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Table 2. Expression of serine and glycine metabolism-
related proteins in follicular neoplasm and Hürthle cell 
neoplasm

Parameters Total  
N=372 (%)

Follicular 
neoplasm 
n=265 (%)

Hürthle cell 
neoplasm 
n=107 (%)

p-value

PSAT1 0.165
    Negative 300 (80.6%) 219 (82.6%) 81 (75.7%)
    Positive 72 (19.4%) 46 (17.4%) 26 (24.3%)
GLDC 0.458
    Negative 332 (89.2%) 234 (88.3%) 98 (91.6%)
    Positive 40 (10.8%) 31 (11.7%) 9 (8.4%)
SHMT1 <0.001
    Negative 58 (15.6%) 56 (21.1%) 2 (1.9%)
    Positive 314 (84.4%) 209 (78.9%) 105 (98.1%)
PHGDH* 0.048
    Negative 192 (51.6%) 147 (55.5%) 45 (42.1%)
    Positive 179 (48.1%) 117 (44.2%) 62 (57.9%)
PSAT1, phosphoserine aminotransferase-1; GLDC, glycine decarboxyl-
ase; SHMT1, serine hydroxymethyltransferase-1; PHGDH, phosphoglyc-
erate dehydrogenase. *Immunohistochemistry was not carried out in 
one case.

Table 1. Source, clone, and dilution of antibodies used in 
this study
Antibody Clone Dilution Company
PHGDH Polyclonal 1:100 Abcam, Cambridge, UK
PSAT1 Polyclonal 1:100 Abcam, Cambridge, UK
SHMT1 Polyclonal 1:100 Abcam, Cambridge, UK
GLDC Polyclonal 1:100 Abcam, Cambridge, UK
PHGDH, phosphoglycerate dehydrogenase, PSAT1, phosphoserine 
aminotransferase-1, SHMT1, serine hydroxymethyltransferase-1, GLDC, 
glycine decarboxylase.

of the Bonferroni multiple comparison proce-
dure was used. Statistical significance was set 
to P<0.05. Kaplan-Meier survival curves and 
log-rank statistics were employed to evaluate 
time to tumor recurrence and overall survival. 
Multivariate regression analysis was performed 
using the Cox proportional hazards model.

Results 

Basal characteristics of follicular neoplasm 
and Hürthle cell neoplasm

A total of 265 FN were included in this study: 
153 cases of FA and 112 cases of FC. Of the FC 
cases, 99 were minimally invasive type and 13 
were widely invasive type. The clinicopatho- 
logic features of FC patients are presented in 

Supplementary Table 1. For HCN, a total 
of 107 cases were examined: 80 cases 
of HCA and 27 cases of HCC. The clini-
copathologic features of HCN patients 
are presented in Supplementary Table 
2.

Expression of serine/glycine-related 
proteins in follicular neoplasm and 
Hürthle cell neoplasm

We investigated the expression of ser-
ine/glycine-related proteins in FN and 
HCN. The expression of SHMT1 and 
PHGDH was higher in HCN compared  
to FN (P<0.001 and P=0.048 respec-
tively, Table 2 and Figure 1). Differences 
were noted in the expression of serine/
glycine-related proteins SHMT1 and 
PHGDH between FA, FC, HCA, and HCC. 
SHMT1 expression was highest in HCC, 
followed by HCA, FA, and FC, while 
PHGDH expression was highest in HCA, 
followed by HCC, FC, and FA (P<0.001 
and P=0.041 respectively, Table 3 and 
Figure 2).

Correlations between the expression 
of serine/glycine-related proteins and 
clinicopathologic factors in follicular 
carcinoma

Next, we investigated correlations 
between the expression of serine/gly-
cine-related proteins and clinicopatho-
logic factors in FC. SHMT1 negativity 
was associated with extrathyroidal ex- 

tension (P=0.019, Figure 3). No additional sig-
nificant correlations between other serine/gly-
cine-related proteins and clinicopathologic fac-
tors were found.

The impact of expression of serine/glycine-
related proteins on prognosis

Using Cox-proportional hazard analysis, we in- 
vestigated the prognostic significance of ser-
ine/glycine-related protein expression in FC 
and HCC. Among serine/glycine-related pro-
teins, PSAT1 negativity was associated with 
shorter overall survival (OS) (P<0.001, Table 4).

Discussion

In this study, we investigated the expression  
of the serine/glycine-related proteins PHGDH, 
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Figure 1. Heat map of serine and glycine metabolism-related proteins in FN and HCN. The expression of PHGDH 
and SHMT1 was higher in HCN compared to FN. FA, follicular adenoma; FC, follicular carcinoma; HCA, Hürthle cell 
adenoma; HCC, Hürthle cell carcinoma; PHGDH, phosphoglycerate dehydrogenase; PSAT1, phosphoserine amino-
transferase-1; SHMT1, serine hydroxymethyltransferase-1; GLDC, glycine decarboxylase.

Table 3. Expression of serine and glycine metabolism-related pro-
teins in follicular adenoma, follicular carcinoma, Hürthle cell adeno-
ma, and Hürthle cell carcinoma

Parameters

Follicular neoplasm 
n=265 (%)

Hürthle cell neoplasm 
n=107 (%)

p-value
FA 

n=153(%)
FC 

n=112(%)
HCA 

n=80(%)
HCC 

n=27(%)
PSAT1 0.002
    Negative 116 (75.8%) 103 (92.0%) 63 (78.8%) 18 (66.7%)
    Positive 37 (24.2%) 9 (8.0%) 17 (21.2%) 9 (33.3%)
GLDC 0.387
    Negative 138 (90.2%) 96 (85.7%) 72 (90.0%) 26 (96.3%)
    Positive 15 (9.8%) 16 (14.3%) 8 (10.0%) 1 (3.7%)
SHMT1 <0.001
    Negative 31 (20.3%) 25 (22.3%) 2 (2.5%) 0 (0.0%)
    Positive 122 (79.7%) 87 (77.7%) 78 (97.5%) 27 (100.0%)
PHGDH* 0.041
    Negative 89 (58.2%) 58 (51.8%) 31 (38.8%) 14 (51.9%)
    Positive 63 (41.2%) 54 (48.2%) 49 (61.2%) 13 (48.1%)
FA, follicular adenoma; FC, follicular carcinoma; HCA, Hürthle cell adenoma; HCC, 
Hürthle cell carcinoma; PHGDH, phosphoglycerate dehydrogenase; PSAT1, phospho-
serine aminotransferase-1; SHMT1, serine hydroxymethyltransferase-1; GLDC, glycine 
decarboxylase. *Immunohistochemistry was not carried out in one case.

PSAT1, SHMT1, and GLDC in HCN and FN. 
Compared to FN, expression of some serine/
glycine-related proteins was higher in HCN. In  
a previous publication, serine/glycine-related 
protein expression was evaluated according to 
thyroid cancer subtype [18], but ours is the fir- 
st study to evaluate such expression in FN  
and HCN. Pathak et al. evaluated glycolysis 
using 18F-FDG PET/CT in FA and HCA and fou- 
nd that FDG uptake was higher in HCA com-
pared to FA, suggesting that glycolysis is more 
active in HCA than FA [16, 19]. Thus, we pre-
dicted that we would find differences in me- 
tabolism between HCN and FN. Our observa-
tions of differences in serine/glycine-related 
protein expression between HCN and FN could 
be explained by several mechanisms.

Genomic dissection has 
shown that HCC shows  
activated PIK3CA-Akt-mTOR 
and Wnt/β-catenin path-
ways compared to other tu- 
mors [14]. Mutation in PIK- 
3CA regulates glycolysis via 
mobilization of aldolase fr- 
om the actin cytoskeleton 
[20] and was related to aer-
obic glycolysis in an epider-
mal growth factor receptor 
(EGFR)-mutated lung ade-
nocarcinoma cell line [21]. 
In addition, Wnt/β-catenin 
pathways direct toward gly-
colysis and angiogenesis in 
colon cancer [22], and over-
expression of glycolysis-re- 
lated molecules is depen-
dent on β-catenin mRNA ex- 
pression level in solid pseu-
dopapillary neoplasms of 
the pancreas [23]. There- 
fore, the activated PIK3- 
CA-Akt-mTOR and Wnt/β- 

catenin pathways could influence the serine/
glycine metabolic pathway, which is a glycolytic 
intermediate. Among the molecular features of 
HCN, the TERT C228T promoter mutation is 
reported to be common [15], with a very short 
telomere length [15, 24]. Several reports indi-
cate that down-regulation of genes involved in 
the glycolytic pathway leads to TERT knock-
down, suggesting that TERT is directly related 
to cancer cell metabolism via glycolysis [25, 
26]. Accordingly, it seems feasible that serine/
glycine-related protein expression in HCN is 
increased. However, the underlying mecha-
nisms between the PIK3CA-Akt-mTOR pathway, 
Wnt/β-catenin pathway, TERT C228T promoter 
mutation, and increased expression of serine/
glycine-related proteins are not well under- 
stood.
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Figure 2. Expression of serine and glycine metabolism-related proteins in FA, FC, HCA, and HCC. SHMT1 expres-
sion was highest in HCC, followed by HCA, FA, and FC, while PHGDH expression was highest in HCA, followed by 
HCC, FC, and FA. FA, follicular adenoma; FC, follicular carcinoma; HCA, Hürthle cell adenoma; HCC, Hürthle cell 
carcinoma; PHGDH, phosphoglycerate dehydrogenase; PSAT1, phosphoserine aminotransferase-1; SHMT1, serine 
hydroxymethyltransferase-1; GLDC, glycine decarboxylase.

Notably, SHMT1 negativity was related to ex- 
trathyroidal extension in FC. In a previous stu- 
dy in high grade serous ovarian cancer, SHMT1 
was related to cancer growth, cancer cell migra-
tion, and tumorigenesis in murine models [27]. 
Furthermore, miR-198, a targeted inhibitor of 
SHMT1, has been shown to hamper cancer cell 
proliferation and prevent cell apoptosis in lung 
adenocarcinoma [28]. Collectively, these find-
ings suggest that SHMT1 expression is rela- 
ted to aggressive tumor biology. However, in 

Figure 3. Correlations between the expression of ser-
ine and glycine metabolism-related proteins and clin-
icopathologic factors in FC. SHMT1 negativity was 

associated with extrathyroidal extension. No addi-
tional significant correlations between other serine/
glycine-related proteins and clinicopathologic factors 
were found. FC, follicular carcinoma; SHMT1, serine 
hydroxymethyltransferase-1.
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Table 4. Univariate analysis of the influence of serine and glycine 
metabolism-related protein expression in follicular carcinoma and 
Hürthle cell carcinoma on disease-free survival and overall survival

Parameter
Number of  

patients  
(n=139)/death 

Disease-free survival Overall survival
Mean survival  

(95% CI)  
months

P-value
Mean survival  

(95% CI)  
months

P-value

PSAT1
    Negative 121/5 n/a n/a 35.1 (30.5-39.7) <0.001
    Positive 18/0 n/a n/a 57.4 (45.6-69.2)
GLDC 0.078
    Negative 122/3 n/a n/a 38.2 (33.5-43.0)
    Positive 17/2 n/a n/a 36.1 (21.8-50.5)
SHMT1 0.948
    Negative 25/1 n/a n/a 38.2 (31.7-44.8)
    Positive 114/4 n/a n/a 37.9 (32.7-43.2)
PHGDH 0.704
    Negative 72/3 n/a n/a 38.3 (31.8-44.8)
    Positive 67/2 n/a n/a 37.7 (31.5-43.8)
PSAT1, phosphoserine aminotransferase-1; GLDC, glycine decarboxylase; SHMT1, 
serine hydroxymethyltransferase-1; PHGDH, phosphoglycerate dehydrogenase.

this study, SHMT1 negativity was associated 
with extrathyroidal extension, which is a known 
poor prognostic factor in thyroid cancer. This 
difference in SHMT1 expression in various ty- 
pes of cancers requires further exploration in 
future studies.

Interestingly, PSAT1 negativity was associated 
with shorter OS in this study. In a previous stu- 
dy that evaluated serine metabolism-associat-
ed enzymes (PHGDH, PDK1, PDK2, PKM2, and 
PSAT) in colon cancer, PHGDH, PDK1, and PSAT 
expression was shown to be higher in cancer 
tissue compared to normal tissue [29]. Re- 
cently, a bioinformatics analysis found that 
PHGDH is a negative prognostic factor in bre- 
ast cancer, but not lung cancer [30]. Therefore, 
the prognostic implications of serine/glycine-
related protein expression could be different 
according to the subtype of cancer. In this 
study, patients with both FC and HCC were 
included for the analysis of patient prognosis. 
However, due to the heterogeneity of the includ-
ed patients, our findings should be interpreted 
with caution.

The clinical implications of this study are that 
the serine/glycine metabolism pathway could 
be a possible therapeutic target in HCC. Cur- 
rently, several inhibitors of SHMT1 and PHG- 

enzymes that include PSAT, and GLDC are 
underway [33]. Therefore, further experimental 
investigation regarding the impact of serine/
glycine metabolism inhibition in HCC with high 
serine/glycine metabolic activity and preclinical 
studies are required.

In conclusion, the expression of serine/glycine-
related proteins was different between FN and 
HCN. Among serine/glycine-related proteins, 
the expression of SHMT1 and PHGDH was high-
er in HCN compared to FN.
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Supplementary Table 1. Clinicopathologic features of follicular carci-
noma

Parameters Total 
N=112 (%)

FC, minimally inva-
sive type n=99 (%)

FC, widely invasive 
type n=13 (%) p-value

Age (years) 0.255
    <45 51 (45.5) 47 (47.5) 4 (30.8)
    ≥45 61 (54.5) 52 (52.5) 9 (69.2)
Sex 0.233
    Male 28 (25.0) 23 (23.2) 5 (38.5)
    Female 84 (75.0) 76 (76.8) 8 (61.5)
Tumor size (cm) 0.040
    ≤2.0 34 (30.4) 34 (34.3) 0 (0.0)
    >2.0, ≤4.0 49 (43.8) 41 (41.4) 8 (61.5)
    >4.0 29 (25.9) 24 (24.2) 5 (38.5)
Capsular invasion 0.147
    No 14 (12.5) 14 (14.1) 0 (0.0)
    Yes 98 (87.5) 85 (85.9) 13 (100.0)
Vascular invasion 0.028
    No 66 (58.9) 62 (62.6) 4 (30.8)
    Yes 46 (41.1) 37 (37.4) 9 (69.2)
Tumor extension <0.001
    Intrathyroidal 95 (84.8) 89 (89.9) 6 (46.2)
    Extrathyroidal 17 (15.2) 10 (10.1) 7 (53.8)
LN metastasis 0.220
    No 110 (98.2) 98 (99.0) 12 (92.3)
    Yes 2 (1.8) 1 (1.0) 1 (7.7)
Distant metastasis 0.003
    No 101 (90.2) 93 (93.9) 8 (61.5)
    Yes 11 (9.8) 6 (6.1) 5 (38.5)
FC, follicular carcinoma.
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Supplementary Table 2. Clinicopathologic features of Hürthle 
cell neoplasm

Parameters Total  
N=107 (%)

Hürthle cell 
adenoma 
n=80 (%)

Hürthle cell 
carcinoma 
n=27 (%)

p-value

Age (years) 0.403
    <45 45 36 (45.0%) 9 (33.3%)
    ≥45 62 44 (55.0%) 18 (66.7%)
Sex 0.027
    Male 16 16 (20.0%) 0 (0.0%)
    Female 91 64 (80.0%) 27 (100.0%)
Tumor size (cm) 0.007
    ≤2.0 74 62 (77.5%) 12 (44.4%)
    >2.0, ≤4.0 21 13 (16.3%) 8 (29.6%)
    >4.0 12 5 (6.2%) 7 (25.9%)
Capsular invasion <0.001
    No 83 80 (100.0%) 3 (11.1%)
    Yes 24 0 (0.0%) 24 (88.9%)
Vascular invasion 0.019
    No 104 80 (100.0%) 24 (88.9%)
    Yes 3 0 (0.0%) 3 (11.1%)
Tumor extension <0.001
    Intrathyroidal 101 80 (100.0%) 21 (77.8%)
    Extrathyroidal 6 0 (0.0%) 6 (22.2%)
LN metastasis n/a
    No 107 (100.0) 80 (100.0) 27 (100.0)
    Yes 0 (0.0) 0 (0.0) 0 (0.0)
Distant metastasis n/a
    No 107 (100.0) 80 (100.0) 27 (100.0)
    Yes 0 (0.0) 0 (0.0) 0 (0.0)


