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Abstract

Synaptojanin 2 (SYN]J2) has crucial role in various tumors, but its role in papillary thyroid
carcinoma (PTC) remains unexplored. This study first detected SYNJ2 protein expression
in PTC using immunohistochemistry method and further assessed SYNJ2 mRNA
expression through mRNA chip and RNA sequencing data and its association with
clinical characteristics. Additionally, KEGG, GSVA, and GSEA analyses were conducted
to investigate potential biological functions, while single-cell RNA sequencing data were
used to explore SYN]J2's underlying mechanisms in PTC. Meanwhile, immune infiltration
status in different SYN]J2 expression groups were analyzed. Besides, we investigated the
immune checkpoint gene expression and implemented drug sensitivity analysis. Results
indicated that SYN]J2 is highly expressed in PTC (SMD = 0.66 [95% CI: 0.17—-1.15]) and
could distinguish between PTC and non-PTC tissues (AUC = 0.74 [0.70-0.78]).
Furthermore, the study identified 134 intersecting genes of DEGs and CEGs, mainly
enriched in the angiogenesis and epithelial-mesenchymal transition (EMT) pathways.
Subsequent analysis showed the above pathways were activated in PTC epithelial cells.
PTC patients with high SYN]J2 expression showed higher sensitivity to the six common
drugs. Summarily, SYNJ2 may promote PTC progtession through angiogenesis and EMT
pathways. High SYNJ2 expression is associated with better response to immunotherapy
and chemotherapy.

KEYWORDS
papillary thyroid carcinoma (PTC), single-cell RNA sequencing (scRNA-seq), synaptojanin 2 (SYN]2),
underlying mechanism

Abbreviations: AUC, area under the curve; GSEA, gene set enrichment analysis; GSVA, Gene set variation analysis.; THC, Immunohistochemistry; KEGG, Kyoto Encyclopaedia of

Genes and Genomes;; PTC, papillary thyroid carcinoma; ROC, receiving operator characteristic; SMD, standardized mean difference; SROC, summarised receiver operating

characteristic; SYN]J2, synaptojanin 2; THCA, thyroid cancer;.
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1 | INTRODUCTION

Thyroid cancer (THCA) is the main cause of endocrine ma-
lignancies mortality with a high incidence rate [1-3]. As the
most common subtype of THCA, papillary thyroid cancer
(PTC) accounts for the vast majority of THCA and its inci-
dence is on the rise wotldwide [4-8]. Parts of PTC cases are
characterised by high invasiveness, rapid progression and poor
prognosis [9]. Surgery is still the first-line therapeutic option for
patients with PTC, and the combination of ablation, chemo-
therapy and radiotherapy has gradually gained prominence as a
therapeutic strategy; however, drug resistance and side effects
limit the value of chemotherapy drugs for clinical application
[10, 11]. Eatly diagnosis and treatment of PTC can effectively
improve patient prognosis, but the molecular mechanisms and
functions of its progression remain unclear [9, 12].
Synaptojanin (SYN]) plays an important role by partici-
pating in synaptic vesicle endocytosis and contains the struc-
tural domains for the following phosphatidylinositol
phosphatase activity: an N-terminal Sacl phosphatase domain,
a 5-phosphatase domain, and a C-terminal proline-rich domain
[13-16]. As a member of the inositol polyphosphate phos-
phatases family, Synaptojanin 2 (SYN]J2), which exists on
chromosome 6q25.3, has a critical effect in various human
cellular processes, including clathrin-coated receptor internal-
isation, coated vesicle formation, and the regulation of clathrin-
mediated endocytosis [17]. Synaptojanin 2 is more abundantly
expressed and enriched in lamellipodia and invadopodia. Be-
sides, it acts mainly through protein—protein interactions or by
altering subcellular targeting [18—24]. Although great progress
has been made in the study of SYNJ2, further work is still
needed to elucidate its specific role in different diseases.
Synaptojanin 2 has now been commonly reported to be
strongly associated with numerous human diseases, such as
hearing loss [21, 25], depression [26], cognitive performance
[27] and so on. Abnormal expression of SYN]J2 also affects the
progression of many types of human tumours, such as lung
cancer, liver cancer, colorectal cancer [18, 22|, glioma [28],
prostate cancet, and breast cancer [29]. A recent study assessed
the expression levels and clinical relevance of SYNJ2 in pan-
cancer and confirmed its high expression in lung squamous
cell carcinoma tissues. Upregulated SYNJ2 identifies cancer
status and predicts poor prognosis in individual patients with
cancer, demonstrating its potential as a novel potential
biomarker for predicting and treating a wide range of cancers
[20]. Another study reported that SYNJ2 is significantly over-
with  hep-
atocellularcarcinoma (HCC) and involved in HCC progression
via metabolic perturbation pathways [18]. Besides, SYNJ2 acts
as a pro-oncogene in breast tumours and its overexpression in

expressed in the serum of patients

tumours promotes breast cancer formation through the AKT-
dependent, PI3K pathway and regulation of the EGFR cycle
[24]. High expression of SYN]J2 is thought to be associated
with tumour invasion and metastatic spread [19, 30], which
regulates cell proliferation and apoptosis by dephosphorylating
plasma membrane phosphatidylinositol. The formation of
cellular lamellipodia and invadopodia promoted by SYNJ2 may
affect the migration and invasion of cancer cells, and

dysregulated SYNJ2 levels may promote the development of
malignant tumours and worsen patient prognosis [18, 22]. But
to our knowledge, the reports on the expression and role of
SYN]J2 in PTC are still lacking, Therefore, the role and bio-
logical function of SYNJ2 in PTC remain largely unknown.
To explore the expression pattern of SYNJ2 in THCA and
PTC, our study synthesised the protein and mRNA expression
levels of SYNJ2 in PTC. We collected a total of 133 samples
for immunohistochemistry (IHC) to assess the protein levels of
SYNJ2 in PTC samples and the results revealed that SYNJ2
was significantly highly expressed in PTC tissues. Meanwhile,
we analysed microarray data from multiple databases and the
results were consistent with IHC. In addition, single-cell RNA
sequencing (scRNA-seq) data from the GSE184362 dataset
were also analysed in the present study, contributing to un-
derstanding the molecular mechanisms of SYNJ2 in PT'C onset
and progtession. Finally, we also performed drug sensitivity
and immune checkpoint analysis to assess the relationship
between SYN]J2 expression and PTC treatment response.

2 | MATERIALS AND METHODS

2.1 | Transcriptome data of Synaptojanin 2
in PTC and non-PTC

2.1.1 | Protein expression data of Synaptojanin 2
in PTC and non-PTC

In our study, we used IHC to evaluate the protein levels of
SYN]J2in PT'C and non-PTC samples. Briefly, a total of 101 PTC
and 32 non-PTC tissue samples were prepared using three
microatrays from Fanpu (Guilin, China) PRC1021, PRC481 and
PRCY61. The rabbit monoclonal anti-SYNJ2 antibody (W.B.:
1:200-1:1000; Catalogue Number: orb513930) was applied in
this study. Then, the positive intensity and percentage score were
used to calculate the final IHC staining score for each sample
[31-34]. Additionally, we collected the clinicopathological data
of each patient to constitute our in-house IHC dataset.

2.1.2 | mRNA expression data of Synaptojanin 2
from public datasets

Thyroid cancer and PTC mRNA data were downloaded from the
Gene Expression Omnibus (GEO), the Cancer Genome Atlas
(TCGA), Sequence Read Archive, ArrayExpress, and Oncomine
databases. The screening criteria of mRNA data from THCA
datasets were as follows: 1. Inclusion criteria: 1) derived from
human tissue samples and 2) datasets containing both tumour
and normal samples. 2. Exclusion criteria: 1) datasets with
missing expression profiles; 2) incomplete mRNA data; 3)
datasets with tumour and normal sample sizes less than 3; and 4)
datasets without SYNJ2 expression. On top of the previous
criteria, the PTC dataset exclusion criteria were refined: 1) data
with microarray information that did not distinguish subtypes
and 2) datasets without PTC subtypes or normal samples. Finally,
we included 1761 and 1047 samples to study the SYNJ2
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expression in THCA and PTC, respectively. It was here impor-
tant to note that the THCA samples included PTC samples.

2.2 | Screening for upregulated differentially
expressed genes and co-expressed genes of
Synaptojanin 2 in PTC

We used the "limma" package to process the PTC datasets:
GSE27155, GSE29265, GSE29315, GSE33630, GSE126698,
and TCGA+GTEx by R software (version 3.6.3). First, we
performed log2 (expression+1) preprocessing on the gene
expression and eliminated the duplicate genes. Finally, we
screened the upregulated differentially expressed genes (up-
DEGs) between high and low SYNJ2 expression groups in
PTC according to strict criteria. Specifically, the ultimate up-
DEGs must meet the criteria of log2 fold change (log2
FC) > 0.3 and p < 0.05 in at least three datasets.

Also, we calculated the correlation coefficients of SYNJ2
with other genes. Further, cor > 0.3, p < 0.05 was used as a
criterion to identify co-expressed genes (CEGs) of SYNJ2
based on all included datasets. Notably, only genes that met the
above criteria in at least three datasets were regarded as CEGs
for SYNJ2.

2.3 |
in PTC

Clinical significance of Synaptojanin 2

To assess the relationship between SYNJ2 expression and
clinical parameters of patients with PTC, we included clinical
data from TCGA and THC. Further, we evaluated the rela-
tionship between SYNJ2 expression and clinical parameters
(age, gender, T, N, and M-stage) of patients with THCA using
the #-test. Additionally, we extracted clinical data of PTC to
further examine the relationship between the SYNJ2 expres-
sion and clinical parameters of patients with PTC.

2.4 | Potential functions and action
mechanisms of Synaptojanin 2 in PTC

241 |
analysis

Transcriptome functional enrichment

We took the intersection of CEGs and up-DEGs of SYN]J2 in
PTC and then performed the Kyoto Encyclopaedia of Genes
and Genomes (KEGG) analysis on the intersecting genes. In
addition, based on TCGA+GTEXx data, the samples were clas-
sified into high and low groups based on the median expression
of SYN]J2 and then the Gene set variation analysis (GSVA) and
gene set enrichment analysis (GSEA) analyses were conducted.

24.2 | ScRNA-seq data analysis

In this study, we downloaded the scRNA-seq dataset
GSE184362 containing 7 normal and 6 PTC samples from

the GEO database. First, we integrated all samples and
identified cells containing 2000-4000 genes and less than 5%
of mitochondrial genes. Subsequently, the batch effect be-
tween samples was eliminated using the R package "har-
mony". Based on the R package "Seurat", we performed the
dimensionality reduction and clustering analysis using the t-
Distributed Stochastic Neighbor Embedding method and
selected the top 15 principal components for subsequent
analysis. The R package "SingleR" was used to annotate the
cell clusters. Seven cell clusters were finally identified and
cell-cell interactions between the seven cell types were ana-
lysed by the R package "Cellchat". In addition, GSVA ("h.all.
v7.4.symbols.gmt" as a reference gene set) was used to
explore the activity scores of various pathways in cells of
different groups. In addition, we also used CellMarker 2.0
database (http://bio-bigdata.hrbmu.edu.cn/CellMarker/) to
view the expression of oncogenic epithelial cell markers of
THCA in different cell clusters. Finally, we further analysed
the epithelial cell clusters with higher weights by the GSVA
method to assess the differences in pathway activity scores in
normal and PTC epithelial cells.

Additionally, the "FindAllMarkers" function was applied to
determine the up-DEGs between normal and PTC epithelial
cells (Log2 FC > 0.3 & p < 0.05 as standard). We further
intersected the differential genes identified based on scRNA-
seq data with previously obtained intersecting genes (CEGs
and up-DEGs) to yield crucial genes. Additionally, we also
assessed the expression of the above genes between different
cell types and the correlation with SYN]J2.

2.5 | Potential therapeutic response of
Synaptojanin 2 in PTC

251 | Immunotherapy response

We first divided the samples into high and low SYN]J2
expression groups using the median expression of SYNJ2. To
compare the differences in vatious immune cell components
between the low and high SYNJ2 expression groups, we
assessed the infiltration levels of 22 immune cell types based on
TCGA data using the CIBERSORT algorithm. We also
assessed the differences in 13 immune-related molecules be-
tween the high and low SYNJ2 expression groups. Subse-
quently, the ESTIMATE algorithm was used to calculate the
samples' immune score, stromal score, estimated score, and
tumour purity. Given the importance of checkpoint inhibitors
in clinical treatment, we further examined the expression of
immune checkpoint genes in the high and low SYNJ2
expression groups.

2.5.2 | Chemotherapy drug sensitivity analysis

The half maximal inhibitory concentration (IC50) values of 6
commonly used chemotherapeutic agents (sorafenib, sunitinib,
dasatinib, imatinib, paclitaxel, and doxorubicin) in the high and
low SYNJ2 expression groups were calculated using the
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"pRRophetic" algorithm to investigate the relationship be-

tween SYNJ2 expression and chemotherapeutic drug
sensitivity.
2.6 | Statistical analysis

The differences in SYNJ2 expression between two indepen-
dent groups (THCA & non-THCA and PTC & non-PTC)
were analysed using independent t-tests. Combining the data
from THC and mRNA, we chose the random effects model
using R software (version 3.6.3) to calculate the pooled
standardised mean differences (SMD) and their 95% confi-
dence intervals to assess whether there were differences in
SYN]J2 expression between the two groups. Receiver operating
characteristic (ROC) curves and summary receiver operating
characteristic curves were plotted, and then area under the
curve (AUC) values were calculated to test the ability of SYNJ2
to screen for THCA and PTC. If p < 0.05, statistical signifi-
cance was indicated.

3 | RESULTS

3.1 | Exptession of Synaptojanin 2 in PTC

Following the study design and selection criteria, we finally
included 11 platform datasets of the THCA and 7 PTC data-
sets that met the criteria for the study (Figure 1, Supplemental
Table S1, Table 1). In THCA, -tests were used to analyse
SYNJ2 expression in the 11 microarrays and scatter plots
demonstrated that SYNJ2 expression was upregulated in most
of the microarrays (Supplemental Figure 1a). Immunohisto-
chemistry results also showed high expression of SYN]J2 in the
THCA samples (Supplemental Figure 1b), with no publication
bias found (Supplemental Figure 1c). Further, combining
microarray data and IHC case data, we found that compared to
747 non-THCA samples, SYNJ2 was highly expressed in 1176
THCA cases (SMD = 0.57 [95% CI: 0.17-0.98], Supplemental
Table S1, Supplemental Figure 1d), while the ROC curve
analysis showed that upregulated SYNJ2 had discriminatory
significance for THCA and non-THCA (AUC = 0.74 [0.70-
0.78]) (Supplemental Figure 2a-1).

Based on the study of THCA, we further delved into the
expression of SYN]J2 in PTC. Immunohistochemistry analysis
indicated that SYNJ2 protein was highly expressed in PTC
cases and the THC results of 3 non-PTC cases and 3 PTC cases
were presented (Figure 2a—b). Besides, we combined the THC
results of 133 tissue samples, mRNA chips, and RNA
sequencing data to determine the expression of SYNJ2 in PT'C
and the results were presented as scatter plots (Figure 3a—g).
SMD = 0.66 [95% CI: 0.17-1.15] for the combined 1180
samples (786 PTC and 394 non-PTC) suggested that the
SYN]J2 expression was upregulated in PTC tissues (Figure 3i).
Remarkably, no publication bias was found using the Decks
test (Figure 3h). Additionally, our study also indicated that

Using public database to identify 791 records (in Homo sapiens)

766 did not meet inclusion criteria:
(DUnkown whether related to thyroid.

@ Thyroid cancer or non-thyroid cancer
samples were not included;
(®Incomplete expression data;

@The number of samples is less than 3.

Datasets related to the expression of
SYNJ2 in thyroid cancer and
non-thyroid cancer were included in
study (n = 25, from 11 platforms)

19 did not meet inclusion criteria:

@ Sample that does not distinguish
subtypes;

@ Papillary thyroid carcinoma and
non-papillary thyroid carcinoma samples
were not included.

Datasets related to the expression of
SYNIJ2 in papillary thyroid carcinoma and
non-papillary thyroid carcinoma were
included in study (n = 6)

7 samples of non-papillary
thyroid carcinoma;

6 samples of papillary thyroid
carcinoma

GSE184362

FIGURE 1 Flow chart for obtaining Synaptojanin 2 (SYN]J2)
expression datasets.

SYN]J2 possessed a better ability to distinguish PTC from non-
PTC (AUC = 0.74 [0.70-0.78]) (Figure 4a—h).

3.2 |
in PTC

Clinical significance of Synaptojanin 2

Analysis of TCGA clinical data indicated that in both THCA
and PTC, SYN]J2 showed a significantly high expression in the
N-stage (N1, p < 0.05) subgroup while it was not statistically
significant in the M-stage and T-stage subgroups (Figure 5a—c,
f-h). In contrast, clinical data from IHC showed that SYNJ2
was highly expressed in THCA and PTC in the T-stage
(T3+T4, p < 0.05), while it was not statistically significant in
the N-stage (Figure 5d—e, i-j). In addition, the results also
showed that there was no difference in SYNJ2 expression
between different ages and gender (Supplemental Figure 3a—h).

3.3 | Potential action mechanism of
Synaptojanin 2 in PTC

3.3.1 | Pathway entichment analysis

In our study, we screened 235 up-DEGs and 1036 CEGs of
SYNJ2 in PTC and the two overlapped to obtain 134 genes
(Figure 6a). Then, we performed the KEGG analysis on the
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TABLE 1 Synaptojanin 2 (SYN]2)
expression values for PTC and non-PTC

based on 7 platforms.

PTC Non-PTC Diagnostic test
Study N M SD N M SD TP FP FN TN
GSE27155 51 2.996 0.110 4 2.944 0.049 26 0 25 4
GSE29265 20 6.614 0.632 20 6.395 0.485 8 4 12 16
GSE29315 9 4673 0374 8 4312 0311 5 1 4 7
GSE33630 49 7.808 028 45 7.719 0.284 30 14 19 31
GSE126698 5 5363  0.228 6 5.053 0.212 4 0 1 6

TCGA+GTEx 551 3.385 0.518 279 3.377 0.519 287 114 264 165

IHC 101 8.554 2.773 32 4.125 2.587 83 7 18 25

Abbreviations: GTEx: The Genotype-Tissue Expression; IHC: Immunohistochemistry; M: mean (the exptession profile is
processed by log2); N: number; PTC: papillary thyroid carcinoma; SD: standard deviation; SYN]J2: synaptojanin 2; TCGA:
The Cancer Genome Atlas; T.P, EP,, EN., TN: true positive, false positive, false negative and true negative.

Non-PTC

AT AR Y
3 £ wi

'N‘\»

PTC

(Case 3)

FIGURE 2 Immunohistochemistry (IHC) of Synaptojanin 2 (SYN]2) in PTC. (a) The expression level of SYN]J2 protein was lower in non-PTC cases (non-
PTC Case 1 [400x]; non-PTC Case 2 [400x]; and non-PTC Case 3 [400x]). (b) The exptession level of SYNJ2 protein was higher in PTC cases (PTC Case 1

[400x]; PTC Case 2 [400x]; and PTC Case 3 [400x]).

134 genes and found that the above genes were mainly
enriched in angiogenesis, epithelial-mesenchymal transition
(EMT), myc_targets_v2, and notch signalling (Figure 6b). To
further investigate the potential molecular mechanisms
involved in the specific signalling pathways affecting the pro-
gression of PTC, GSVA was used to investigate the up- and
down-regulated signalling pathways in the high and low SYN]J2
expression groups, and the results showed that the two groups'
differential pathways were also mainly enriched in the above
four pathways (Figure 6c). Interestingly, GSEA based on
TCGA+GTEx data also yielded consistent findings
(Figure 6d). These results strongly suggested that these sig-
nalling pathways may participate in the development of PTC.

3.3.2 | ScRNA-seq data analysis

After quality control, a total of 12,030 cells were extracted
from the GSE184362 dataset of PTC and used for subsequent
analysis. The data were subsequently processed to eliminate
batch effects (Figure 7a—b) and the t-SNE analysis was
copolymerised into 16 cell clusters (Figure 7c). Furthermore, 7
clusters of epithelial cells, monocyte, T cells, N.K. cell, B cell,
smooth muscle cells, and endothelial cells were further iden-
tified by the R package "SingleR" (Figute 7d). Cell—cell inter-
action analysis of the 7 cell types was performed to further
elucidate these cells' interaction. The results showed that the
strongest interaction between these 7 cell types was epithelial
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FIGURE 3 The expression and distinguishing capacity of Synaptojanin 2 (SYN]2) in PTC. (a—g) Scatter plot. (h) Funnel plot of the publication bias.
(i) Forest plot. SYNJ2: synaptojanin 2; PTC: papillary thyroid carcinoma; SMD: standardized mean difference; CI: confidence interval; TCGA: The Cancer
Genome Atlas; GTEx: The Genotype-Tissue Expression; and IHC: Immunohistochemistry (*p < 0.05, **p < 0.01, ***p < 0.001, "ns" represents p > 0.05).

cells (Figure 7e—f). Additionally, the cells were divided into
high- and low-expression groups based on scRNA-seq data
using the SYNJ2 median expression. The subsequent GSVA
showed that the pathways predominantly enriched in the high
SYNJ2 expression group were consistent with the results in
3.3.1 (Figure 7g). The thyroid gland mainly comprises thyroid
follicular epithelial cells and our results also showed that
epithelial cells are the most prevalent. In addition, we extracted
the markers expression in the cancerous epithelial cells of
thyroid cancer (CDH1, CLU, DIO2, EPCAM, FNT1, ID4, IYD,
KRT18, MGST1, S100A13, TFF3, T.G., TPO) from the

CellMarker 2.0 database. The results indicated that all the
above markers showed high expression in epithelial cells,
further suggesting that epithelial cells may play an essential role
in PTC (Figure 7h). Therefore, we selected 6167 epithelial cells
for further analysis (Figure 8a—b), and GSVA between normal
epithelial cells and PTC epithelial cells suggested that several
previous pathways (angiogenesis, EMT, myc_targets_v2, and
notch signalling) were also activated in PTC epithelial cells
(Figure 8c—d).

In addition, to further screen the key CEGs of SYN]J2 in
epithelial cells, we identified 31 up-DEGs in PTC and normal
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epithelial cells using scRNA-seq data. Then, the results were
intersected with 134 genes to screen a total of 4 core genes
(TSC22D1, ARMCX3, IGFBP5, and GGCT), and the above

genes were highly expressed in PTC epithelial cells

(Figure 9a—c). Analysis based on transcriptome data also
showed that the above four core genes were highly expressed
in PTC and positively correlated with SYN]J2 expression
(Figure 9d—e).
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M-stage) in TCGA database. (d—e) SYN]2 expression of THCA and clinicopathological parameters (T, N-stage) in IHC data. (f=h) SYNJ2 expression of PTC and
clinicopathological parameters (T, N, M-stage) in the TCGA database. (i—j) SYNJ2 expression of PTC and clinicopathological parameters (T, N-stage) in IHC data.
SYNJ2: synaptojanin 2; THCA: thyroid cancer; PTC: papillary thyroid carcinoma; TCGA: The Cancer Genome Atlas; and IHC: Immunohistochemistry (*p < 0.05,

*p < 0.01, #*p < 0.001, and "ns" represents p > 0.05).

3.4 | Relation between Synaptojanin 2
expression and therapeutic response
3.4.1 | Relation with immunotherapy response
To further understand the potential relevance of SYN]J2
expression to the immune landscape of PTC samples, we
compared the differences in immune cell composition between
the low and high SYNJ2 expression groups. Specifically, we
evaluated 22 immune cell infiltration levels. Our results indi-
cated significant differences in immune cell infiltration levels
between the low and high SYNJ2 expression groups, with
higher levels of B cells memory, plasma cells, T cells CD8, T
cells regulatory (Tregs), and N.K. cells activated infiltration in
the low SYN]J2 expression group. Meanwhile, B cells native, N.
K. cells resting, and macrophages MO infiltration levels were
higher in the high SYN]J2 expression group (Figure 10a). The
low SYNJ2 expression group showed a higher immune score
and estimated score, while the tumour purity score was lower
than the high expression group, and the stromal score was not

yet statistically significant (Figure 10b). Additionally, the scores
of three immune-related molecules, APC_co_stimulation,
MHC_class_I, and Type_II_IFN_Reponse, showed higher
scores in the high expression group, while the scores of
cytolytic activity were higher in the low expression group
(Figure 10d). We further analysed the difference in immune
checkpoint gene expression and found that multiple check-
point inhibitors such as B2M, CD274, CD28, and CD40 were
more highly expressed in the high SYNJ2 expression group
(Figure 10c).

3.4.2 | Drug sensitivity analysis

In our current study, we observed that IC50 values of 6
common drugs, namely sorafenib, sunitinib, dasatinib, imatinib,
paclitaxel, and doxorubicin, were lower in the SYNJ2 high
expression group, implying that patients in the high SYN]J2
expression group were more sensitive to these drugs compared
to the low SYN]J2 expression group (Figure 11a—f).
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of Synaptojanin 2 (SYN]2) in PTC. (a) Venn diagram of upregulated differentially expressed genes (up-DEGs) and co-expressed genes (CEGs) of SYNJ2 in
PTC. (b) KEGG analysis of 134 intersecting genes (based on hallmark gene sets). (c—d) GSVA and GSEA analysis were petformed based on different SYNJ2
expression groups. SYNJ2: synaptojanin 2; PTC: papillary thyroid carcinoma; KEGG: Kyoto Encyclopaedia of Genes and Genomes; GSEA: gene set

enrichment analysis; and GSVA: Gene set variation analysis.

4 | DISCUSSION
PTC is the most common subtype of THCA and mostly
asymptomatic and limited, but it does not exclude the occur-
rence of some more advanced stages and metastases. Studies
have shown that PTC is the only subtype with a general in-
crease in morbidity and a slight increase in mortality in recent
years, posing a threat to human life and health [35-37]. Our
study is the first to investigate the expression and action
mechanism of SYNJ2 in PTC. We performed IHC analysis on
101 PTC and 32 non-PTC tissue samples. Besides, we analysed
685 PTC samples and 362 non-PTC samples from multiple
databases, both of which showed significantly higher expres-
sion of SYN]J2 in PTC tissues compared to non-PTC tissues.
Overall, scRNA-seq and transcriptomic data were used to
explore the expression and potential mechanisms of SYN]J2 in
PTC and to explore new therapeutic targets for PTC.
Recently, SYNJ2 expression has been reported to be
upregulated in a variety of malignancies; however, the expres-
sion of SYNJ2 in PTC is currently unknown. Here, we first

combined gene microarray and IHC case data to assess the
expression level of SYNJ2 in THCA, which showed a high
expression in 1176 patients with THCA compared to 747 non-
THCA cases and had high discrimination for THCA and non-
THCA tissues. Additionally, we further analysed the most
common subtype of THCA, PTC. The results suggested that
SYNJ2 was also highly expressed in PTC (PTC = 786, non-
PTC = 394) and SYNJ2 was equally discriminatory between
PTC and non-PTC. Besides, it also correlated with the clinical
outcome of patients, with clinical data from TCGA showing
that SYNJ2 was significantly more highly expressed in both
THCA (THCA = 229, non-THCA = 223) and PTC
(PTC = 226, non-PTC = 217) in the N-stage (N1). However,
clinical data from IHC showed no statistical difference yet in
THCA and PTC (in the NO-NT1 stage), but this followed the
same trend as the statistical results from TCGA, where SYNJ2
expression levels were higher in the N1 stage. The results from
IHC also suggested that in THCA (THCA 90, non-
THCA = 42) and PTC (PTC = 69, non-PTC = 32), SYNJ2
was highly expressed in the late T-stage (T3+T4). The above
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(a—b) Elimination of batch effect. (c) Single-cell transcriptome sequencing dimensionality reduction and clustering by using the Seurat t-distributed stochastic
neighbour embedding (t-SNE). (d) Cell type annotations plot. (e—f) Cell-Cell interactions between the 7 primary cell types by Cellchat analysis. (g) Differences in
pathway activity scores between SYN]J2 low and high groups by Gene set variation analysis (GSVA) . T-values from the linear model are shown. (h) Cancerous
epithelial markers expression in different cell clusters. SYNJ2: synaptojanin 2; PTC: papillary thyroid carcinoma; and GSVA: Gene set variation analysis.

results may attribute to the limited number of cases included in
the IHC in this study, so the clinical significance of SYNJ2 in
PTC needs to be further investigated.

Synaptojanin 2 is involved in the progression of many
human tumours, mainly through the dephosphorylation of
plasma membrane phosphatidylinositol to regulate cell prolif-
eration and apoptosis [18, 19, 24]. Recent studies have indi-
cated that SYNJ2 mutations correlate with an elevated risk of

developing colon cancer [38]. Additionally, downregulation of
SYNJ2 in patients with adrenocortical carcinoma is linked to
Moreover, increased SYNJ2
expression has been identified as a pivotal risk factor in uveal
melanoma development [40]. To understand the signalling
pathways of SYNJ2 in PTC, our functional enrichment analysis
and GSVA of 134 genes showed that SYNJ2 was mainly
enriched in a total of 4 pathways in PTC,

unfavourable prognoses [39].

including
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FIGURE 9 Acquisition of four crucial genes. (a) Venn diagram of upregulated differentially expressed genes (up-DEGs) of single-cell and 134 intersecting
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synaptojanin 2 and PTC: papillary thyroid carcinoma.

angiogenesis and EMT, myc_targets_v2, etc., where angio-
genesis and EMT have received the most extensive attention in
the development of tumours. Angiogenesis is participated in
various pathophysiological processes in the body, and tumour

growth and metastasis also depend on angiogenesis, which is
an important component of the tumour microenvironment.
Pathological angiogenesis usually leads to abnormal vascular
structure and function. A study on epithelial ovarian cancer
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FIGURE 10 Correlation of Synaptojanin 2 (SYNJ2) expression with immune status and immunotherapy response

in patients with PTC. (a) Enrichment

levels of various types of immune cells. (b) Differences in the immune score, stromal score, estimated score, and tumour purity. (c) Differences in immune

checkpoint genes expression. (d) Differences in 13 immune-related functions. (*p < 0.05, **p < 0.01, **fp < 0.001, and
synaptojanin 2 and PTC: papillary thyroid carcinoma.

showed that by downregulating angiogenesis-related proteins, been applied to the study of
angiogenesis could be inhibited, thereby suppressing tumour

metastasis [41]. Targeting tumour-associated angiogenesis has

“ns” represents p > 0.05). SYN]J2:

renal cell carcinoma and Lm-

LLO-CD105 has become a breakthrough point in treating
renal cell carcinoma under its significant anti-angiogenic effect
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mesenchymal cell transformation, a process by which cells
gain the ability to metastasise and invade, plays a key role in
PTC progression. It has been shown that some genes atre
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overexpressed in PTC and can inhibit the proliferation and
migration of PTC cells by suppressing EMT, such as ANK3
[44] and PRDM16 [45]. In our study, scRNA-seq data analysis
showed that epithelial cells were a key cell type affecting PT'C
progression. Gene set variation analysis also showed that the
high SYNJ2 expression group was mainly associated with
angiogenesis and EMT pathways. Meanwhile, 7SC22D],
ARMCX3, IGFBP5, and GGCT were identified as the core
genes of SYNJ2 in PTC. It is worth noting that 7SC22D1 has
been reported to be related to the differentiation process of
vatious types of epithelial cells [46, 47]. Additionally, studies
have shown that /GFBP5 can promote ot inhibit the EMT
process [48, 49]. Similarly, GGCT may affect the development
of tumour cells by activating EMT [50, 51]. Therefore, our
results suggest that SYNJ2 may act synergistically with
TSC22D1, ARMCX3, IGFBP5, and GGCT in PTC cells and
participate in the angiogenesis and EMT pathways to influence
the development of PTC.

The immune system plays an essential role in regulating
the progression of PTC [52, 53]. In our study, we investigated
the immune landscape of PTC using different algorithms,
including ESTIMATE and CIBERSORT, to estimate the
immune score, stromal score, estimated score, and tumour
purity, respectively, in PTC samples. Our results showed that
the high SYN]J2 expression group had higher tumour purity
scores and lower immune scores. We further explored the
expression of immune checkpoint molecules in different
SYN]J2 expression groups to predict the immunotherapeutic
response in patients with PTC. Interestingly, most immune
checkpoint molecules such as B2M, CD274, CD28, and
CD40 showed higher expression in the high SYNJ2 expres-
sion group and higher scores for APC_co_stimulation,
MHC_class_I, and Type_II_IFN_Reponse. Furthermore, in
this study, we observed 6 commonly used drugs (sorafenib,
sunitinib, dasatinib, imatinib, paclitaxel, and doxorubicin) were
more sensitive in the high SYNJ2 expression group. Taken
together, our results suggest that SYN]J2 is a biomarker for
predicting the response to immunotherapy and chemotherapy
in PTC, offering new possibilities for improving the outcome
of PTC.

Although our study provides new ideas for the mechanism
of PTC and therapeutic studies, there are still shortcomings.
First, the study's mRNA chip and RNA sequencing data were
from public databases, not ours. Second, the clinical data from
the IHC data we provided were limited and more case numbers
should be included in the future to fully explore the clinical
value of SYNJ2 in PTC. In addition, further experiments are
needed to investigate the biological action mechanism of
SYN]J2 in PTC and its ability to serve as a target for improving
the efficacy of immunotherapy and chemotherapy.

5 | CONCLUSION

Our study suggests that SYNJ2 is highly expressed in PTC
tissues and may be involved in the development of PTC
through the angiogenesis and EMT pathways. Additionally,

high expression of SYNJ2 may suggest a good immunother-
apeutic and chemotherapeutic response for PTC.
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