrated an increase in SIRT1
expression with suppressed CD36 expression. We hypothesized that
TMEM135 depletion might increase the activity of mitochondria com-
plexes |, thus generating NAD™. An increase in NAD™/NADH ratio might
have upregulated SIRT1 expression and activity [45,46]. However, SIRT1
inhibition by siRNA or EX-527 in TMEM135-depleted cells increased
CD36 expression [47]. A decrease in SIRT1 protein expression, either
with siSIRT1 or EX-527 treatment, resulted in increased lipid accumu-
lation, which was consistent with previous studies [48—50].

In this study, we expected to observe a similar level of lipid accu-
mulation in shTMEM135 cells co-treated with EX527 and FFA as seen
in FFA-treated sh-Scramble cells. However, we observed a smaller
increase in TG in sh-TMEM135 cells upon co-treatment. Previous
studies have also reported controversial results on the magnitude of
lipid accumulation in AML12 cells following the same concentration of
EX527 treatment. Several studies have shown that EX527 enhanced
TG accumulation to a greater extent when treated with 1 mM FFA for
24 h [50]. However, other studies have reported a smaller increase in
TG levels by EX527 when treated with 500 puM PA for 24 h [51]. We
treated cells with 150 uM FFA for 12 h. Therefore, the differences in
the magnitude of lipid accumulation by EX-527 treatment between the
previous studies and ours may be due to the concentrations and
duration of FFA treatment.

Moreover, the administration of SIRT1 activator, SRT1720, to HFD mice
recovers SIRT1 expression and suppresses CD36 expression accom-
panied by a decrease in hepatic lipid accumulation [16]. Similar to
heterozygous SIRT1KO mice fed with HFD, which showed an increase
in both CD36 expression and hepatic lipid accumulation, reduced
SIRT1 protein in TMEM135 overexpressed cells failed to suppress
CD36 expression [17]. Thus, increased lipid imports in TMEM135
overexpressed cells likely resulted in an increase of lipid accumulation.
Therefore, it is reasonable to speculate that an increase in SIRT1 under
TMEM135 depleted conditions attenuates CD36 expression and
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cellular FA uptake upon HFD or FFA treatment. We also expected that
siSIRT1 transfection would increase CD36 expression to a great extent
than in FFA treated sh-Scramble cells, consistent with the results
observed in TMEM135-myc cells. However, it is important to
acknowledge the fact that TMEM135-myc cells are influenced not only
by reduced SIRT1 protein but also by forced expression of TMEM135
itself. In addition, we assume that the failure of siSIRT1 or EX-527 to
elevate CD36 expression in sh-Scramble cells may be due to the
already saturated levels of CD36 under FFA treatment. Moreover, an
increased TG accumulation without CD36 protein upregulation by
SiSIRT1 in FFA treated sh-Scramble might be due to altered SIRT1-
mediated signaling cascade, such as FAO or de novo lipogenesis,
instead of increased lipid import [52].

5. CONCLUSION

Our results demonstrate that TMEM135 regulates hepatic lipid uptake.
Either transcriptional deficiency or depletion of TMEM135 reduces the
lipid accumulation and TG levels in vivo and in vitro. In addition, we
demonstrate that TMEM135 modulates FFA uptake in liver tissue through
SIRT1-mediated downregulation of CD36. Taken together, TMEM135
could be a novel target for preventing lipid uptake in steatosis.
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