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SLC38A5 suppresses ferroptosis through @
glutamine-mediated activation of the PI3K/
AKT/mTOR signaling in osteosarcoma

Xinghan Huang'", Kezhou Xia'", Zhun Wei'", Wenda Liu', Zicheng Wei' and Weichun Guo'”

Abstract

Background Solute carrier family 38 member 5 (SLC38A5) is an amino acid transporter that plays a significant role
in various cellular biological processes and may be involved in regulating the progression of tumors However, its
function and underlying mechanism in osteosarcoma remain unexplored.

Methods Utilizing various database analyses and experiments, we have explored the dysregulation of SLC38A5 in
osteosarcoma and its prognostic value. A series of in vitro functional experiments, including CCK-8, colony formation,
wound healing, and transwell invasion assays, were conducted to evaluate the effects of SLC38A5 on the proliferation,
migration, and invasion of osteosarcoma cells. Downstream pathways of SLC38A5 were explored through methods
such as western blot and metabolic assays, followed by a series of validations. Finally, we constructed a subcutaneous
xenograft tumor model in nude mice to explore SLC38A5 function in vivo.

Results SLC38A5 is upregulated in osteosarcoma and is associated with poor prognosis in patients. Upregulation of
SLC38A5 promotes proliferation, migration, and invasion of osteosarcoma cells, while the PI3K inhibitor BKM120 can
counteract these effects. Additionally, silencing of SLC38A5 inhibits tumor growth in vivo. Mechanistically, SLC38A5
mediates the activation of the PI3K/AKT/mTOR signaling pathway by transporting glutamine, which subsequently
enhances the SREBP1/SCD-1 signaling pathway, thereby suppressing ferroptosis in osteosarcoma cells.

Conclusion SLC38A5 promotes osteosarcoma cell proliferation, migration, and invasion via the glutamine-mediated
PI3K/AKT/mTOR signaling pathway and inhibits ferroptosis. Targeting SLC38A5 and the PISK/AKT signaling axis may
provide a meaningful therapeutic strategy for the future treatment of osteosarcoma.
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Introduction
Osteosarcoma is a bone tumor that originates from the
malignant proliferation of mesenchymal cells that pro-
duce bone-like stroma [1]. It is the most common pri-
mary bone malignant tumor, which occurs in adolescents
or children with rapid bone growth and development.
According to epidemiological statistics, the combined
incidence of osteosarcoma is 1~3 cases annually per
million [2]. Although rare, osteosarcoma is one of the
leading causes of cancer-related deaths in adolescents
[3]. Surgery combined with neoadjuvant chemotherapy
(preoperative and postoperative chemotherapy; doxo-
rubicin and cisplatin with or without methotrexate)
is for now the standard of care for patients with osteo-
sarcoma, which has greatly improved the prognosis for
patients with primary osteosarcoma, with 5-year survival
rates increasing to 70% [4]. Nevertheless, the prognosis
remains poor for patients who relapse or suffer metasta-
ses, with 5-year survival rates still below 20% [5]. There-
fore, exploring the specific mechanisms of osteosarcoma
development and screening for new therapeutic targets
are of great significance to the diagnosis and treatment of
osteosarcoma.

Glutamine is the most abundant non-essential amino
acid in the body and the most abundant circulating

amino acid, which is a key carbon and nitrogen donor
and energy source for the body [6]. It was shown that
tumor cells take up large amounts of glutamine for their
own biosynthesis, growth and proliferation, regulation of
signaling pathways and maintenance of redox homeosta-
sis; consequently, upregulation of glutamine transporter
proteins on the cell membrane is required [7, 8]. Solute
carrier (SLC) transporters are a family of more than 300
membrane-bound proteins that facilitate the transport of
a wide range of substrates across biological membranes
and play an essential role in cellular uptake of nutrients
[9]. Solute carrier family 38 member 5 (SLC38A5), also
known as sodium-coupled neutral amino acid trans-
porter 5 (SNAT5), was functionally identified as the
amino acid transport system N, which selectively trans-
ports amino acids such as glutamine, aspartic acid and
histidine across cell membranes [10]. Moreover, since the
function of system N transporters is associated with H
flux with a significant impact on intracellular pH, the role
of SLC38A5 for glutamine transport is more applicable to
tumor cells [11]. Conjecturally, it may be advantageous
for tumor cells to up-regulate SLC38A5. In recent years,
more attention was paid to the functions of SLC38A5 in
malignant tumors. For example, SLC38A5 was reported
be a tumor promoter in pancreatic cancer, and its
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overexpression leads to poor overall survival in patients
with pancreatic cancer [12]. Furthermore, in breast can-
cer, upregulation of SLC38A5 induces cell proliferation
by inducing micropinocytosis [13]. In another report,
SLC38A5 promotes tumor growth by inhibiting cisplatin
chemosensitivity in breast cancer cells [14]. These stud-
ies suggest that SLC38A5 may play an essential role in
various tumors; however, the specific functional role of
SLC38A5 in osteosarcoma and its underlying mechanism
remain unclear.

In this study, we aimed to determine the role of
SLC38A5 in osteosarcoma based on its importance as an
amino acid transporter in tumors. To this end, we investi-
gated the effects of SLC38A5 on osteosarcoma cells both
in vitro and in vivo, and unveiled the molecular mecha-
nism by which SLC38A5 regulates ferroptosis and influ-
ences the malignancy of osteosarcoma. SLC38A5 may
serve as a prognostic factor as well as a potential thera-
peutic target in osteosarcoma.

Materials and methods

Bioinformatic analysis

The Tumor Immune Estimation Resource (TIMER) data-
base (https://cistrome.shinyapps.io/timer/) was used to
demonstrate the differential expression of SLC38A5 in
different tumor tissues and the corresponding normal
tissues. We downloaded osteosarcoma cases from the
TARGET database (https://portal.gdc.cancer.gov/) and
the GEO database (https://www.ncbi.nlm.nih.gov/geo/).
We excluded patients who lacked follow-up information
or had unknown survival status, ultimately including a
total of 139 cases in the survival analysis, consisting of 86
cases from the TARGET database and 53 cases from the
GSE21257 dataset.

Clinical samples

The 12 groups of human osteosarcoma tissues and the
corresponding adjacent normal tissues used in this study
were obtained from patients with a histopathological
diagnosis of osteosarcoma undergoing surgery at Ren-
min Hospital of Wuhan University. All patients signed
informed consent, and the collection and use of human
samples were approved by the Ethics Committee of the
Renmin Hospital of Wuhan University. The ethics sub-
mission and approval is in accordance with the Helsinki
Declaration.

Cell culture and transfection

The human osteosarcoma cell lines HOS, Saos-2 and
MG@G63 were purchased from Wuhan Servicebio Technol-
ogy Co., Ltd. The human osteoblast cell line hFOB1.19
and osteosarcoma cell lines 143B and U20S were
obtained from the National Collection of Authenticated
Cell Cultures (Shanghai, China). Cells were cultured
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in RPMI-1640 medium (#PM150110, Procell, Wuhan,
China) supplemented with 10% FBS (#A5670701, Gibco,
USA) and 1% penicillin/streptomycin (#G4003, Service-
bio, Wuhan, China) and were propagated with 5% CO,
at 37 °C. For transfection, we constructed SLC38A5
overexpression (LV-SLC38A5), SLC38A5 knockdown
(shSLC38A5), and the control (LV-Control and shNC)
using the lentivirus obtained from OBiO (Shanghai,
China). The PI3K inhibitor (BKM120) was purchased
from MedChemExpress (USA). The siRNAs of SREBP1
and SCD-1 were obtained from OBiO (Shanghai, China).
The primers sequences were:

siSREBP1-1: CCCTGTGCTGACGGAAGCCAA; siS-
REBP1-2: GCCATCGACTACATTCGCTTT; siSCD-1-1:
CCTACGACAAGAACATTCAAT; siSCD-1-2: AGTTT
CTAAGGCTACTGTCTT.

RNA sequencing and qRT-PCR

Cells stably transfected with shSLC38A5 and shNC were
collected for RNA isolation. The TRIzol® Reagent (Invi-
trogen, USA) was used to extract total RNA from the
shNC and shSLC38A5 143B cells, following the manu-
facturer’s protocol. RNA concentration and purity was
measured using NanoDrop 2000 (Thermo Fisher Scien-
tific, Wilmington, DE). RNA integrity was assessed using
the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer
2100 system (Agilent Technologies, CA, USA). Then, the
RNA was sent to the BGI (Shenzhen, China) for RNA-seq
analysis. Sequencing libraries were generated using Hieff
NGS Ultima Dual-mode mRNA Library Prep Kit for Illu-
mina (Yeasen Biotechnology (Shanghai) Co., Ltd.) follow-
ing manufacturer’s recommendations and index codes
were added to attribute sequences to each sample. Briefly,
mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. Subsequently, 2x50 bp pair-
end RNA sequencing was performed on the BGISEQ-500
platform according to the manufacturer’s protocol. For
subsequent investigation, RNA-seq data in the FPKM
format were used. Differential expression analysis of two
conditions/groups was performed using the DESeq2.
Genes with an adjusted P-value<0.01 & | log,(fold
change) | >1 found by DESeq2 were assigned as differ-
entially expressed. The qRT-PCR was performed using
SYBR® Premix Ex Taq™ (TaKaRa, Tokyo, Japan). The
primers sequences were: SLC38A5, forward,5-AACCT
GAGTCTGAGTTGCGG-3’and reverse,5-AGGGAGGG
CTCCATTCATCT-3; GAPDH, forward,5-TGCAACCG
GGAAGGAAATGA-3’and reverse,5-GCATCACCCGG
AGGAGAAAT-3. The mRNA expression of GAPDH was
used as an internal control.

Western blot
Cell lysates were prepared in RIPA buffer (#G2002, Ser-
vicebio, Wuhan, China) with protease and phosphatase
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inhibitors. After quantification of protein concentration
using a BCA kit (#G2026, Servicebio, Wuhan, China),
proteins (10 pg) were separated by SDS-PAGE and trans-
ferred onto PVDF membranes. Then, membranes were
blocked in TBST buffer containing 5% non-fat milk for
2 h and incubated with primary antibodies overnight at
4 °C. After washing with TBST, the secondary antibody
was incubated at room temperature and the membrane
was detected with ECL reagent (#BL520B, Biosharp,
China). The antibodies against SLC38A5 (1:1000,
#ab72717), GPX4 (1:3000, #ab125066), Nrf2 (1:2000,
#ab137550), SREBP1 (1:1000, #ab313881), SCD-1
(1:10000, #ab39969) were purchased from Abcam (Cam-
bridge, UK). Antibodies targeting GAPDH (1:100000,
#A19056), E-cadherin (1:1000, #A3044), N-cadherin
(1:1000, #A3045), Vimentin (1:50000, #A19607), p-PI3K
(1:3000, #A22730), PI3K (1:10000, #A0265), AKT (1:1000,
#A18120), p-AKT (1:1000, #AP1208), p-mTOR (1:1000,
#AP0978), mTOR (1:2000, #A2445) were obtained from
Abclonal (Wuhan, China).

CCK-8 and colony formation assay

The assay of cell proliferation ability in this study was per-
formed by CCK-8 and colony formation assays. Briefly,
4x10? cells in 100 pl culture were added into each well of
a 96-well plate and daily measurements performed from
day 1 to 5. At each time point, 10 pl of CCK-8 reagent
(#C0037, Beyotime, China) was added to each well. The
OD450 (optical density) was detected with a microplate
reader. For colony formation assay, 5x10% cells were
added into each well of a 6-well plate and incubated for 2
weeks. After washed and fixed, the colonies were stained
with 0.1% crystal violet, then, photographed and counted.

Cell migration and invasion assay

The wound healing assay was used to test cell migration
ability. Cells were seeded in 6-well plates, and when the
cell density was about 90%, a wound was made in the
center of the well using a 100 pl pipette tip. Subsequently,
the cells were cultured in serum-free medium for 36 h.
The wound was observed using an inverted microscope
(Olympus, Japan) and measured by Image].

Transwell invasion assay was conducted using transwell
chambers and Matrigel (Corning, USA)0.1x10° cells in
200 pl serum-free medium were added into the upper
chamber precoated with Matrigel, and 600 pl medium
containing 20% FBS was added into the lower chamber.
After incubation for 48 h, invaded cells were stained
with 0.1% crystal violet and observed by an inverted
microscopy.

Immunohistochemistry (IHC)
Tumor xenografts were fixed (4% Paraformaldehyde for
12 h), paraffin-embedded, and sectioned according to
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the standard protocol. The sections were deparaffinized
with xylene, hydrated with alcohol. Antigen retrieval was
performed using Tris-EDTA antigen retrieval solution
(Servicebio, Wuhan, China) through the heat-induced
antigen retrieval method. Subsequently, endogenous per-
oxidase was inactivated, and the sections were blocked
with BSA. Subsequently, the sections were incubated
with primary antibodies, SLC38A5 (1:200, #ab72717,
Abcam), p-mTOR (1:100, #ab109268, Abcam), GPX4
(1:100, #ab125066, Abcam), N-cadherin (1:150, #A3045,
Abclonal). Then the sections were cleaned and incubated
with secondary antibodies. The chromogenic detection
was performed using a DAB kit (CST, USA). The sections
were examined and imaged with a brightfield microscope
(Olympus, Japan).

Glutamine and Malondialdehyde measurement

According to the manufacturer’s protocol, glutamine,
glutathione and MDA levels were determined by the
glutamine assay kit (#MAK438, Merck, Germany), the
GSH assay kit and the lipid oxidation (MDA) assay kit
(#S0131S, Beyotime, China). Glutamine was purchased
from the Servicebio (Wuhan, China).

OCR and ECAR measurement

Oxygen consumption rate (OCR) and extracellular acidi-
fication rate (ECAR) were conducted following the man-
ufacturer’s protocol (Seahorse XFe24 Analyzer, Agilent).
Briefly, cells were seeded onto XF-24 plates at a density
of 5x10° cells/well for 24 h Then, they were incubated in
XF assay media for 1 h at 37 °C in a non-CO, incubator
and stressed with sequential addition of 1uM oligomycin,
2uM carbonyl cyanide p-(trifluoromethoxy) phenylhy-
drazone, and a 0.5uM cocktail of rotenone/antimycin A.

Animal models

Four-week-old male athymic mice were purchased from
the Shulaibao Biotechnology (Wuhan, China), and reared
in the Animal Center of Renmin Hospital of Wuhan Uni-
versity. All animal experiments were performed follow-
ing the protocol approved by the Animal Care and Use
Committee of Renmin Hospital of Wuhan University.
The mice were randomly divided into two groups and
subcutaneously injected with shSLC38A5 and shNC
143B cells. The mice were observed every two days for
changes in diet, spirit, activity status and weight, and
were assessed for pain and distress. Tumor volume was
measured every 5 days, and the tumor volume was calcu-
lated as V=LxW?/2, where L and W are the longest and
shortest diameters (mm). Four weeks after injection, all
mice were sacrificed, and the tumors were collected for
further analysis.
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Statistical analysis

GraphPad Prism 8.0 and SPSS 15.0 were used for statis-
tical analysis. All results are presented as meanzstan-
dard deviation (SD), and differences between the groups
were analyzed by Student’s ¢-test and one-way ANOVA.
P<0.05 was considered statistically significant.

Results

SLC38A5 is up-regulated in osteosarcoma and associated
with a poor prognosis

To explore whether SLC38A5 is associated with tumor
development, we analyzed the differential expression
of SLC38A5 in various tumor tissues and adjacent nor-
mal tissues using the TIMER database. It can be seen
that SLC38A5 expression was substantially increased in
many malignancies such as breast invasive carcinoma
(BRCA), cholangiocarcinoma (CHOL), colon adenocarci-
noma (COAD), head and neck squamous cell carcinoma
(HNSC), liver hepatocellular carcinoma (LIHC), rectum
adenocarcinoma (READ) and stomach adenocarcinoma
(STAD), compared to the adjacent normal tissues. How-
ever, it was shown to be decreased in kidney chromo-
phobe (KICH), lung adenocarcinoma (LUAD), prostate
adenocarcinoma (PRAD) and uterine corpus endometrial
carcinoma (UCEC) (Fig. 1A). Regarding osteosarcoma,
our qRT-PCR and western blot results of osteosarcoma
samples showed a notably increase in mRNA and pro-
tein level of SLC38A5 in osteosarcoma tissues compared
to adjacent normal tissues (Fig. 1B-D). Meanwhile, we
conducted verification at the cellular level. The SLC38A5
expression was significantly elevated in the osteosarcoma
cell lines (HOS, Saos-2, MG63, U20S, 143B) compared
to human osteoblastic cell line (hFOB 1.19), both at the
mRNA and protein level (Fig. 1E-G). Furthermore, we
performed a Kaplan-Meier analysis to determine the
prognostic value of SLC38A5 using data from the TAR-
GET and GEO databases. The results showed that the
survival rate of patients in the SLC38A5 high-expression
group was significantly lower than that in the low-expres-
sion group (Fig. 1H-I).

SLC38A5 induces cell proliferation, migration and invasion
in osteosarcoma

To investigate the role of SLC38A5 in osteosarcoma
progression, we upregulated its expression in osteo-
sarcoma cells by constructing recombinant lentivirus.
The significantly upregulated expression of SLC38A5 in
LV-SLC38A5 group cells was verified by qRT-PCR and
western blot (Fig. 2A-C). Initially, we evaluated the pro-
liferation ability of cells using CCK-8 and colony forma-
tion assay. It can be observed that the cellular viability
and the number of colony in the LV-SLC38A5 group were
conspicuously higher than those in the control group
(Fig. 2D-G). These findings suggested that overexpression
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of SLC38A5 had a positive impact on the proliferation
and clonogenic potential of osteosarcoma cells. Further-
more, the results of transwell invasion and wound heal-
ing assay demonstrated that cells with higher SLC38A5
expression possess stronger invasion and migration capa-
bilities (Fig. 2H-L). We also assessed the expression of
epithelial-mesenchymal transition (EMT)-related pro-
teins. Remarkably, the western blot revealed a significant
decrease of E-cadherin level, whereas the levels of N-cad-
herin and Vimentin increased (Fig. 2M-O). Collectively,
our findings indicate that SLC38A5 stimulates the prolif-
eration, migration and invasion capacity of osteosarcoma
cells in vitro.

Silencing of SLC38A5 weakens cell proliferation, migration
and invasion in osteosarcoma

Based on the aforementioned findings, we further delved
into the potential impact of SLC38A5 knockdown on
the malignant behavior of osteosarcoma cells. By utiliz-
ing lentivirus-mediated shSLC38A5 infection, we suc-
cessfully established SLC38A5 knockdown cell lines.
Subsequently, we validated the reduction of SLC38A5
expression through qRT-PCR and western blot analyses
(Fig. 3A-C). The results from the CCK-8 and colony for-
mation assay both demonstrated a significant decrease
in cell number and colony formation, respectively, in
the shSLC38A5 group compared to the control group
(Fig. 3D-G). Similarly, the results of the transwell inva-
sion and wound healing assay indicated that downregula-
tion of SLC38A5 significantly impeded the invasion and
migration of osteosarcoma cells (Fig. 3H-L). Further-
more, western blot results revealed a significant decrease
in the protein levels of N-cadherin and Vimentin,
whereas the expression level of E-cadherin was markedly
increased (Fig. 3M-0O). Overall, our results demonstrate
that the absence of SLC38A5 significantly weakens the
malignancy of osteosarcoma cells.

SLC38A5 promotes PI3K/AKT/mTOR signaling pathway in
osteosarcoma

To delve deeper into the molecular mechanisms under-
lying SLC38A5’s role in these malignant cellular behav-
iors, we performed RNA-seq analysis subsequent to
SLC38A5 silencing in 143B cells. A total of 653 differen-
tially expressed genes (DEGs) were identified, with 404
genes down-regulated and 249 genes up-regulated upon
SLC38A5 knockdown (Fig. 4A-B). The subsequent KEGG
enrichment analysis revealed that the DEGs were mainly
concentrated within the PI3K/AKT signaling pathway
(Fig. 4C). Given the significant role of the PI3K/AKT
signaling pathway in cell proliferation, migration, and
invasion, and its dysregulation being closely related to
the malignant progression of osteosarcoma [15-17], we
hypothesize that SLC38A5 is intimately associated with
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Fig. 3 Silencing of SLC38A5 weakens cell proliferation, migration and invasion in osteosarcoma. (A-C) The stable knockdown of SLC38A5 was validated
through gRT-PCR and western blot. (D-E) CCK-8 assay showed the proliferation level of osteosarcoma cells in shSLC38A5 and shNC groups. (F-G) The
knockdown of SLC38AS5 significantly weakened colony formation ability of osteosarcoma cells. (H-1) Representative images and quantitative analysis of
transwell invasion assay showed the cell invasion ability, scale bar: 400 pm. (J-L) The cell migration ability was determined using wound healing assay,
scale bar: 200 pm. (M-0O) Western blot analysis of EMT-related proteins including E-cadherin, N-cadherin and Vimentin. Results from three independent
experiments are summarized in a histogram format. * P<0.05, ** P<0.01, *** P<0.001
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Fig. 4 SLC38A5 promotes PI3K/AKT/mTOR signaling pathway in osteosarcoma cells. (A-B) The differentially expressed genes between the shSLC38A5
and shNC groups were visualized through volcano plot and heatmap. DEGs were identified with a cutoff of | log2(fold change) | >1 and adjusted P-
value <0.05. (C) KEGG enrichment analysis of the DEGs. (D-F) The protein levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR and mTOR in osteosarcoma cells from
the LV-SLC38A5 and LV-Control group using western blot. (G-1) The protein levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR and mTOR in osteosarcoma cells
from the shSLC38A5 and shNC group using western blot. Results from three independent experiments are summarized in a histogram format. * P<0.05,
**P<0.01,** P<0.001
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the PI3K/AKT signaling pathway. Thus, we investigated
alterations in pivotal elements of the PI3K/AKT signaling
pathway subsequent to the upregulation and downregu-
lation of SLC38A5. The western blot results indicated
that overexpression of SLC38A5 markedly enhanced the
levels of p-PI3K, p-AKT and p-mTOR in osteosarcoma
cells (Fig. 4D-F). Correspondingly, the expression of
p-PI3K, p-AKT and p-mTOR was significantly reduced in
osteosarcoma cells with SLC38A5 knockdown (Fig. 4G-
I). The aforementioned results suggest that SLC38A5
promotes the PI3K/AKT/mTOR signaling pathway in
osteosarcoma cells.

PI3K inhibitor can counteract the effect of SLC38A5 in
promoting osteosarcoma progression

To confirm the modulatory effect of PI3K/AKT/mTOR
signaling pathway on the malignancy of osteosarcoma
cells induced by SLC38A5, we delved into the influ-
ence of the PI3K inhibitor BKM120 in this process. We
added BKM120 to the culture medium of both the LV-
SLC38A5 and LV-Control groups of osteosarcoma cells,
and thereafter analyzed the modifications in their prolif-
eration, migration, and invasion potentials. The CCK-8
and colony formation assay revealed that the upregula-
tion of SLC38A5 markedly enhanced the proliferation
capacity of osteosarcoma cells, whereas the inclusion of
BKM120 mitigated this effect (Fig. 5A-C, E). The wound
healing and transwell invasion assays yielded compara-
ble findings, demonstrating that BKM120 can attenuate
the stimulatory effect of SLC38A5 on the migration and
invasion capabilities of osteosarcoma cells (Fig. 5D, F-I).
Furthermore, we compared the relative change before
and after the addition of BKM120 between the LV-Con-
trol and LV-SLC38A5 groups. The results indicated that
cells with hyperactivated PI3K/AKT pathway were more
sensitive to BKM120 than the control cells (Supplemen-
tary Fig. 1A-B). The results of western blot also indicated
that BKM120 treatment attenuated the upregulation of
N-cadherin, Vimentin, p-PI3K, p-AKT and p-mTOR as
well as the downregulation of E-cadherin, which were
induced by the overexpression of SLC38A5 (Fig. 5J-
L, and Supplementary Fig. 1C-E). In conclusion, PI3K
inhibitor can diminish the oncogenic effect of SLC38A5
and partially counteract the enhancement of malignant
behaviors in osteosarcoma cells mediated by the upregu-
lation of SLC38A5. This further underscores the pivotal
role of the PI3K/AKT/mTOR signaling pathway in regu-
lating the malignant behaviors of osteosarcoma cells.

SLC38A5 enhances glutamine uptake and inhibits
ferroptosis in osteosarcoma

Due to the need for rapid proliferation and migration,
cancer cells are more dependent on nutrients than nor-
mal cells, and glutamine serve as the primary fuel utilized
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by cancer cells. Since SLC38A5 acts as a transporter pro-
tein that can transport glutamine, we used the glutamine
assay kit to investigate whether SLC38A5 modulates
glutamine utilization in osteosarcoma cells. Our obser-
vations indicated that disruption of SLC38A5 expres-
sion led to a predictable decrease in glutamine uptake of
osteosarcoma cells (both 143B and U20S); conversely,
when SLC38A5 expression was upregulated in osteo-
sarcoma cells, the glutamine uptake rate also increased
accordingly (Fig. 6A, and Supplementary Fig. 2A). Upon
entering the cell, glutamine engages in multiple reactions
within the mitochondria, which are intricately tied to
mitochondrial function and play a pivotal role in various
cellular activities. Consequently, we used the Seahorse
XFe24 Analyzer to assess mitochondrial activity by quan-
tifying the oxygen consumption rate (OCR) and extracel-
lular acidification rate (ECAR) of the cells. The results
demonstrated that cell mitochondrial function was inhib-
ited in the shSLC38A5 group, with decreased levels of
both OCR and ECAR (Fig. 6B-C). In contrast, they were
elevated in the LV-SLC38A5 group, when compared to
the control group (Supplementary Fig. 2B-C). Addition-
ally, in our previous KEGG analysis, SLC38A5 displayed
certain correlations with ferroptosis (Fig. 4C). Follow-
ing this, we measured the levels of glutathione (GSH),
malondialdehyde (MDA) and reactive oxygen species
(ROS) within the cells. Our findings revealed that knock-
down of SLC38A5 led to a depletion of GSH levels and
an accumulation of MDA and ROS (Fig. 6D-E, and Sup-
plementary Fig. 2D). Furthermore, western blot results
also indicated that downregulation of SLC38A5 was
accompanied by reduced levels of the crucial ferroptosis
regulators Nrf2 and GPX4 (Fig. 6G-H, and Supplemen-
tary Fig. 2E-F). Importantly, these effects were partially
mitigated by the ferroptosis inhibitor Fer-1. In conclu-
sion, our results suggest that knockdown of SLC38A5 can
induce ferroptosis in osteosarcoma cells.

SLC38A5 inhibits ferroptosis in osteosarcoma cells through
the glutamine-mediated PI3K/AKT/mTOR/SREBP1/SCD-1
axis

Recently, several studies have confirmed the close rela-
tionship between mTOR signaling transduction and
ferroptosis [18, 19]. Based on this, we postulate that
SLC38A5 diminishes ferroptosis in osteosarcoma cells
via the activation of the PI3K/AKT/mTOR pathway. Ini-
tially, we assessed MDA and ROS levels as indicators of
cellular peroxidation. Upon administering PI3K inhibi-
tor alone, we observed an elevation in both MDA and
ROS levels. However, when SLC38A5 was upregulated
independently, there was a notable decrease in intracel-
lular MDA and ROS levels. Additionally, we discovered
that the presence of PI3K inhibitor significantly dimin-
ished the suppressive effect of SLC38A5 on MDA and
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Fig. 5 PI3Kinhibitor can counteract the effect of SLC38A5 in promoting osteosarcoma progression. (A-B) CCK-8 assay showed the proliferation level of
osteosarcoma cells in the four groups. (C) Colony formation assay was performed to measure the colony formation ability of the four groups cells. (D)
Representative images of wound healing assay showed the 143B cells migration ability, scale bar: 200 um. (E) The quantitative analysis of colony forma-
tion assay. (F-G) Representative images and quantitative analysis of cell migration based on wound healing assay, scale bar: 200 pm. (H-1) The number
of invasive cells in the four groups determined using transwell invasion assay. (J-L) Western blot was used to evaluate p-PI3K, PI3K, p-AKT, AKT, p-mTOR
and mTOR in the four groups. Results from three independent experiments are summarized in a histogram format. * P<0.05, ** P<0.01, *** P<0.001, ns,
not significant
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Fig. 6 (See legend on next page.)
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(See figure on previous page.)

Fig. 6 SLC38A5 enhances glutamine uptake and inhibits ferroptosis in osteosarcoma cells. (A) Comparison of glutamine uptake of the shSLC38A5 and
shNC groups cells. (B-C) The OCR and ECAR of 143B cells in the shSLC38A5 and shNC groups were measured and quantified, © oligomycin, @ FCCP, ® Ro-
tenone & Antimycin A, @ glucose, ® oligomycin, ® 2-DG. (D-E) The effect of SLC38A5 knockdown on GSH and MDA levels in osteosarcoma cells. (F-1) The
143B cells were treated with glutamine (2 mM) and incubated for 48 h, and then the key proteins of the PI3K/AKT/mTOR signaling pathway were detected
by western blot. (G-H) Western blot analysis of ferroptosis-related proteins including Nrf2 and GPX4. (J-M) Under treatment with varying concentrations
of glutamine, western blot was performed to detect the protein levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR, and mTOR in two groups of 143B cells. Con:
LV-Control group; SLC: LV-SLC38A5 group. The concentrations were as follows: GIn(-): 0 mM, GIn(+): 2 mM, GIn(++): 5 mM, and GIn(+++): 10 mM. Results
from three independent experiments are summarized in a histogram format. Comparison between different concentrations: * P<0.05, ** P<0.01, ***

P<0.001, ns, not significant. Comparison between different groups: # P<0.05, ## P<0.01, ### P<0.001, ns, not significant

ROS levels (Fig. 7A-B). Interestingly, we found that the
glutamine can also promote the activation of PI3K/AKT/
mTOR pathway (Fig. 6F, I, and Supplementary Fig. 3A-B).
Therefore, we further investigated the activation of the
PISK/AKT/mTOR signaling pathway in osteosarcoma
cells under conditions of no, low, medium, and high
concentrations of glutamine. Our Western blot results
showed that in the absence of glutamine, SLC38A5 could
promote the activation of the PI3K signaling pathway,
but to a very low extent. Subsequently, within a certain
range, as the concentration of glutamine increases, the
activation of the PI3K/AKT/mTOR signaling pathway in
the cells enhances. However, in the control group, when
the glutamine concentration reaches 10mM, there is no
further increase in the activation of the PI3K signaling
pathway compared to 5mM. In contrast, in the SLC38A5
overexpression group, there is still a certain degree of
enhancement (Fig. 6J-M, and Supplementary Fig. 3C-
F). These results indicate that SLC38A5 inhibits ferrop-
tosis in osteosarcoma cells via the glutamine-mediated
activation of the PI3K/AKT/mTOR pathway. Chen et al.
reported that in lung cancer, G protein-coupled estrogen
receptor activates PI3K/AKT/mTOR signaling, inhibiting
ferroptosis through SREBP1/SCD-1-mediated lipogen-
esis [19]. Thus, we delved into the potential role of this
signaling pathway in mediating the SLC38A5-induced
inhibition of ferroptosis in osteosarcoma cells. In line
with our expectations, the upregulation of SLC38A5
prominently elevated the protein levels of SREBP1 and
SCD-1 (Fig. 7C-D), which were partially mitigated by the
administration of the PI3K inhibitor (Fig. 7E-F). Follow-
ing that, we effectively silenced SREBP1 and SCD-1 in
osteosarcoma cells using siRNA transfection and exam-
ined the subsequent effects on ferroptosis (Fig. 7G-J).
We observed that knockdown of SREBP1 significantly
increased MDA levels in osteosarcoma cells, but had little
effect on ROS levels. In contrast, knockdown of SCD-1
led to an upregulation of both MDA and ROS levels.
Furthermore, the knockdown of SREBP1 and SCD-1 sig-
nificantly counteracted the inhibitory effect of SLC38A5
upregulation on MDA and ROS levels in osteosarcoma
cells (Fig. 7K-L). In conclusion, our results demonstrate
that SLC38A5 inhibits ferroptosis in osteosarcoma cells
by enhancing the SREBP1/SCD-1 signaling pathway

through the glutamine-mediated activation of the PI3K/
AKT/mTOR signaling pathway.

SLC38A5 regulates tumor growth in vivo by mediating
PI3K/AKT/mTOR signaling pathway and ferroptosis

To delve deeper into the functions of SLC38A5 in vivo,
we employed shSLC38A5 and shNC 143B cells to con-
struct a subcutaneous xenograft model in BALB/c nude
mice. After the inoculation, the diameters of the tumors
were measured every five days, and the growth trends
were displayed in the form of curves. Based on the tumor
growth curves, shSLC38A5 group exhibited slower
tumor growth, accompanied by notable reductions in
tumor size and weight, when compared to the shNC
group (Fig. 8A-C). Subsequently, to further validate the
influence of SLC38A5 on PI3K/AKT/mTOR signaling
as well as on ferroptosis and EMT-associated proteins,
we conducted detection via western blot. As depicted
in Fig. 8D-G, compared to the shNC group, the expres-
sion levels of p-PI3K, p-AKT, p-mTOR, N-cadherin,
Vimentin, Nrf2 and GPX4 were significantly reduced in
the shSLC38A5 group, while the level of E-cadherin was
markedly increased. In summary, these results further
demonstrate that SLC38A5 promotes tumor growth in
vivo through PI3BK/AKT/mTOR signaling pathway and
ferroptosis.

Discussion

Osteosarcoma is the most prevalent primary malignant
bone tumor in adolescents, with extremely high malig-
nancy. Despite extensive research, the etiology of osteo-
sarcoma remains elusive in most cases, and the pursuit of
common molecular therapeutic targets has been discour-
aging [4, 20]. Consequently, a profound investigation into
the specific mechanisms underlying the initiation and
progression of osteosarcoma is imperative.

An accumulating amount of evidence underscores the
pivotal role of SLC transporters in numerous physiologi-
cal functions, and that their malfunction disturbs the
intracellular levels of various molecules and has been
linked to the advancement of cancer [21, 22]. Although
the function of SLC38A5 in many tumors are less well
understood compared to other SLCs, as a system N
transporter, the role of SLC38A5 in glutamine transport
may be more applicable to tumor cells [11, 23]. However,
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Fig. 7 SLC38A5 inhibits ferroptosis in osteosarcoma cells through the glutamine-mediated PI3K/AKT/mTOR/SREBP1/SCD-1 axis. (A) The MDA level of
the osteosarcoma cells in the four groups. (B) The ROS level of the osteosarcoma cells in the four groups. (C-D) The protein levels of SREBP1 and SCD-1
in osteosarcoma cells from the the LV-SLC38A5 and LV-Control group using western blot. (E-F) Western blot was used to evaluate SREBP1 and SCD-1 in
the four groups. (G-J) Western blot was used to validate the knockdown efficiency of SREBP1 and SCD-1 via siRNA transfection. K-L) The MDA and ROS
levels of each group, compared with the control group. Results from three independent experiments are summarized in a histogram format. * P<0.05,
**p<0.01,** P<0.001
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its role and mechanism in osteosarcoma have not been
elucidated until now. Our finding indicates that SLC38A5
acts an oncogenic role in osteosarcoma. Alternatively,
we systematically analyzed the differences in SLC38A5
expression using human osteosarcoma tissue samples
and cells, confirming the increased SLC38A5 expres-
sion in osteosarcoma tissues and cells. Additionally,
among individuals diagnosed with osteosarcoma clini-
cally, those with higher levels of SLC38A5 tend to have
a worse prognosis compared to those with lower levels.
Accordingly, SLC38A5 may serve as an independent risk
factor for osteosarcoma. Furthermore, the upregulation
of SLC38A5 prominently accelerated the proliferation,
migration and invasion of osteosarcoma cells. Conversely,
when SLC38A5 was knocked down, the malignancy of
osteosarcoma was suppressed, leading to a slower growth
rate in vivo. Overall, our work suggests that SLC38A5 is
an oncogene and a potential prognostic factor for osteo-
sarcoma, with the potential to emerge as a promising
therapeutic target for the treatment of osteosarcoma.

To further elucidate the mechanisms underlying
how SLC38A5 promotes cell proliferation, migration
and invasion in osteosarcoma, we performed RNA-seq
analysis that differentially expressed genes induced by
SLC38A5 knockdown were mainly enriched in the PI3K/
AKT signaling pathway and ferroptosis.

The PI3K/AKT/mTOR signaling pathway is one of the
key signaling pathways in various types of cancers, play-
ing a pivotal role in multiple cellular behaviors, including
cell survival, proliferation, metastasis, and metabolism
[24, 25]. Currently, abnormalities in the PI3K/AKT/
mTOR signaling pathway have been widely implicated
in the promotion of cancerous malignancy and pro-
gression [15]. In gastric cancer, APOC2 modulates the
EMT process via the PI3K/AKT/mTOR signaling path-
way, thereby facilitating GC progression and peritoneal
metastasis [26]. Abnormal activation of PI3K/AKT/
mTOR is also associated with breast cancer progression
and the emergence of resistance to hormonal treatments
[27]. The PIBK/AKT signaling pathway is also active in
osteosarcoma. For instance, Li et al. showed that ZIP10
enhances the proliferation and chemoresistance of osteo-
sarcoma cells through the stimulation of the PI3K/AKT
pathway by ITGA10 [28]. To determine the function of
SLC38A5 in modulating PI3K/AKT/mTOR signaling, we
assessed the phosphorylation status of PI3K and AKT
and mTOR following changes in SLC38A5 expression.
Our findings suggest that SLC38A5 acts as a positive
regulator of PI3K/AKT/mTOR signal activation. Fur-
thermore, we found that BKM120, a PI3K inhibitor, can
partially reverse the SLC38A5-mediated promotion of
osteosarcoma cell proliferation, migration, and invasion.
Therefore, we propose that the promotional effects of
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SLC38A5 on osteosarcoma are at least partially mediated
through the PI3K/AKT/mTOR signaling pathway.

Cancer cells have traditionally been known to exhibit
a pronounced dependence on glutamine metabolism
as a defining trait [29-31]. According to a prior study,
once glutamine enters the cell, it undergoes conversion
to glutamate by glutaminase within the mitochondria,
which then participates in the biosynthesis of GSH [32,
33]. GSH is an important antioxidant that can prevent
oxidative stress and maintain the redox homeostasis in
cells [34]. The redox state within cells is maintained in a
dynamic equilibrium, and a lack of GSH can disrupt this
balance, leading to the accumulation of ROS and ulti-
mately causing cellular dysfunction and death [35, 36].
For cancer cells, high levels of oxidative stress make them
more sensitive to GSH deficiency, thus reducing intracel-
lular GSH levels is beneficial for many cancer treatment
strategies [37]. Our findings revealed that in osteosar-
coma cells with downregulated SLC38A5, there was a
reduction in both glutamine uptake and GSH levels. This
suggests that glutamine transported by SLC38A5 facili-
tates GSH synthesis in osteosarcoma cells. Consistent
with this, we observed an increase in intracellular MDA
and ROS levels when SLC38A5 was silenced.

Ferroptosis is a type of programmed cell death char-
acterized by the accumulation of intracellular ROS [38].
In this study, we used the ferroptosis inhibitor Fer-1 to
confirm the role of SLC38A5 in ferroptosis of osteo-
sarcoma cells. Upon downregulation of SLC38A5, we
observed a decline in intracellular GSH levels, accom-
panied by an elevation in MDA and ROS levels. How-
ever, as hypothesized, the introduction of Fer-1 partially
reversed these alterations. Based on these results, we
conclude that SLC38A5 inhibits ferroptosis in osteosar-
coma cells. Interestingly, we also found that the increase
of glutamine can also promote the activation of PI3K/
AKT/mTOR pathway. Glutamine plays a pivotal role in
the PIBK/AKT/mTOR signaling pathway promoted by
SLC38A5. Moreover, we found that the PI3K inhibitor
BKM120 can effectively reverse the inhibitory effect of
SLC38A5 on ferroptosis. Therefore, we further explored
the relationship between the PI3K/AKT/mTOR signal-
ing pathway and ferroptosis. Chen et al. found that G
protein-coupled estrogen receptor activates PI3K/AKT/
mTOR signaling, inhibiting ferroptosis through SREBP1/
SCD-1-mediated lipogenesis [19]. Another report also
confirmed the close relationship between mTOR and
SREBP1/SCD-1 with ferroptosis [39]. We hypothesize
that similar associations may exist in osteosarcoma as
well. Subsequently, we have designed siRNAs to inter-
fere with the expression of SREBP1 and SCD-1. As
anticipated, the knockdown of SREBP1 and SCD-1 sig-
nificantly counteracted the inhibitory effect of SLC38A5
upregulation on MDA and ROS levels in osteosarcoma
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cells. These results indicate that SLC38A5 inhibits fer-
roptosis in osteosarcoma cells by enhancing the SREBP1/
SCD-1 signaling pathway through the glutamine-medi-
ated activation of the PI3BK/AKT/mTOR signaling path-
way. Thus, our work indicates that SLC38A5 promotes
osteosarcoma cell proliferation, migration and invasion
via the glutamine-mediated PI3K/AKT/mTOR signaling
pathway and inhibits ferroptosis.

Conclusions

Our work has elucidated the tumor-promoting role of
SLC38A5 in osteosarcoma. Upregulation of SLC38A5
expression is often associated with a poor prognosis in
osteosarcoma. Functionally, SLC38A5 promotes osteo-
sarcoma cell proliferation, migration and invasion via
the glutamine-mediated PI3K/AKT/mTOR signaling
pathway and inhibits ferroptosis. Considering the inti-
mate link between the aberrant activation of PI3K/AKT/
mTOR signaling and the advancement of malignancies,
as well as the reduction in GSH levels resulting from
SLC38A5 inhibition, targeting SLC38A5 and the PI3K/
AKT/mTOR holds promise in conferring multiple advan-
tages, including enhancement of tumor therapeutic effi-
cacy, inhibition of tumor cell proliferation and invasion.
The integration of relevant targeted inhibitors with anti-
cancer therapeutics presents a novel therapeutic strategy
for osteosarcoma, offering potential to enhance the prog-
nosis for the majority of patients with osteosarcoma.
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