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Abstract:
Introduction: Amino acid transporters are transmembrane proteins that are known to mediate the transfer of amino acids.

As one of the amino acid transporters, LAT1, which is encoded by Slc7a5, mediates the cellular uptake of the essential

amino acids. Recently, most studies have focused on examining the relationship between LAT1 and skeletal formation in

terms of development. However, little is known regarding the clinical features of LAT1 in the cartilage, which might result

in the development of skeletal deformities such as scoliosis. Thus, the aim of this study was to investigate the expression of

L-type amino acid transporter 1 (LAT1) and its solute carrier transporter 7a5 (Slc7a5) in patients with pediatric scoliosis

and to compare with the relationship between LAT1 and Slc7a5 expression and their clinical features.

Methods: We have prospectively recruited 56 patients who underwent corrective spinal fusion for scoliosis. The patients

comprised 40 girls and 16 boys, with a mean age of 13.1 years at the time of surgery. There were 34 idiopathic scoliosis

(IS) patients, whereas 22 were congenital scoliosis (CS) patients. During the surgery, an epiphyseal part of the spinous

process at apical vertebra was harvested; then, LAT1 and Slc7a5 expressions in the cartilage were evaluated.

Results: As per our findings, LAT1 expression was observed in the cartilage in 60.7% (34 out of 56) of the patients.

LAT1 expression in IS patients was 76%, which were statistically higher compared to 36% in CS patients. When compared

with LAT1 expression, no statistical difference was noted in terms of age, gender, body mass index (BMI), Cobb angle, and

Risser grade. Meanwhile, the mean Slc7a5 expression in IS patients was determined to be significantly higher than that in

CS patients. No significant correlation was observed between Slc7a5 expression and age, BMI, and Cobb angle.

Conclusions: LAT1 and Slc7a5 expression in IS and CS patients showed significant differences. These expressions were

found to be not correlated with age, stature, and severity of the deformity.
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Introduction

Scoliosis is a complex deformity defined as three-

dimensional curvature of the spine that occurs during peri-

ods of growth with a prevalence rate of 2 to 3% among

children1). There exist many studies on the pathogenesis of

scoliosis; in fact, its etiology has been considered multifac-

torial and is yet to be fully understood. As per previous epi-

demiological research, it has been recognized that genetic

factors contribute to the development of scoliosis. Recent

genome-wide association studies (GWAS) were utilized to

investigate the genetic background of adolescent idiopathic

scoliosis (AIS). Several candidate genes, such as LBX1,

GRP126, PAX1, and TBX1, have been identified to be in-
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Figure　1.　LAT1 expression in the cartilage.

Western blotting analysis of LAT1 protein expression in the cartilage from spinous process. Comparison of LAT1 ex-

pression between IS and CS. 

volved in the development of AIS2-5). Furthermore, a meta-

analysis among Japanese population identified 14 susceptible

loci associated with AIS6).

On the other hand, congenital scoliosis (CS) is defined as

a spine deformity at birth, which is an underlying congenital

vertebral malformation. The frequency of CS is much lower

than AIS in the range of 0.01%-0.05%. CS is also investi-

gated to be a consequence of multifactorial genetic interac-

tion. Previous studies have reported several associated genes,

including PAX1 and TBX6; moreover, many other genes are

known to cause vertebral malformations7,8). Although both

types of scoliosis are related to genetic background, these

candidate genes explain approximately 5% of the phenotypic

variance; thereby, further approach is necessary to elucidate

the pathogenesis of scoliosis.

Recently, the relation between amino acid transporters and

various pathologies, such as cancer, diabetes, and neurologi-

cal and kidney disorders, have been investigated9). Amino

acid transporters are described as transmembrane proteins

that mediate the transfer of amino acids and are also in-

volved in gene expression, protein synthesis, and energy me-

tabolism. Being one of the amino acid transporters, L-type

amino acid transporter 1 (LAT1), which is encoded by sol-

ute carrier transporter 7a5 (Slc7a5), mediates the cellular up-

take of essential amino acids. Dysregulation of LAT1 has

been mainly reported to be one of the pathologies of cancer

expression. Nutrient signal such as amino acid and glucose

is considered to be necessary to maintain skeletal formation.

As one of them, LAT1 mediates cellular uptake of the es-

sential amino acids10,11). Ozaki et al. investigated the relation

between LAT1 encoded by Slc7a5 and bone homeostasis12).

They showed that the osteoclast-specific deletion of Slc7a5

in mice led to osteoclast activation and bone loss in vivo;

moreover, Slc7a5 deficiency increased osteoclastogenesis in

vitro. On the other hand, this mouse model did not show

skeletal deformity (unpublished data). In the skeletal forma-

tion, we hypothesized that the dysfunction of cartilage ho-

meostasis could be related with the skeletal deformity in-

cluding scoliosis. However, contrary to the pivotal function

of LAT1 on bone homeostasis, little is known regarding the

physiological and pathological importance of LAT1 in carti-

lage homeostasis, which might affect the development of

skeletal deformity including scoliosis. In this study, we ad-

dressed the clinical question on whether the patients with

various types of scoliosis, which could be attributed to the

dysfunction of cartilage homeostasis, could exhibit the dif-

ferent behaviors of LAT1 to investigate the association of

LAT1 with various types of scoliosis and to reveal the rela-

tionship between LAT1 expression and its clinical features.

Materials and Methods

This research has been approved by the IRB of the

authors’ affiliated institution. Patients with scoliosis, who

underwent corrective spinal fusion from 2017 to 2020 at two

centers, were included. Patients were selected based on the

following inclusion criteria: age under 20 years, idiopathic

and congenital scoliosis, and candidates for posterior scolio-

sis correction. The patients with syndromic scoliosis were

excluded in this study. Informed consent was obtained from

all patients and families. Materials were obtained by poste-

rior approach. A part of the spinous process at apical verte-

bra was exposed and harvested. The bony part of the

spinous process was used for bone grafting, whereas the tips

of the spinous processes which contain an epiphyseal carti-

lage was removed and analyzed for this study.

All the specimens were fixed in 70% ethanol and kept re-

frigerated at −70°. For the evaluation of LAT1, tissues were

homogenized in a lysis buffer containing protease inhibitor

cocktail. Samples were then subjected to SDS-PAGE, fol-

lowed by transfer to polyvinylidene difluoride (PVDF)

membranes and subsequent immunoblotting. The primary

antibodies used was anti-LAT1 antibody (Cell Signaling

Technology (#5347)). The primary antibodies were diluted

with blocking solution. Fig. 1 shows Western blotting analy-

sis of LAT1 expression. The data was expressed by above or

below the detection limit. For the evaluation of Slc7a5, the

total RNA was extracted using TRIzol reagent, followed by

the synthesis of complementary DNA (cDNA) with reverse

transcriptase and oligo-dT primer. The expression was meas-

ured using real-time polymerase chain reaction via the fol-

lowing primers: 5'-AAACTGGAACGGTGAAGGTGA-3'

and 5'-TGTGTGGACTTGGGAGAGGA-3'. The levels of the

genes examined were normalized by ACTB as an internal

control for each sample using the following primers: 5'-TTC

TCCACACTCCACTGACAAA-3' and 5'-AAAGCACAACG
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Figure　2.　LAT1 expression.

Detected or undetected cases of LAT1 expression on each 

scoliosis type. LAT1 expression was detected in 34 out of 56 

patients. The rate of LAT1 expression in IS patients was 

76%, which was statistically higher compared to 36% in CS 

patients (chi-square test).

Table　1.　Descriptive Data.

IS CS Total Significance

No. of cases 34 22 56

Age (years) 14.7±2.8 10.5±4.0 13.1±3.8 p<0.05

Gender (girl/boy) 30/4 10/12 40/16 p<0.05

BMI 18.5±2.9 17.6±2.8 18.2±2.9 N.S.

Main Cobb angle 58.2±12.7 48.5±22.8 54.4±17.9 N.S.

Risser grade 3.5±1.4 1.3±1.8 2.7±1.9 p<0.05

Grade 0  3 13 16

Grade 1  0  1  1

Grade 2  3  2  5

Grade 3  5  2  7

Grade 4 14  2 16

Grade 5  9  2 11

IS, idiopathic scoliosis; CS, congenital scoliosis

Table　2.　LAT1 and Other Factors.

LAT1 (+) LAT (−) Significance

No. of cases 34 22

Age (years) 13.7±3.5 12.1±4.3 N.S.

Gender (girl/boy) 25/9 15/7 N.S.

BMI 18.4±2.8 17.7±2.9 N.S.

Main Cobb angle 57.8±13.3 49.1±22.6 N.S.

Risser grade 3.0±1.7 2.1±2.0 N.S.

LAT1, L-type amino acid transporter 1

ACTGAAAATGC-3'. Slc7a5 expression was calculated by

% control of IS patient (case no1).

The characteristics of the patients were collected includ-

ing initial age, body mass index (BMI), menarche age, past

history, and family history. For radiographic evaluation,

Cobb angle of the major curve was obtained. Skeletal ma-

turity was measured using the Risser classification.

The SPSS software (version 23.0; SPSS Inc., Chicago,

IL) was used for statistical analysis. For comparison of un-

paired values among groups, the Mann-Whitney U test was

used. To compare the categorical value, chi-square test was

used when the cell sizes are expected to be large. The

Spearman rank correlation test was used for correlations be-

tween variables. Statistical significance was set at P<0.05.

Results

In total, 56 patients (40 females, 16 males) with a mean

age at the time of surgery of 13.1±3.8 years were enrolled

in this study. There were 34 idiopathic scoliosis (IS),

whereas there were 22 CS patients. The mean BMI was 18.2

±2.9 kg/m2, and the mean menarche age was 12.3±1.4 years.

The average of Risser grade was 2.7±1.9. The distribution of

Risser grades was as follows: 16 patients were classified as

having grade 0; 1 as grade 1; 5 as grade 2; 7 as grade 3; 16

as grade 4; and 11 as grade 5. The apex of the curve was

located at the thoracic spine in 40 patients and at thora-

columbar/lumbar spine in 16 patients. The mean Cobb an-

gles were 54.4±17.9°. There was a statistical difference re-

garding age, gender, Cobb angle, and Risser grade among

two groups (Table 1).

In all patients, LAT1 and Slc7a5 expressions in the carti-

lage were analyzed from the tips of the spinous processes.

LAT1 expression was detected in the cartilage in 34 out of

56 patients. The rate of LAT1 expression in IS patients was

76%, which is statistically higher compared to 36% in CS

patients (Fig. 2). When compared with detected and unde-

tected patients, there was no statistical difference among

age, genders, BMI, Cobb angle, and Risser grade (Table 2).

Regardless of the difference between IS and CS, the expres-

sion of Slc7a5 was all can be detected. Fig. 3 shows the

Slc7a5 expression depending on the scoliosis type. Slc7a5

expression was noted to be significantly higher in IS pa-
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Figure　3.　Slc7a5 expression.

Slc7a5 expression on each scoliosis type. Slc7a5 expression 

in IS patients was significantly higher than that in CS pa-

tients. (Mann–Whitney U test). 

Figure　4.　Slc7a5 expression and age (A) and BMI (B).

Correlation between Slc7a5 expression and age (A) and BMI (B). Both parameters did not show significant cor-

relation. (Spearman rank correlation test). 

Figure　5.　Slc7a5 expression and Cobb angle.

Correlation between Slc7a5 expression and Cobb angle. There 

was no significant correlation. (Spearman rank correlation test).

tients than in CS patients. There was no significant correla-

tion between age, BMI, and Slc7a5 expression (Fig. 4). No

correlation was also noted between Cobb angle and Slc7a5

expression (Fig. 5).

Discussion

This is the first clinical study to investigate the amino

acid transporter expression in patients with scoliosis. This

current study showed that LAT1 and Slc7a5 expression was

different depending on the type of scoliosis. Also, a statisti-

cal difference was noted in terms of the severity of the de-

formity, gender, and maturity between the two groups which

could bias the results (Table 1). On the other hand, addi-

tional analysis of LAT1 and Slc7a5 expression showed no

statistical difference among these factors (Table 2) and no

significant correlation (Fig. 4, 5). Therefore, the results may

indicate that LAT1 and Slc7a5 expressions were more influ-

enced by scoliosis type than the severity of the deformity,

gender, or maturity.

In the chondrogenic differentiation, paired box gene 1

(Pax1) has also been reported to be one of the regulators of

chondrocyte maturation13). Recent GWAS study showed that

PAX1 was associated with IS in females4). Although the eti-

ology between idiopathic scoliosis and CS is different, mu-

tations in PAX1 have been reported with the development of

vertebral malformations7). Purkiss et al. reported the high in-

cidence of IS in families of children with CS14). Although no

previous report was found examining the relationship be-

tween Slc7a5 and the other genes in the field of spinal de-

formity, the current results may indicate that any chondro-

genic factors would predispose to the development of spinal

deformity.



Spine Surg Relat Res 2022; 6(4): 402-407 dx.doi.org/10.22603/ssrr.2021-0189

406

In the development of spinal column, the relationships be-

tween spinal growth plates and scoliosis were investigated.

Bylski-Austrow et al. investigated spinal growth plate histo-

morphometry between scoliosis patients and autopsy con-

trols15), wherein it was showed that the hypertrophic chon-

drocyte heights in the vertebral growth plates in patients

with scoliosis were lower than that in autopsy controls with-

out scoliosis. Zhu et al. analyzed the histomorphology of the

spinal growth plates in IS and CS16), wherein they showed

that the proliferative chondrocytes in the anterior spinal col-

umn in IS patients were more active than that of the poste-

rior column, whereas the difference found in IS patients was

not observed in CS patients. They concluded that two types

of scoliosis may have different growth kinetics affecting the

curve development. LAT1 and Slc7a5 expressions in the car-

tilage between AIS and CS patients were found to be statis-

tically different (Fig. 2, 3), which might support one of the

hypotheses. In the clinical and basic features of IS and CS,

Giampietro et al. hypothesized that IS and CS share an un-

derlying genetic mechanism, whereas a single genetic defect

may result in a predisposition to different types of spinal de-

formities17). We reasoned from previous reports and this cur-

rent study that the difference between IS and CS may reflect

one of the functional effects of the participation of Slc7a5 in

a developmental role. Currently, the results of this study do

not directly link to clinical application. However, we hope

that the results will help us clarify the pathogenesis of

scoliosis, which could only be explained in 5% of scoliosis

patients at present.

This study has several limitations. First, we could not ob-

tain the epiphysis of the spinous processes as an age-

matched control without scoliosis. Additionally, the patients

with mild or moderate scoliosis were not also investigated

same as the controls without scoliosis. Second, the sample

size of each type was small. Finally, we did not investigate

other candidate genes previously reported to be involved in

the development of scoliosis. Thereby, further study with

larger sample size and with the relationship between the pre-

viously reported genes and Slc7a5 would be warranted.

In conclusion, L-type amino acid transporter 1 (LAT1)

and solute carrier transporter 7a5 (Slc7a5) expression in IS

and CS patients showed significant differences. These ex-

pressions did not relate to age, stature, and severity of the

deformity. The different behaviors between IS and CS might

reflect the functional effects through cartilage formation in

the developmental phase.

Conflicts of Interest: The authors declare that there are

no relevant conflicts of interest.

Sources of Funding: This study received funding from

the Japan Agency for Medical Research and Development

(AMED) Grant No. 19ek0109212h0003.

Author Contributions: Conception or design of the

work: SD, EH, and HT. Drafting of the paper: SD. Acquisi-

tion of data: MH, NY, MH, NO, and TI. Treatment of pa-

tients: SK, KS, TS, RA, MK, YY, SN, YT, and NK. Revis-

ing paper: NK

Ethical Approval: This study was approved by the Ethics

Committee Institution of Kanazawa University Hospital (No.

2017-156).

Informed Consent: Informed consent for publication was

obtained from all participants in this study.

References
1. Weinstein SL. Natural history. Spine. 1999;24(24):2592-600.

2. Takahashi Y, Kou I, Takahashi A, et al. A genome-wide associa-

tion study identifies common variants near LBX1 associated with

adolescent idiopathic scoliosis. Nat Genet. 2011;43(12):1237-40.

3. Kou I, Takahashi Y, Johnson TA, et al. Genetic variants in GPR

126 are associated with adolescent idiopathic scoliosis. Nat Genet.

2013;45(6):676-9.

4. Sharma S, Londono D, Eckalbar WL, et al. A PAX1 enhancer lo-

cus is associated with susceptibility to idiopathic scoliosis in fe-

males. Nat Commun. 2015;6:6452.

5. Li Y, Wu Z, Xu L, et al. Genetic variant of TBX1 gene is func-

tionally associated with adolescent idiopathic scoliosis in the Chi-

nese population. Spine. 2021;46(1):17-21.

6. Kou I, Otomo N, Takeda K, et al. Genome-wide association study

identifies 14 previously unreported susceptibility loci for adoles-

cent idiopathic scoliosis in Japanese. Nat Commun. 2019;10(1):

3685.

7. Giampietro PF, Raggio CL, Reynolds CE, et al. An analysis of

PAX1 in the development of vertebral malformations. Clin Genet.

2005;68(5):448-53.

8. Fei Q, Wu Z, Wang H, et al. The association analysis of TBX6

polymorphism with susceptibility to congenital scoliosis in a Chi-

nese Han population. Spine. 2010;35(9):983-8.

9. Kandasamy P, Gyimesi G, Kanai Y, et al. Amino acid transporters

revisited: New views in health and disease. Trends Biochem Sci.

2018;43(10):752-89.

10. Hinoi E, Bialek P, Chen YT, et al. Runx2 inhibits chondrocyte

proliferation and hypertrophy through its expression in the

perichondrium. Genes Dev. 2006;20(21):2937-42.

11. Wei J, Shimazu J, Makinistoglu MP, et al. Glucose uptake and

Runx2 synergize to orchestrate osteoblast differentiation and bone

formation. Cell. 2015;161(7):1576-91.

12. Ozaki K, Yamada T, Horie T, et al. The L-type amino acid trans-

porter LAT1 inhibits osteoclastogenesis and maintains bone ho-

meostasis through the mTORC1 pathway. Sci Signal. 2019;12

(589):eaaw3921.

13. Takimoto A, Mohri H, Kokubu C, et al. Pax1 acts as a negative

regulator of chondrocyte maturation. Exp Cell Res. 2013;319(20):

3128-39.

14. Purkiss SB, Driscoll B, Cole WG, et al. Idiopathic scoliosis in

families of children with congenital scoliosis. Clin Orthop Relat

Res. 2002;(401):27-31.

15. Bylski-Austrow DI, Glos DL, Wall EJ, et al. Scoliosis vertebral

growth plate histomorphometry: Comparisons to controls, growth

rates, and compressive stresses. J Orthop Res. 2018;36(9):2450-9.

16. Zhu F, Qiu Y, Yeung HY, et al. Histomorphometric study of the

spinal growth plates in idiopathic scoliosis and congenital scolio-

sis. Pediatr Int. 2006;48(6):591-8.

17. Giampietro PF, Blank RD, Raggio CL, et al. Congenital and idi-



dx.doi.org/10.22603/ssrr.2021-0189 Spine Surg Relat Res 2022; 6(4): 402-407

407

opathic scoliosis: clinical and genetic aspects. Clin Med Res.

2003;1(2):125-36.

Spine Surgery and Related Research is an Open Access journal distributed under

the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-

tional License. To view the details of this license, please visit (https://creativeco

mmons.org/licenses/by-nc-nd/4.0/).


