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Simple Summary: Alteration of metabolic pathways, including the activation of aerobic glycolysis
and increased dependence on glutamine, is characteristic of several human cancer types. Slc38a1
(also known as SNAT1, SAT1, SA2 or ATA1) is a cell membrane transporter highly capable of the
net accumulation of cellular glutamine. It has been shown to be upregulated in several human
cancers and/or associated with tumor progression. However, the functional role of this protein
in the proliferation and differentiation of the oral epithelium, and its expression in human oral
tongue squamous cell carcinoma (OTSCC), is not well understood. This study shows the upregulated
expression of SLC38A1 in OTSCC indicating a role of SLC38A1 in OTSCC progression.

Abstract: The aerobic glycolytic pathway, boosting lactate formation, and glutamine addiction are
two hallmarks of cancer pathophysiology. Consistent with this, several cell membrane glutamine
transporters, belonging to different solute carrier (SLC) families, have been shown to be upregulated
in a cell-specific manner to furnish the cells with glutamine and glutamine-derived metabolic interme-
diates. Among them, the system A transporter Slc38a1 has a higher affinity for glutamine compared
to other SLC transporters, and it undergoes highly multifaceted regulation at gene and protein levels.
The current study aimed to investigate the functional role of Slc38a1 in the proliferation and matu-
ration of the mouse tongue epithelium. Secondly, we aimed to examine the expression of SLC38A1
and its regulation in human tongue oral squamous cell carcinoma (OTSCC). Employing Slc38a1
wild-type and knockout mice, we showed that Slc38a1 was not directly linked to the regulation of the
proliferation and differentiation of the mouse tongue epithelium. External transcriptomic datasets
and Western blot analyses showed upregulation of SLC38A1 mRNA/protein in human OTSCC and
oral cancer cell lines as compared to the corresponding controls. Further, an investigation of external
datasets indicated that mechanisms other than the amplification of the SLC38A1 chromosomal locus
or hypomethylation of the SLC38A1 promoter region might be important for the upregulation of
SLC38A1 in OTSCC.

Keywords: head and neck cancer; oral cancer; maturation; glutamine; methylation; SNAT1; Slc38a1

1. Introduction

Glutamine, the most abundant amino acid in the blood, functions as a precursor
molecule for the synthesis of non-essential amino acids, proteins, nucleotides, the antioxi-
dant glutathione and more, as well as provides key intermediates for the tricarboxylic acid
cycle (TCA; also known as the Krebs cycle) [1]. Consistent with this, an increased require-
ment of glutamine has been demonstrated in rapidly dividing normal stem cells. Hence, the
availability of an appropriate amount of glutamine and specialized membrane transporters
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to translocate glutamine across the membrane barrier and into cells and organelles is critical
for normal cell structure and function [2,3].

It is now increasingly recognized that cancer cells display altered cellular metabolic
pathways to support the growing tumor mass [4]. Among others, cancer cells have been
shown to activate the aerobic glycolytic pathway, resulting in the augmented formation of
lactate from pyruvate (Warburg effect) [5] and increased dependence on glutamine [6,7]
to support their augmented energy and metabolite demands. In line with this, the upreg-
ulation of several glutamine transporters [8,9] and/or activation of upstream signaling
pathways such as c-Myc [10] and K-Ras [11] have been demonstrated in several human
cancers. Several transport systems pushing glutamine and other neutral amino acids across
membranes have been demonstrated and classified as systems A, ASC, B, L and N [12].
These are now molecularly identified and organized into four Slc families, i.e., Slc1, Slc6,
Slc7 and Slc38 [13,14].

The SLC38 family consists of 11 members that are involved in the transport of glu-
tamine and/or other neutral amino acids across cell and organelle membranes [15]. We
have demonstrated that several of the Slc38 isoforms have properties consistent with the
classical system A and system N transporters and that they work in concert to shuttle
glutamine intercellularly [1,16–18]. Interestingly, while most glutamine/amino acid trans-
porters in all four Slc families make shallow gradients across cell membranes, including
system ASC, L and N, the system A transporter Slc38a1 is able to provide cells with a net
uptake of glutamine [19,20]. Slc38a1 is particularly suitable in glutamine accumulation
when there is a high requirement because it works unidirectionally and it has the highest
affinity for glutamine: the Km for glutamine is 0.37 mM at −50 mV in Xenopus laevis oocytes,
which is much lower than that for any other transporter under similar conditions [19]. In
addition, it has both narrow substrate specificity and cell-specific localization, such as in
brain parvalbumin-expressing interneurons for the formation of the fast neurotransmitter
GABA [18,19]. Furthermore, Slc38a1 is important for brain development and may define
protein anabolism by regulating the activity of mTOR [20,21]. Consistent with these abili-
ties, increased expression of SLC38A1 has been reported in several human malignancies
such as gastric cancer [9], hepatocellular carcinoma [22] and malignant melanoma [23]
as compared to the respective normal control tissues, indicating a link between SLC38A1
and human malignancies. Thus, SLC38A1 may be upregulated in cancer cells requiring
consistently high levels of glutamine.

The functional role of Slc38a1 in the maturation process of the mouse tongue epithe-
lium and its expression in human oral tongue squamous cell carcinoma (OTSCC), the most
frequent type of oral squamous cell carcinoma (OSCC), remains to be explored. Here, we
first showed that the proliferation and differentiation of the tongue epithelium are similar
in Slc38a1+/+ and Slc38a1−/− mice. The inactivation of Slc38a1 in the mice tongue was not
associated with significant compensatory upregulation of other Slc38 gene members either.
Rather, we detected the down-regulation of Slc38a3 (also known as SN1 or SNAT3). An in-
vestigation of external transcriptomic datasets showed significant upregulation of SLC38A1
mRNA in human OSCC as compared to the control oral mucosa, an observation most likely
associated with mechanisms other than the amplification of the SLC38A1 chromosomal
locus or hypomethylation of the SLC38A1 promoter region.

2. Materials and Methods

The outline of materials and methods is summarized in Supplementary Figure S1.

2.1. Cells

Primary normal oral keratinocytes (NOK1 and NOK2) were isolated from mucosal
tissue obtained after third molar extractions [24] and cultured in keratinocyte serum-free
medium as described previously [24,25]. The OSCC-derived cell lines CaLH3 [26] and
SCC25 [27] were grown in a DMEM/F12 1:1 mixture (Gibco) supplemented with 10%
FBS, 10 ng/mL epidermal growth factor, 0.4 µg/mL hydrocortisone, 0.05× ITS-A (Gibco),
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50 µg/mL sodium L-ascorbate, 2% L-Glutamine and 1× antibiotic and antimycotic solution.
All cells were grown in a humidified atmosphere of 5% CO2 in air at 37 ◦C. Isolation and
the use of NOK were approved by the Regional Committees for Medical Research Ethics
South East Norway (REK-2013/1818).

2.2. Animal Handling

Animal experiments were performed in accordance with EU and local regulations at
the Department of Comparative Medicine, Institute of Basic Medical Sciences, Faculty of
Medicine, University of Oslo. The use of animals in the current study was approved by the
Norwegian Food Safety Authority (FOTS 21009). Wild-type (WT) C57BL/6 (Slc38a1+/+)
and C57BL/6 knockout mice for Slc38a1 (Slc38a1−/−) were housed in GM500 or GM900
cages (Scanbur, Karlslunde, Denmark) in a temperature-controlled (22–26 ◦C) facility with
55 ± 10% humidity and a 12 h light/dark cycle. Mice were fed standard laboratory mouse
chow (Ssniff GmbH, Soest, Germany) ad libitum and provided with plastic houses and
paper enrichment. Mice genetically inactivated for Slc38a1 (Slc38a1−/−) were generated
by excising exons 5–8 using the Cre-LoxP system in the C57BL/6 background [18]. The
brains of these mice have been thoroughly characterized anatomically, biochemically and
functionally in previous publications [18,28]. Three-month-old adult mice (Slc38a1+/+:
n = 10 and Slc38a1−/−: n = 9), consisting of both males and females, were terminated via
cervical dislocation. The anterior 2/3 of the tongue was dissected out, and a 2 mm segment
of the apex of the tongue was removed and stored in RNA-free tubes at −80 ◦C. The
remaining tissue was fixed in 10% neutral-buffered formalin for immunohistochemistry
(IHC).

2.3. Measurement of Thickness of Tongue Epithelium in Mice

Blinded to the genotype status, the measurement of the epithelial thickness was
performed by BST and DS. Hematoxylin and eosin-stained slides were scanned at 40×
using a Pannoramic MIDI scanner (3DHISTECH, Budapest, Hungary), and digital images
were analyzed in QuPath [29]. On a 400× magnification, using a 100 µm grid, a 400 µm
long horizontal line was drawn across the region of interest (ROI) in the epithelium, and a
polygon was drawn following the epithelial cells on the basal layer and the most superficial
layer (excluding surface keratin) around the drawn line (Figure 2A). The average thickness
of the epithelium was calculated by dividing the surface area of the drawn polygon by the
length (400 µm). At least 2 ROI were measured both on the dorsal and ventral surfaces of
the tongue.

2.4. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Tissue stored in RNA later was thawed and transferred to a 2 mL round-bottomed
tube with 1.4 mm ceramic beads and 350 µL buffer RLT (Cat. no. 79216, Qiagen, Hilden,
Germany). The tissue was homogenized with 3 rounds of 5000 rpm for 45 s on a Precellys
24 tissue homogenizer. The samples were centrifuged at 12,000 rpm for 3 min at room
temperature, and the supernatant was used for the isolation of RNA using the RNeasy
Mini kit (Cat. no. 74104, Qiagen, Germany). The TURBO DNA-free™ Kit was used for
removing contaminating DNA before converting RNA to cDNA. After genomic DNA
removal, 1 µg of RNA per sample was used to synthesize cDNA using the High-Capacity
RNA-to-cDNA™ Kit.

The relative quantitation of gene expression was performed by using real-time quan-
titative PCR (qRT-PCR) according to the ‘Guide to Performing Relative Quantitation of
Gene Expression Using Real-Time Quantitative PCR’ from Applied Biosystems, and the
PowerUp™ SYBR™ Green Master Mix kit (Applied Biosystems, Warrington, UK) was
applied in this study. Briefly, relative standard curves for the housekeeping gene (Actb) as
well as for several Slc38 genes of interest were created by using a series of diluted samples
from mice, and the qRT-PCR primer efficiency was determined from the standard curve.
The Pfaffl formula was used to calculate the gene expression ratio (GER), and the GERs of
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target genes were normalized to that of the housekeeping gene. The normalized values of
Slc38a1−/− were then compared to the mean values of WT samples. The statistics were
performed in GraphPad Prism for Windows (https://www.graphpad.com/; version 9.4.1),
and an unpaired t-test was used in this study.

2.5. Immunohistochemistry (IHC)

Four-microns-thick formalin-fixed paraffin-embedded (FFPE) sections were deparaf-
finized in xylene and hydrated in graded ethanol. Endogenous peroxidase was quenched
in 0.3% hydrogen peroxide in methanol for 30 min before slides were washed in tap water.
Heat-induced epitope retrieval was performed in Target Retrieval Solution Citrate pH 6
(Dako S2369, Glostrup, Denmark) for mice tissue, whereas an aqueous solution of 0.05%
citraconic anhydride pH 7.4 (Sigma-Aldrich, St Louis, MO, USA) was used for human
tissues. For the primary antibodies made in rabbit, the sections were blocked with 5% goat
serum prior to incubation with the polyclonal anti-Slc38a1 antibody. Anti-Slc38a1 anti-
bodies were generated against a glutathione S-transferase (GST)-fusion protein containing
the N-terminal of Slc38a1 in rabbits. Following affinity purification, their specificity has
been demonstrated in previous publications [18,28,30]. Besides the anti-Slc38a1 antibody,
monoclonal anti-CK10 (clone EP1607IHCY, Abcam, Cambridge, UK) or anti-Ki-67 (clone
SP6, Thermo Fisher Scientific, Waltham, MA, USA) antibodies were also used for IHC.
After washing, the bound polyclonal antibody was amplified via incubation with undi-
luted EnVision+ horseradish peroxidase labeled polymer anti-rabbit (Dako), whereas the
bound monoclonal antibodies were amplified with biotinylated goat-anti-rabbit IgG and
horseradish peroxidase conjugated ABC reagent successively (Vector Labs).

For using mouse antibody on mouse tissue, sections were blocked for 1 h with 5% horse
serum containing 13 µg/mL Fab fragment of donkey anti-mouse IgG (Jackson ImmunoRe-
search Labs, RRID:AB_2307338) prior to incubation with mouse monoclonal anti-CK4
(clone 6B10, Santa Cruz Biotechnology, Dallas, TX, USA). Bound antibodies were amplified
with biotinylated horse-anti-mouse IgG for 10 min followed by horseradish peroxidase
conjugated ABC reagent (Vector Laboratories, Newark, CA, USA). Primary and secondary
antibodies were diluted in the Mouse on Mouse diluent (Vector Laboratories). The enzyme
label was visualized by using 3,3′-diaminobenzidine and intensified with 0.5% copper(II)
sulfate solution in saline. Nuclei were counterstained with Mayer’s hematoxylin (Dako)
before the sections were dehydrated and embedded in Histokit (Karl Hecht, Sondheim vor
der Rhön, Germany).

Incubations with primary antibodies were performed overnight at 4 ◦C. All other
incubations were performed for 30 min at 22 ◦C unless otherwise specified. The slides
were rinsed in phosphate-buffered saline (PBS) between the incubations, whereas dilutions
were made in 1% IgG-free bovine serum albumin (Jackson ImmunoResearch Europe,
Cambridgeshire, UK) in PBS. Chemicals, other than those stated above, were obtained from
Sigma (Merck, Darmstadt, Germany).

Rat brain sections served as positive controls, while PBS instead of the primary an-
tibody served as a negative control for the secondary antibody. Moreover, rabbit im-
munoglobulin fraction, X0903 (Dako, Glostrup, Denmark), was used to examine the nonspe-
cific binding of the primary antibodies (isotype-matched control). Details of the antibodies
used for IHC are presented in Table S1.

2.6. IHC Assessments of Mice Tongue Specimens

Blinded to the genotype status, IHC evaluation was performed by BT and DS. The
scoring of Ki67 was carried out using a light microscope on a 40× magnification. All
cells located on the basal layer of the tongue epithelium were counted. For each speci-
men, two different areas on each dorsal, ventral and lateral surface of the tongue were
quantified. The proliferation index for each specimen was calculated as the percentage of
positively stained cells per total number of epithelial cells on the basal layer. CK4 and CK10
were semiquantitatively scored into four groups: negative (−, no positive cells), weak (+,
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<10% positive cells), moderate (++, 10–70% positive cells) and strong (+++, >70% positive
cells).

2.7. External Transcriptomic and Genomic Data

Transcriptomic data for SLC38A1 from head and neck squamous cell carcinoma (HN-
SCC; n = 519) and controls (n = 44) from The Cancer Genome Atlas (TCGA)/Genotype
Tissue Expression (GTEx) [31] datasets were plotted using the Gene Expression Profiling
Interactive Analysis (GEPIA) tool [32]. In addition, SLC38A1 mRNA levels for OSCC
(n = 40) and pair-wise matched control mucosa were obtained from the GEO database
(GSE37991) [33].

Amplification data for SLC38A1 were exported from TCGA (Firhose legacy) using
the cBioPortal tool [34]. Out of 504 cases of HNSCC, data for 132 cases of OTSCC were
examined for the possible amplification of SLC38A1.

2.8. DNA Methylation Profiling

Promoter methylation data were accessed from NCBI GEO GSE75537 [35] (54 oral
tongue primary tumors, 29 pair-wise matched normal control and 25 pair-wise matched
peripheral blood). Following bisulfite conversion, DNA methylation at cytosine residues
(5-methylcytosine; 5mC) was measured using an Infinium Human Methylation 450K
BeadChip high-density array (Illumina). Data were analyzed with Geo2R (https://www.
ncbi.nlm.nih.gov/geo/geo2r, accessed on 15 December 2022). Specific methylation pro-
file graphs were generated using CpG island probes located in the SLC38A1 promoter
(cg16469386 and cg17726022) and in the housekeeping gene GAPDH promoter (cg00241355
and cg20917484) as a control. Methylation data were normalized based on the signal
intensities beta distribution (total methylated/(total methylated + total unmethylated)).

2.9. Western Blotting

The tissues were homogenized in RIPA buffer, mixed with 0.1% SDS, applied to 10%
Criterion™ TGX™ Precast Midi Protein Gel (BioRad, Hercules, CA, USA) for separation
(90 V for 20 min and 220 V for 30 min) and electroblotted onto PVDF membranes (2.5 A, 25 V,
10 min) by using Trans-BlotTurbo Transfer System RTA Transfer Kits (BioRad, Hercules,
CA, USA). The blots were incubated with 5% skimmed milk in TBST (0.05 M Tris-HCl,
pH 7.4, 0.9% sodium chloride, and 0.1% Triton) to block unspecific staining followed by
incubation with different primary antibodies in 3% skimmed milk in TBST overnight at
4 ◦C. After rinsing with TBST 3 × 10 min, the blots were incubated in secondary antibody
conjugated with horseradish peroxidase for 1 h at room temperature. After rinsing with
TBST 3 × 10 min, the signals of the blots were captured by using ChemiDoc Imaging
Systems (BioRad, Hercules, CA, USA). To compensate for loading errors, the values were
normalized to GAPDH staining of the same blots. For quantitation of the relevant bands,
squares were made of the exact same size for each lane in Image Lab 6.0 (BioRad, Hercules,
CA, USA), and the signal intensity was measured. The background was determined and
eliminated by using the same square size outside the relevant protein band.

2.10. Statistics

Data are presented as mean ± standard deviation (SD) or standard error of the mean
(SEM). The comparison of means between two unrelated and pair-wised matched groups
was performed by using unpaired and paired Student’s t-tests, respectively. GraphPad
Prism for Windows (https://www.graphpad.com/; version 9.4.1) was used for statistical
analysis. A p-value of <0.05 was considered statistically significant.

3. Results
3.1. Slc38a1 mRNA and Protein Are Expressed in Normal and Malignant Oral Cells

In order to investigate the possible function of Slc38a1 in the oral epithelium, we inves-
tigated the expression of the Slc38a1 transcript in normal mouse tongues. qRT-PCR showed
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that Slc38a1+/+ mice expressed Slc38a1 mRNA in tongue specimens, while Slc38a1−/−

is devoid of the Slc38a1 transcript (Figure 1A). Expression of Slc38a1 mRNA in tongue
specimens from Slc38a1+/+ mice suggests a potential role of Slc38a1 in the oral epithelium.
It also supports the specificity of the qRT-PCR. We next tested whether the Slc38a1 was
translated in situ, as many transcripts do not make it into functional proteins. Western
blotting revealed a single weak band at ~50–55 kDa in Slc38a1+/+ (Figures 1B,C and S2),
consistent with our previous studies demonstrating Slc38a1-specific bands in mouse and
rat brains [18,30]. The specificity of Western blotting is further supported by barely any
bands on immunoblots from Slc38a1−/− mouse tongue tissue (Figure 1B,C). Thus, both the
Slc38a1 transcript and protein were expressed selectively in Slc38a1+/+ mice, suggesting a
functional role for Slc38a1 in the mouse tongue epithelium.

Next, we investigated whether SLC38A1 was expressed in normal human oral ep-
ithelial (NOK1 and NOK2) and malignant (CaLH3 and SCC25) cells. Western blot using
affinity-purified antibodies against Slc38a1 demonstrated strongly labeled broad bands
at ~50–80 kDa for SLC38A1 in cell lysates from all of the cell lines examined (Figure 1D).
The higher molecular weight of the bands in these cells is consistent with cell-specific post-
translational modifications, as we have shown for several isoforms of the Slc38 family in rat
brain, liver, kidney and pancreas [36,37]. Of note, the bands were stronger in malignant oral
cells as compared to the normal oral keratinocytes (Figure 1D). The specificity of the Slc38a1
antibody was corroborated by including immunoblotting for Slc38a1 in two brain samples
from Slc38a1+/+ and two from Slc38a1−/− mice (Figure 1D). Consistent with our previous
results [18,30], Western blot analysis showed a broad stained band at ~45–65 kDa in brain
tissues in Slc38a1+/+ mice (Figure 1D). This broad band is not observed in the brain tissue of
Slc38a1−/− mice. The thin sharp band at ~65–70 kDa in the homogenates of Slc38a1−/− is
also seen in Slc38a1+/+ mice and likely represents a spurious band (Figure 1D). Altogether,
our data demonstrate the expression of SLC38A1 in normal and malignant oral cells.

3.2. Inactivation of Slc38a1 Gene Was Associated with Significant Down-Regulation of Slc38a3 in
Mouse Tongue

We tested whether four other main system A and system N transporters involved in
intercellular glutamine shuttling were also expressed in mouse tongue tissues. Slc38a2 and
Slc38a3 mRNAs were found to be expressed in tongue tissues, while Slc38a4 and Slc38a5
expression was not detected in Slc38a1+/+ mice (Figure 1E). Next, we wanted to examine if
the knockout of Slc38a1 was associated with any alteration in the expression of other Slc38
gene members to compensate for the loss of Slc38a1. Genetic inactivation of Slc38a1 was
associated with significant down-regulation of Slc38a3 and moderate but not significant
upregulation of Slc38a2 in Slc38a1−/− mouse tongue tissue as compared to Slc38a1+/+

mouse tissue (Figure 1E). A disruption of Slc38a1 did not impact Slc38a4 and Slc38a5 mRNA
levels in mouse tongue tissues (Figure 1E).

3.3. Slc38a1+/+ and Slc38a1−/− Mice Showed No Significant Difference in Epithelial Thickness
and Proliferation and Differentiation Pattern of Tongue Epithelium

We tested whether the expression of Slc38a1 was related to the thickness of the mouse
tongue epithelium. Morphometric analysis (as described in Figure 2A) showed that there
was no significant difference between Slc38a1+/+ and Slc38a1−/− mice in the epithelial
thickness of neither the dorsal nor the ventral surfaces of the tongue (Figure 2A,B). We next
scrutinized whether Slc38a1 affects the cellular proliferation and/or differentiation of the
tongue epithelium in mice using immunostaining for Ki67, CK4 and CK10, the markers
for proliferation and differentiation. No significant difference in the immunoexpression
of Ki67, CK4 and CK10 in the tongue epithelium was observed between Slc38a1+/+ and
Slc38a1−/− mice (Figure 2C,D and Table 1).
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Figure 1. Mouse tongue specimens, normal oral keratinocytes and oral squamous cell carcinoma-
derived cell lines express Slc38a1/SLC38A1 protein. (A) mRNA expression levels of Slc38a1
were examined in tongue specimens of Slc38a1+/+ (n = 10) and Slc38a1−/− (n = 9) mice via real-time
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polymerase chain reaction (RT-PCR). Slc38a1+/+ mice revealed abundant Slc38a1 mRNA, while
no Slc38a1 mRNA was detected in Slc38a1−/− mice. Error bars represent SEM (unpaired t-test).
(B) Slc38a1 protein levels were measured in tongue extracts (n = 3 for each genotype) separated
via SDS-PAGE and immunolabeled with affinity-purified antibodies generated selectively towards
Slc38a1. Western blot unveiled weak bands at ~50–55 kDa in tongue specimens of Slc38a1+/+ mice,
whereas the corresponding expression in Slc38a1−/− mice was imperceptible. Full blots are presented
in Supplementary Figure S2. (C) Densitometric quantification of the Western blot data confirmed
expression of Slc38a1 in Slc38a1+/+ mice, while expression in Slc38a1−/− mice was negligible. Error
bars represent SEM (unpaired t-test). (D) We investigated the expression of SLC38A1 in primary
normal oral keratinocytes (NOK1 and NOK2) and oral squamous cell carcinoma-derived cell lines
(CaLH3 and SCC25). Western blot demonstrated strongly labeled broad bands at ~50–80 kDa
for SLC38A1 in all cell lysates. As a control, brain extracts from Slc38a1+/+ and Slc38a1−/− mice
were included in the same experiments. Slc38a1+/+ brain extracts showed broad stained bands
at ~45–65 kDa. In Slc38a1−/− mice, only a weak slender band was seen at ~65–70 kDa. (E) We
next investigated the expression of closely related Slc38-isoforms in Slc38a1−/− and wild-type mice.
Slc38a2 and Slc38a3 mRNA were detected in normal tongue tissue, while no transcripts of Slc38a4 and
Slc38a5 could be detected. Upon genetic inactivation of Slc38a1, Slc38a3 was found to be significantly
down-regulated compared to the wild-type mice, while Slc38a2 was moderately but not significantly
upregulated. Error bars represent SEM (unpaired t-test). * represents <0.05 p-value. ND, not detected.
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Figure 2. Genetic inactivation of Slc38a1 was not associated with significant changes in epithelial
thickness or the proliferation and/or differentiation pattern of the tongue epithelium in mice. (A) The
thickness of the epithelium was measured by selecting a region of interest (ROI) under 400× magnifi-
cation and using a 100 µm grid. A 400 µm long horizontal line (marked in yellow) was drawn across
the ROI, and a polygon (marked in red) was drawn following the epithelial cells on the basal layer
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and the most superficial layer (excluding the surface keratin). The average thickness of the epithe-
lium was calculated by dividing the surface area of the drawn polygon by the length (400 µm).
(B) The epithelial thickness both on the dorsal and ventral surfaces of mouse tongues was similar in
Slc38a1+/+ and Slc38a1−/− mice. (C) The proliferation index was measured by Ki67 immunostaining
in Slc38a1−/− and Slc38a1+/+ mice. The figure shows representative images of Ki67 immunostaining
on the dorsal surface of tongues from Slc38a1+/+ (WT) and Slc38a1−/− (KO) mice. (D) Quantification
of Ki67 immunolabeling in the dorsal, ventral and lateral surfaces of tongues from Slc38a1+/+ (n = 10)
and Slc38a1−/− (n = 9) mice was performed. No significant changes were seen in any of the surfaces
upon comparison of the two genotypes. Unpaired Student’s t-test was used for the statistical analysis.
Error bars represent SD.

Table 1. Expression of CK4 and CK10 in mouse tongue epithelium.

CK4 CK10

Sample Genotype Dorsal Ventral Dorsal Ventral

16A WT + − +++ +++
13A WT + + ++ +++
12A WT + − + ++
14A WT + + +++ +++
26A WT + − ++ +++
29A WT ++ + +++ +++
19A WT + + +++ +++
30A WT + − +++ +++
24A WT + + +++ +++
23A WT + − +++ +++
15A KO ++ + ++ +++
18A KO ++ + +++ +++
17A KO ++ + +++ +++
11A KO + − ++ +++
21A KO + − NA NA
28A KO ++ + +++ +++
27A KO + + +++ +++
20A KO + + +++ +++
31A KO + − +++ +++

NA: not available; WT: wild–type; KO: knockout; −: negative; +: weak; ++: moderate; +++: strong.

3.4. SLC38A1 mRNA Levels Are Upregulated in OSCC/HNSCC

As the malignant oral epithelial cells CaLH3 and SCC25 showed robust expression of
SLC38A1 as compared to the normal oral keratinocytes, we hypothesized that SLC38A1
was upregulated in carcinomas as compared to the corresponding control specimens. For
this, we examined the mRNA expression of SLC38A1 in OSCC and HNSCC in two different
transcriptomic datasets. SLC38A1 mRNA was indeed upregulated in the carcinomas
compared to normal controls (Figure 3A,B).

3.5. SLC38A1 Gene Was Not Amplified in OTSCC Specimens

The significant upregulation of SLC38A1 mRNA levels in oral carcinomas as compared
to normal control specimens prompted us to investigate the possible amplification of the
SLC38A1 gene in OTSCC species. An investigation of 132 cases of OTSCC from TCGA
revealed no SLC38A1 gene amplification.
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Figure 3. SLC38A1 mRNA was upregulated in head and neck squamous cell carcinoma (HNSCC) and
in oral squamous cell carcinoma (OSCC) specimens, but promoter methylation status was not changed
in oral tongue squamous cell carcinomas. Analysis of transcriptome datasets showed upregulation of
SLC38A1 mRNA levels in HNSCC (p > 0.05) (A) and OSCC (p < 0.0001) (B) specimens as compared to
the corresponding controls. (C) Analysis of promoter DNA methylation data from 54 OTSCC with
pair-wise matched controls using probes located in the SLC38A1 (cg16469386 and cg17726022) and
GAPDH (cg00241355 and cg20917484) promoter regions. For each probe, methylation is quantified in
all samples by expressing the methylated/(methylated + unmethylated) signal intensity ratio.



Cancers 2024, 16, 405 11 of 15

3.6. Methylation Status of SLC38A1 Gene Promoter in OTSCC Was Similar as Compared to
Normal Control Oral Epithelium

The examination of the methylation status of the SLC38A1 gene promoter using public
datasets showed a similar methylation status profile (p > 0.05) both in OTSCCs (n = 54) and
in corresponding pair-wise matched normal control specimens using two different CpG
island probes (cg16469386 and cg17726022) (Figure 3C). A similar methylation status was
observed in the promoter regions (cg00241355 and cg20917484 probes) of GAPDH both in
the OTSCC and corresponding normal control specimens.

4. Discussion

Given the key role of glutamine in the homeostasis of epithelial cells [38], including
the oral epithelium [39], the current study investigated the role of Slc38a1, one of the
key glutamine transporters, in the proliferation and differentiation of the oral tongue
epithelium in mice. The tongue epithelium thickness (both at the dorsal and ventral
surfaces) of Slc38a1−/− mice was found to be similar to that of Slc38a1+/+ mice. One of
the main determinants of epithelial thickness is the rate of keratinocyte proliferation. In
line with the above observation, further experiments demonstrated similar proliferation
indices (Ki67 labeling) of tongue keratinocytes both in Slc38a1−/− and Slc38a1+/+ mice.
Besides proliferation, cellular differentiation also contributes to the epithelial structure and
thickness. The immunoexpression of CK4 and CK10 was found to be similar both on the
dorsal and ventral surfaces of the tongue in Slc38a1−/− and Slc38a1+/+ mice. Altogether,
these results do not support a direct functional role of Slc38a1 in regulating the proliferation
and differentiation of the epithelium in mouse tongue, as has been previously reported for
the neuronal proliferation and differentiation of pluripotent P19 cells [40]. Nevertheless,
this difference could be related to cell-tissue-specific functions of Slc38a1. In addition,
epithelial and other cells have many other glutamine transporters and proteins that may be
upregulated and/or compensate for the loss of Slc38a1 as we previously reported in the
mouse brain [18].

Both SLC38A1 and SLC38A2 represent the classical transport system A activity, which
is highly regulated, e.g., manifested during cell growth and amino acid deficiency [41].
Previous studies have reported the upregulation of SLC38A2 in cancer cells with knock-
down of the SLC38A1 gene, indicating a possible compensatory functional overlap between
SLC38 protein members [42]. In harmony with these data, we found moderate, but not
significant, upregulation of Slc38a2 in Slc38a1−/− mouse tongue tissue as compared to that
of Slc38a1+/+ mouse. Indeed, SLC38A2 is more suitable for glutamine uptake under stress
conditions [43]. In contrast, we found significant down-regulation of Slc38a3 mRNA levels
in Slc38a1−/− mouse tongue. We have previously shown that the system A transporters and
system N transporters work in concert to shuttle glutamine between cells and organs [44]. In
the brain, Slc38a1 and Slc38a3 shuttle glutamine from astroglial cells to GABAergic neurons
for GABA synthesis, and, in the pancreas, Slc38a2 and Slc38a3 work in concert to regulate
insulin secretion [28,37,44]. Thus, Slc38a3 may be down-regulated upon disrupted Slc38a1-
Slc38a3 concerted function. This warrants further studies to clarify these suggestions.

Similar to other human malignancies such as gastric cancer [9], hepatocellular carci-
noma [22] and malignant melanoma [23], SLC38A1 mRNA expression was found to be
upregulated in OSCC/HNSCC compared to the normal control tissues in the external
transcriptomic datasets. In parallel, the expression of SLC38A1 was found to be higher in
two OSCC cell lines (CaLH3 and SCC25) as compared to two normal oral keratinocytes.
These results support a link between SLC38A1 and OSCC progression. This suggestion is
in line with the observation by Sutinen and coauthors who demonstrated the uptake of
[N-methyl-11C]α-methylaminoisobutyric acid (MeAIB), a prototypic substrate for system
A transport, in HNSCC by using positron emission tomography scans [45].

Several mechanisms, such as epigenetic changes, including methylation status of the
promoter region, gene amplification, miRNA-mediated gene regulation or transcription
control via upstream signaling pathways, could be involved in the upregulation of SLC38A1
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in OSCC. An investigation of the externally available datasets showed no amplification
of SLC38A1 in OTSCC and a similar methylation status profile in the promoter region
of SLC38A1 both in OTSCCs and in corresponding pair-wise matched normal control
specimens. Thus, other mechanisms might contribute to the upregulated expression in
OSCC. Recently, a number of papers have demonstrated the miRNA-mediated regulation
of SLC38A1 in human malignancies [46,47]. However, the possible role of miRNA in the
regulation of SLC38A1 in OSCC needs further investigation.

Given the dependency of cancer cells on glutamine to support the energy and metabo-
lite demand of the cancer cells and the concurrent activation of signaling pathways such
as c-Myc [10] and K-Ras [11] in several cancer types, the possible activation of upstream
signaling pathways/transcription factors might be a likely mechanism for the upregulation
of SLC38A1 in OSCC. Indeed, the system A transporters Slc38a1 and Slc38a2 undergo
multifaceted regulation, and their promoters are activated by c-Myc and ATF4 [20,48,49].

Several SLC38 isoforms have previously been linked to cell proliferation, invasion,
migration and/or angiogenesis, including SLC38A2 [50], SLC38A3 [51], SLC38A6 [52]
and SLC38A7 [53], supporting their involvement in cancer progression. Moreover, as
Slc38a1 has a high affinity for glutamine compared to other glutamine transporters, and
it transports glutamine unidirectionally [19,20], cells expressing SLC38A1 will be better
suited for the accumulation of high levels of glutamine intracellularly and accompanying
boosted cellular metabolism, which is favorable for cancer progression. In the same line,
Böhme-Schäfer and coauthors have reported that SLC38A1 expression is associated with
primary and metastatic cell lines and increased proliferation, colony formation, migration
and invasion abilities of malignant melanoma cells [23].

5. Conclusions

In conclusion, although the inactivation of Slc38a1 does not seem to directly affect the
proliferation and differentiation of the tongue epithelium, the upregulated expression of
SLC38A1 in OSCC indicates a role of SLC38A1 in OSCC progression, perhaps reflecting the
increased glutamine metabolism in OSCC cells. The findings of the current study form the
basis for future functional and prognostic studies on SLC38A1 in OSCC.
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study; Figure S2: Full blots for Slc38a1 and Gapdh using lysates from tongue extracts from Slc38a1+/+
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