[bookmark: _Hlk188643799]Supplementary Table 7a. Functional role of deregulated metabolic pathways in PTC 
	Dysregulated Pathways
	Literature study
	Reference

	Citrate cycle (TCA cycle)
	- PTC has a very active tricarboxylic acid cycle, continuously replenished by a pyruvate carboxylase-mediated anaplerosis
	[1]
	
	-TCA cycle dysregulation also resists targeted therapy in PTC
	[2]
	
	- Upregulation of glutaminolysis leads to an increase in glutamine breakdown into α-ketoglutarate, which is an intermediate of the TCA cycle and helps to maintain energy in tumor cells for proliferation and metastasis
	[3]
	Glyoxylate and dicarboxylate metabolism
	- Reported in serum amino acid profiling in PTC0 patients on the basis of differential expression of glycine, glutamine, and glutamic acid
	[4]
	Glycolysis
	- Glycolysis is positively correlated with the PTC for rapid cell proliferation, tumor progression, and resistance to cell death
	[5]
	Pentose phosphate pathway
	-Metabolomic analyses suggest an upregulation of the pentose phosphate pathway (PPP) in PTC. It has important role in the biosynthesis of ribonucleotide precursor and NADPH. Cancer cells frequently increase the flux of glucose into the PPP to support the anabolic demands and regulate oxidative stress. Targeting PPP significantly increased cellular reactive oxygen species (ROS) and induced endoplasmic reticulum (ER) stress and apoptosis.
	[6]
	Alanine aspartate & glutamate metabolism

	-Glutamine metabolism is high in PTC and the enzymes glutaminase (GLS) and glutamate dehydrogenase (GDH) were overexpressed in cancer tissue, and GLs was associated with lymph node metastasis and TNM stage.
	[7]
	Arginine and proline metabolism

	-Proline metabolism in tumor progression and metastasis
	[8]
	Glycine serine and threonine metabolism
	-The expression of proteins linked to serine/glycine metabolism varies in different thyroid cancer, with PTC exhibiting higher expression rates than medullary carcinoma.
	[9]
	Valine, leucine and isoleucine degradation

	- Oncometabolite-like branched-chain amino acids (BCAAs) valine, leucine, and isoleucine are elevated in thyroid cancers
	[10]
	
	- Valine, leucine, and isoleucine degradation pathways are significant in PTC, as they produce succinyl-CoA and acetyl-CoA, which enter the TCA cycle for excess ATP generation. The addition of acetyl-CoA to the TME can lead to protein acetylation and epigenetic modification. Leucine stimulates the mTOR pathway, which is critical in PTC
	[11, 12]
	Phenylalanine metabolism

	- Phenylalanine is elevated in PTC than normal counterpart.
	[13]
	Tyrosine metabolism
	- Tyrosine metabolic pathway's hippuric acid and 2-phenylacetamide were substantially linked to the patients' TNM staging. Stage III–IV patients had considerably greater serum levels of 2-phenylacetamide and hippuric acid than stage I–II patients. Considering that TNM staging is a crucial marker of PTC malignancy tyrosine metabolism is significant in PTC
	[14]
	Glycerolipid metabolism
	-It is one of the dysregulated lipid metabolic pathway in PTC
	[15]
	Propanoate metabolism 

	-Altered propionate metabolism contributes to tumour progression and aggressiveness
-Propionate is a significant metabolite in PTC
	[16, 17]
	Pyruvate metabolism
	-Pyruvate carboxylase play a critical role in PTC proliferation, metastasis, and inhibit iodine uptake
	[18]
	Synthesis and degradation of ketone bodies
	-  β-hydroxybutyrate is a main component in synthesis and degradation of ketone bodies and is overexpressed in PTC and is involved in tumor growth
	[19]
	Focal adhesion
Proteoglycans in cancer
Cell adhesion molecules
Axon guidance ECM-receptor interaction
Adherens junction
Tight junction
	-Associated with epithelial-to-mesenchymal transition (EMT). EMT associated immunohistochemical markers Ki-67 is highly expressed in advanced aggressive PTC
	[20]

Supplementary Table 7b. Impact of PTC-associated transcription factors in the clinical outcomes in PTC
	Transcription Factors
	Clinical Outcome
	Reference

	TCF3
	TCF3 and EZH2 bind to the promoter region of the HOXD9 gene known as the recurrence marker for advanced PTC and result in its overexpression and impact immune signaling pathways
	[21]
	ESR1
	ESR1 was linked to central lymph node metastasis in PTC patients with positive BRAF protein expression, and it was elevated in males, young patients, and multifocal patients.
	[22]
	
	ERα overexpression induces proliferation, autophagy, and metastasis in PTC
	[23]
	GATA1
	GATA1 binds histone deacetylase 2 (HDAC2) to the promotor of nuclear receptor binding protein 2 (NRBP2), a tumor suppressor, and causes histone deacetylation, which inhibits its expression and increases angiogenesis and TME markers in PTC
	[24]
	NFE2L2/NRF2
	In PTC, NRF2 is significantly active and controls angiogenesis, antioxidant transcriptional responses, and cell survival
	[25, 26]
	TP53
	overexpression of P53
protein and large tumor size, the presence of lymph node
metastasis, and the mean number of lymph node metastases.
	[27]

	
	p53-positive cases were associated with a larger nodule size, tall-cell variant subtype, multifocality, extra thyroidal infiltration, and nodal metastases.
	[28]
	
	Mutant p53 gain-of-function induces epithelial–mesenchymal transition through modulation of the miR-130b–ZEB1 axis
	[29]
	TRIM28/ KAP-1
	-In TPC-1 cells, KAP-1 knockdown inhibited invasion, migration, and cell proliferation
-Thyroid cancer growth is inhibited by KAP-1 knockdown, in part, by controlling DDX5.
-KAP-1/DDX5 axis in thyroid carcinoma is regulated by Wnt/β-catenin signaling.
	[30]
	SOX2
	SOX2 Is a Potential Novel Marker of Undifferentiated Thyroid Carcinomas
	[31]
	
	circ_0005273 promotes thyroid carcinoma progression by SOX2 expression
	[32]
	
	SOX2-induced upregulation of lncRNA LINC01510 promotes papillary thyroid carcinoma progression by modulating miR-335/SHH and activating Hedgehog pathway
	[33]
	ZBTB7A/ Pokemon/ FBI-1
	- ZBTB7A is overexpressed in PTC than normal
-ZBTB7A/Pokemon expression is linked to PTC carcinogenesis, and because it negatively regulates aerobic glycolysis, ZBTB7A/Pokemon expression inversely correlates with PTC tumor size
	[34]
	PPARD
	In thyroid cancer, PPARD stimulates cell proliferation via a mechanism dependent on cyclin E1
	[35]


Supplementary Table 7c. Impact of PTC-associated kinases in the clinical outcomes in PTC
	Name of the Kinase
	Clinical Outcome in PTC
	Reference

	CDK
	CDK1/CDC2
	· CDK1-related cuproptosis is associated with energy metabolism reprogramming in PTC cells and TME modification    
· Low dose radiation alters CDK1-associated with post Chernobyl PTC

· Proliferation in PTC induced by elevated iodine via AKT/Wee1/CDK1 Axis
	[36]


[37]


[38]


	
	CDK2/CDKN2
	· CDKN2A encodes two tumour suppressor proteins pl6INK4A, which is a regulator of the retinoblastoma (RB) protein, and p14ARF, which is involved in the ARF–Mdm2–p53 pathway are involved in the carcinogenesis and progression of differentiated thyroid cancer.
	[39]


	
	CDK3/CDKN3
	· CDKN3 stimulates Akt phosphorylation and result in PTC progression and migration.
	[40]
	
	CDK4
	· CDK4 mutations may contribute to PTC metastasis and progression, and cyclin D is highly expressed in PTC. Downregulate Apoptosis.
· Lymph Node Metastases in PTC due to the overexpression of cyclin D1 ligand of CDK4/CDK6
	[41]	


[42]


	
	CDK6
	· Long noncoding RNA SNHG6 promotes PTC cells proliferation via regulating miR-186/CDK6 axis
	[43]

	
	CDK7
	· Upregulated in PTC cell lines and CDK7 expression was present in S phase and CDK7 act as a therapeutic target for PTC
	[44]


	
	CDK8
	· Overexpression of CDK8 reverses the inhibitory effects of miR-148a on PTC cell proliferation, migration and invasiveness
	[45]


	
	CDK9
	· CDK9 is overexpressed and was strongly associated with tumor size, capsule invasion, TNM stage, and multifocality in PTC patients
	[46]


	CHEK
	CHEK1
	· CHEK1 was four-fold upregulated in PTC and was associated with PTC tumorigenesis and proliferation and is a prognostic biomarker for PTC
	[47]


	
	CHEK2
	· CHEK2 mutations, especially truncations, predispose to PTC and is expressed in more than 50% of women with familial history of thyroid cancer
	[48]


	MAPK
	MAPK1/ERK2
	· Enhanced expression of MAPK1, which is influenced by DNA methylation and elevated by the transcription factor CCNT2, can cause tumor cells to proliferate and migrate as well as start mitotic activity, which triggers the cancer cell cycle in PTC.
	[49]


	
	MAPK3/ERK1
	· CRLF1 promotes malignant phenotypes of papillary thyroid carcinoma like progression, metastasis and EMT by activating the ERK1/2 and PI3K/AKT pathways
	[50]


	
	MAPK8/JNK1
	· TSH-induced thyroid cell growth is mediated by miR-16 and miR-195, which target MAPK8, a cell proliferation gene that encodes the MAPK c-Jun N-terminal kinase (JNK).
	[51]


	
	MAPK9/JNK2
	· Phosphorylated c-Jun NH2-terminal kinase (pJNK2) is overexpressed in human papillary thyroid carcinomas and associates with lymph node metastasis and advanced TNM stages
	[52]


	
	MAPK14/P38α
	· PPM1D negatively regulate p38 MAPK and p53 signaling pathways to promote thyroid cancer progression.
· Promoter methylation association of with expression of MAPK14 in tissue of PTC patients
	[53]


[54]


	
	MAP2K1/MEK1
	· MEK1-positive PTCs were identified as a classic papillary type with a notable follicular pattern; they were all encapsulated and primarily or entirely follicular in architecture.
	[55]


	
	MAP3K7
	· Immune gene pair ASCC3-MAP3K7 initiate immune infiltration in thyroid cancer
	[56]


	CSNK
	CSNK2A1/CSNK2A2/CK2α
	· Through CSNK2A1-dependent activation of the PI3K-Akt pathway and EMT, CircNDST1's high expression accelerated the advancement of PTC.
	[57]


	
	CSNK1E
	· Circadian gene CSNK1E polymorphisms are linked to endocrine cancer
	[58]


	PRK
	PRKCZ/PKC2/PKC zeta
	· PKCζ was found to confer TSH-independent DNA synthesis and cell proliferation in Wistar rat thyroid (WRT) cells that overexpressed it
	[59]


	
	PRKCA
	· PKCα-D294G is a mutation that causes loss of function. In the development of endocrine cancers, the wild-type PKCα may have significant antitumorigenic functions. Activators of PKCα can be significant in PTC prevention
	[60]


	
	PRKCD
	· Thyroid cancer cells experienced cell growth arrest due to PKCdelta activation via the ERK MAPK-p27(Kip1)-cyclin E-pRb pathway.
	[61]


	
	PRKDC
	· overexpressed in cancer. critical role in tumor development and progression; Metabolic dysregulation and Immune escape
	[62]


	GSK
	GSK3A
	· Junctional adhesion molecule-A is down-regulated in Papillary thyroid carcinomas and reduces cancer cell aggressiveness by modulating p53 and GSK3 α/β pathways
	[63]


	
	GSK3B
	· cell cycle progression; hormone production
	[64]


	RPS6KA
	RPS6KA1
	· p90RSK Regulates p53 Pathway by MDM2 phosphorylation in papillary thyroid tumors
	[65]


	TGFBR2
	
	· TGFBR2 polymorphisms aid in the development of papillary thyroid cancer.
	[66]
	AURORAA
	
	· Compared to normal matched tissues taken from the same patients, the protein level expression of all three Aurora kinases was noticeably higher in the three thyroid papillary carcinomas.
	[67]


	RAF1
	
	· Proliferation increased by the control of PI3k-AKT pathway, Apoptosis decrease 
· RAF-1 promotes survival of thyroid cancer cells harboring RET/PTC1 rearrangement independently of ERK activation
	[68]


	ABL1/JTK7/p150
	
	· Tyrosine kinome profiling demonstrated upregulation of tyrosine kinase ABL1 in thyroid tumors 
	[69]


	HIPK2
	
	· HIPK2 is crucial in p-53 mediated Gal-3 (antiapoptotic molecule) downregulation. Hence, HIPK2 deficiency leads to   Gal-3 overexpression in PTC.
	[70]


	AKT1/PKBALPHA
	
	· Akt1 is a significant component of PI3K/Akt signaling pathway and plays an important role in PTC progression.
· AKT1 is overexpressed in PTC. AKT1 rs113o233 induce high risk in PTC. It is related to the PTC tumor size and invasion
	[71]	


[72]


	DYRK2
	
	· Highly expressed in thyroid tumors than normal.
	[73]


	IKKBETA/ IKBKB
	
	· IKKBETA involved in NF-κB signaling pathway which regulate cell progression, apoptosis repression and invasion.
	[74]


	ATM
	
	· Methylation status of ATM is high in PTC than normal
· heterozygosity for the SNP rs373759 of ATM is critical in PTC
	[75]

[76]


	CHUK/IKKALPHA
	
	· IKKα promoted papillary thyroid cancer cell differentiation 
	[77]


	EGFR-ERBB
	
	· Up-regulated ERBB2 was associated with iodine metabolism dysfunction, proliferation, metastasis, angiogenesis, and drug resistance in PTC
· In PTC, ERBB2 is a predictive biomarker that corresponds with immune infiltrates.
	[78]


	SRC
	
	· Src signaling transduction pathway is significant in proliferation of PTC.
· Src, is a common convergence point for many signaling pathway that contols proliferation, invasion of cancer. FAK, a critical downstream effector of Src, is phosphorylated in a subset of PTC tumor samples.
	[79]

[80]


	PIM1
	
	· Oncogenic kinase PIM1 is critical in malignant phenotype and prognosis of PTC and BRAFV600E is significant in the regulation of PIM1 in PTC.
	[81]
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