Supplementary figures and tables
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Supplementary Figure S1. CYP4A22-AS1 is a functional candidate lncRNA and lacks protein-coding potential.
(A) Kaplan–Meier survival analysis identifies CYP4A22-AS1 and MNX1-AS1 as lncRNAs associated with unfavorable clinical outcome.
(B) EdU incorporation assays show that MNX1-AS1 depletion has minimal effects on cervical cancer cell proliferation. Scale bars, 50 m.
(C) TUNEL staining following 6 Gy irradiation demonstrates no significant alteration in apoptosis after MNX1-AS1 depletion. Scale bars, 50 m.
(D–F) Coding potential analyses using CPAT (D), RegRNA 3.0 (E), and LNCipedia (F) demonstrate that CYP4A22-AS1 lacks an open reading frame and predicted protein-coding features.
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Supplementary Figure S2. CYP4A22-AS1 overexpression enhances proliferation and radioresistance.
(A) RT-qPCR confirms CYP4A22-AS1 overexpression.
(B–C) CCK-8 and EdU assays demonstrate enhanced proliferation and DNA synthesis following CYP4A22-AS1 overexpression. Scale bars, 50 m.
(D) TUNEL staining following irradiation demonstrates reduced apoptosis in CYP4A22-AS1-overexpressing cells. Scale bars, 50 m.
(E) KEGG pathway enrichment analysis of proteins altered following CYP4A22-AS1 depletion identifies enrichment of glycolysis-related pathways.
(F) Extracellular flux analysis shows increased glycolytic activity following CYP4A22-AS1 overexpression.
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Supplementary Figure S3. Mapping the CYP4A22-AS1 region responsible for YBX1 binding.
(A) Nuclear proteins identified by mass spectrometry following CYP4A22-AS1 RNA pull-down.
(B–C) Structural prediction (B) and RNA pull-down validation (C) demonstrate reduced YBX1 binding following mutation of predicted CYP4A22-AS1 interaction regions.
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Supplementary Figure S4. Identification of PGK1 as a downstream target of the CYP4A22-AS1–YBX1 pathway.
(A) RT-qPCR screening identifies metabolic genes consistently downregulated following CYP4A22-AS1 depletion.
(B) Venn diagram integrates proteomic and transcriptional analyses to identify overlapping CYP4A22-AS1-regulated metabolic genes.
(C) Kaplan–Meier survival analysis evaluates the association between expression of candidate metabolic genes (PGK1, ACSS2, AKR1A1, and ALDH3A1) and clinical outcome in TCGA cervical cancer patients.
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Supplementary Figure S5. YBX1 depletion reverses CYP4A22-AS1-mediated proliferative and radioresistant phenotypes.
(A–B) RT-qPCR (A) and immunoblotting (B) confirm efficient YBX1 depletion.
(C) CCK-8 assays demonstrate reduced proliferation following YBX1 knockdown.
(D) Immunofluorescence analysis demonstrates increased accumulation of -H2AX following irradiation in YBX1-depleted HeLa and C33A cells, indicating impaired resolution of radiation-induced DNA damage. Scale bars, 50 m.
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Supplementary Figure S6. PGK1 depletion suppresses cervical cancer cell proliferation and enhances radiation sensitivity.
(A–B) RT-qPCR (A) and immunoblotting (B) confirm efficient PGK1 knockdown.
(C) CCK-8 assays demonstrate reduced proliferation following PGK1 depletion.
(D) Immunoblot analysis after irradiation shows increased activation of apoptosis markers and DNA damage signaling pathways in PGK1-deficient cells.
(E) EdU incorporation assays demonstrate increased DNA synthesis following PGK1 overexpression in CYP4A22-AS1-deficient cells. Scale bars, 50 m.
(F) TUNEL staining after 6 Gy irradiation shows decreased radiation-induced apoptosis in PGK1-overexpressing cells following CYP4A22-AS1 knockdown. Scale bars, 50 m.



Table S1. Relationship between CYP4A22-AS1 expression and clinical characteristic of enrolled early stage cervical adenocarcinoma cases with surgery.
	
	
	CYP4A22-AS1 expression, n (%)
	

	Variable
	
	Low CYP4A22-AS1¶(n = 29)
	High CYP4A22-AS1
(n = 29)
	P value

	Age (years)
	
	
	
	0.291

	
	≤ 50
	18
	14
	

	
	> 50
	11
	15
	

	FIGO
	
	
	
	0.016

	
	I
	22
	13
	

	
	II-III
	7
	16
	

	Tumor size (cm)
	
	
	
	0.764

	
	≤ 4
	22
	21
	

	
	> 4
	7
	8
	

	Tumor differentiation
	
	
	
	0.035

	
	High or Middle
	20
	12
	

	
	Low
	9
	17
	

	Invasion depth of tumor
	
	
	
	0.269

	
	≤ 2/3
	21
	17
	

	
	> 2/3
	8
	12
	

	Vascular invasion
	
	
	
	0.104

	
	No
	21
	15
	

	
	Yes
	8
	14
	

	Lymph nodes metastasis
	
	
	
	0.043

	
	Negative
	24
	17
	

	
	Positive
	5
	12
	


¶We set the median expression of CYP4A22-AS1 as the cutoff value.
Table S2. Relationship between PGK1 expression and clinical characteristic of enrolled early stage cervical adenocarcinoma cases with surgery.
	
	
	PGK1 expression, n (%)
	

	Variable
	
	Low PGK1¶(n = 29)
	High PGK1
(n = 29)
	P value

	Age (years)
	
	
	
	0.597

	
	≤ 50
	17
	15
	

	
	> 50
	12
	14
	

	FIGO
	
	
	
	0.421

	
	I
	19
	16
	

	
	II-III
	10
	13
	

	Tumor size (cm)
	
	
	
	0.368

	
	≤ 4
	23
	20
	

	
	> 4
	6
	9
	

	Tumor differentiation
	
	
	
	0.035

	
	High or Middle
	20
	12
	

	
	Low
	9
	17
	

	Invasion depth of tumor
	
	
	
	0.581

	
	≤ 2/3
	20
	18
	

	
	> 2/3
	9
	11
	

	Vascular invasion
	
	
	
	0.588

	
	No
	19
	17
	

	
	Yes
	10
	12
	

	Lymph nodes metastasis
	
	
	
	0.773

	
	Negative
	21
	20
	

	
	Positive
	8
	9
	


¶We set the median expression of PGK1 as the cutoff value.
Table S3. Relationship between PGK1 expression and clinical characteristic of enrolled cervical adenocarcinoma cases with radiotherapy.
	
	
	PGK1 expression, n (%)
	

	Variable
	
	Low PGK1¶(n = 33)
	High PGK1
(n = 33)
	P value

	Age (years)
	
	
	
	0.492

	
	≤ 50
	4
	6
	

	
	> 50
	29
	27
	

	FIGO
	
	
	
	0.186

	
	I–II
	13
	8
	

	
	III–IV
	20
	25
	

	Treatment modality
	
	
	
	0.023

	
	Radiotherapy + Chemotherapy
	31
	23
	

	
	Radiotherapy + Chemotherapy + Immunotherapy
	2
	10
	

	Clinical outcome
	
	
	
	< 0.001

	
	PFS > 1 year
	32
	8
	

	
	PFS < 1 year
	1
	25
	


¶We set the case with IHC composite score ≥ 8 was defined as high PGK1 expression.
Table S4. Primers for qRT-PCR
	Gene
	Forward primer (5'-3')
	Reverse primer (5'-3')

	CYP4A22-AS1
	GGAATGGAGAGTACCCGACG
	CTGGTACAGATGGGTCTGGC

	MNX1-AS1
	CTCCAGCCTCCACGGAAAAT
	CCAGGCCAATGCTACCAGAA

	U6
	CTCGCTTCGGCAGCACA
	AACGCTTCACGAATTTGCGT

	YBX1
	TAGGAGATGGAGAGACTGTGGAG
	GCGTCTATAATGGTTACGGTCTG

	PGK1
	AAGAAGTATGCTGAGGCTGTCAC
	CTAGAAGTGGCTTTCACCACCT

	ACSS2
	GTTGACTCCCCTTCCTGGTG
	TCCCCGGACTCATTCAGGAT

	ADH5
	TTCCCGGATCATTGGTGTGG
	TCCACTCCTCCATCGGTCAT

	AKR1A1
	GTACCTGATGCACTGGCCTT
	TAGTGGGTGGAGTCGTAGCA

	ALDH3A1
	GCAGGACGAGCTCTACATCC
	GGATGGTGAGGTTGAAGGGG

	ENO2
	TGCCCCCAATATCCTGGAGA
	ATCGGGAAGGATCAGTGGGA

	GPI
	AAGGATCCTTCTGCAGTGGC
	CCCACCCAATCCCAGAACTC

	LDHA
	ACCGTGTTATTGGAAGCGGT
	CTCCATGTTCCCCAAGGACC

	LDHB
	ACCAGTTGCGGAAGAAGAGG
	GCACACGCCATACCAACTTG

	PKM
	AGAAAGGTGCCGACTTCCTG
	GCTCGACCCCAAACTTCAGA

	TPI1
	GGACTCGGAGTAATCGCCTG
	CTTGCTCCAGTCCTTCACGT

	GAPDH
	ACCCACTCCTCCACCTTTGAC
	TCCACCACCCTGTTGCTGTAG



Table S5. Sequences of shRNA and overexpression plasmids of CYP4A22-AS1
(1) CYP4A22–AS1–shRNA:
TTTAGCCTGGTTTACTAATAT
(2) CYP4A22–AS1–Overexpression:
GAAGTTGAGCTTCAGGCGCGGCTCTTCCCCGTCACACTGGGACCGGACGCATTTCCATGGCGTGGTCCCAGGAACCTCTCAGAGTGAACTGAATTGGATGCAAGATCACGGTGCGTCAGAGCTAGCAAGATCCTTAGGATCATTTAGCCTGGTTTACTAATATTACACTATGGAATTTAAGCCCAAGGAATGGAGAGTACCCGACGAGCGTTATGTAAGGAGTCGAGTGAGAAGTAAGCTGGATGCTCTGCTTGGCTGGCAGGTACAGAATGTGCCAGACCCATCTGTACCAGCCTGGATCTCTTGAGGCATCAGCACAATGGACCTGGCCACACCAGTTTATTCCACACCGCTGAGGCTGGTCTTTGAGGAATCACCACACTGTCTTCCACAATGCACCATGGAATACTATGCAGACATAAAAAGGAATGAGATCATGTCGTTTGCAGGGACATGGATGGAGCTAGAAGCCATTATCCTCAGAAAACTAACACAGGAACAGAAAACCAAATACCACATGTTCTCACTTATAAGTGGGAGCTGAATGATGAGAACACATGGACACGTGGTGCGGGAACAATACACCTGGGGCCTGTTGGAGGGTGGGGGCTGGGAGGAGGGAGAGCATCAAGAATAGCTAATGAGGCCAGGCACAGTGGCTCACGCCTGTAATCCTAGCATTTTGGGAGGCTGAGGCGGGCAGATCATTTGAGGTCAGGAGTTTGAGACCAGCCTGGCCAATATGGTGAAACCCCGTCTCTATTAAAAATACAAAAATATTAGCCAGGCATGGTGGCAATGCCCGTAGTCCCTGCAACTTGGGAGGCTGAGGCAGGAGAATCGTTTGAACCTGGGAGGTGGAGTTTGCAGTGAGCCAAGATCGCGCCACTGCACTCCAGCCTGGGCGACAGAGTGAGGCTC
Table S6. Sequences of siRNA
	siRNA
	sense（5'-3'）
	antisense（5'-3'）

	si-CYP4A22-AS1#1
	CAUUUAGCCUGGUUUACUAtt
	UAGUAAACCAGGCUAAAUGat

	si-CYP4A22-AS1#2
	GAGCAUCAAGAAUAGCUAAtt
	UUAGCUAUUCUUGAUGCUCtc

	si-CYP4A22-AS1#3
	AGAGCUAGCAAGAUCCUUAtt
	UAAGGAUCUUGCUAGCUCUga

	si-YBX1#1
	GGAGUUUGAUGUUGUUGAATT
	UUCAACAACAUCAAACUCCTT

	si-YBX1#2
	CGGCAAUGAAGAAGAUAAATT
	UUUAUCUUCUUCAUUGCCGTT

	si-YBX1#3
	GGCGAAGGUUCCCACCUUATT
	UAAGGUGGGAACCUUCGCCTT

	si-PGK1#1
	GCCUGACAAGUACUCCUUATT
	UAAGGAGUACUUGUCAGGCTT

	si-PGK1#2
	GCUUCUGGGAACAAGGUUATT
	UAACCUUGUUCCCAGAAGCTT

	si-PGK1#3
	GAGCUAAAGUUGCAGACAATT
	UUGUCUGCAACUUUAGCUCTT



Table S7. Antibody Information
	Antibodies
	Source
	Catalog Number

	Phospho-ATM (phospho S1981)
	Abcam
	Cat#: ab81292

	ATM
	Abcam
	Cat#: ab32420

	Cleaved PARP
	CST
	Cat#: #5625

	Cleaved Caspase-3
	CST
	Cat#: #9661

	Phospho-Histone H2A.X (Ser139)
	Proteintech
	Cat#: 29380-1-AP 

	YBX1
	Proteintech
	Cat#: 20339-1-AP

	Lamin B1
	Proteintech
	Cat#: 12987-1-AP

	PGK1
	Proteintech
	Cat#: 17811-1-AP

	GAPDH 
	Proteintech
	Cat#: 60004-1-Ig 



Table S8. Sequence of mixed CYP4A22-AS1 probes for FISH-IF assay
	TTACTGTAGTCTTGTGGTATAATTTGGAGAGGC

	CACCGTGATCTTGCATCCAATTCAGTTCA

	CAAACTCCTGACCTCAAATGATCTGCCC

	ATAACGCTCGTCGGGTACTCTCCATTC

	GCCTCGGAAATGCTCATATTCTTTGATAGAGTG

	CTACTCTGGAGACTGAGGTGGGAGGAT

	TTGAATCTATAAATCGCTTTGGGCAATATGGC

	GCTTTGGTTTGTTTGTTTGTTTGTTTGTTTGT

	TCTTACACATCATACAGTAGCCCTCAGATTCAA

	GATTTCTCTGAGCAGTGGTTTGTAGTTCTTCT

	GGACCTTCAACCAGAAAGAGACAGAGCATA

	GTGTCCATGTGTTCTCATCATTCAGCTCC

	CTAAACCAGGACTACTAAGAACAGGGCACT

	GCTATTCTTGATGCTCTCCCTCCTCCC

	CATCCAGCTTACTTCTCACTCGACTCCTT

	AAGTCCATGTCCAGAACTGTACCAGCC

	TCATCTCCTGAGAGTCGGTCCTGGTAG

	AGGTTCAAGTGATTCTCATGTCTCAGTCTCC

	TCTCTTCAGCATAGTATTCACAGTTCTGGAGG

	CTCACAGTTCTGGAGGCTGGATGTCTT

	GGTCCATTGTGCTGATGCCTCAAGAGA

	GGCTCTTGGATTACAGTTCTGGAGGCT

	TAATCCAGCGACTCAGAAGACAGAGGC

	CTTCCGAGGCTCTCATCAATCTACGCT

	AGTGAAGTGAACTGCTCAAGATGACATACCTA

	TGCCTATGTCCTGAATGGTATTGCCTAGATT

	CTGTTCCATTGGTCTCTGTGTCTGTTCTTG

	CATTGCTTGTTATTGTTGACTTGGCTGAAGAT

	TCTTAGGATTGTCTTGGCTATTCAGGCTCTT

	CACGGAGGAGGAGTATGAACAGACACC



Table S9. Sequence of RNA-pulldown wild-type, antisense, and mutant CYP4A22-AS1 probes
(1) CYP4A22-AS1–Wildtype:
GAAGTTGAGCTTCAGGCGCGGCTCTTCCCCGTCACACTGGGACCGGACGCATTTCCATGGCGTGGTCCCAGGAACCTCTCAGAGTGAACTGAATTGGATGCAAGATCACGGTGCGTCAGAGCTAGCAAGATCCTTAGGATCATTTAGCCTGGTTTACTAATATTACACTATGGAATTTAAGCCCAAGGAATGGAGAGTACCCGACGAGCGTTATGTAAGGAGTCGAGTGAGAAGTAAGCTGGATGCTCTGCTTGGCTGGCAGGTACAGAATGTGCCAGACCCATCTGTACCAGCCTGGATCTCTTGAGGCATCAGCACAATGGACCTGGCCACACCAGTTTATTCCACACCGCTGAGGCTGGTCTTTGAGGAATCACCACACTGTCTTCCACAATGCACCATGGAATACTATGCAGACATAAAAAGGAATGAGATCATGTCGTTTGCAGGGACATGGATGGAGCTAGAAGCCATTATCCTCAGAAAACTAACACAGGAACAGAAAACCAAATACCACATGTTCTCACTTATAAGTGGGAGCTGAATGATGAGAACACATGGACACGTGGTGCGGGAACAATACACCTGGGGCCTGTTGGAGGGTGGGGGCTGGGAGGAGGGAGAGCATCAAGAATAGCTAATGAGGCCAGGCACAGTGGCTCACGCCTGTAATCCTAGCATTTTGGGAGGCTGAGGCGGGCAGATCATTTGAGGTCAGGAGTTTGAGACCAGCCTGGCCAATATGGTGAAACCCCGTCTCTATTAAAAATACAAAAATATTAGCCAGGCATGGTGGCAATGCCCGTAGTCCCTGCAACTTGGGAGGCTGAGGCAGGAGAATCGTTTGAACCTGGGAGGTGGAGTTTGCAGTGAGCCAAGATCGCGCCACTGCACTCCAGCCTGGGCGACAGAGTGAGGCTC
(2) CYP4A22-AS1–Antisense:
GAGCCTCACTCTGTCGCCCAGGCTGGAGTGCAGTGGCGCGATCTTGGCTCACTGCAAACTCCACCTCCCAGGTTCAAACGATTCTCCTGCCTCAGCCTCCCAAGTTGCAGGGACTACGGGCATTGCCACCATGCCTGGCTAATATTTTTGTATTTTTAATAGAGACGGGGTTTCACCATATTGGCCAGGCTGGTCTCAAACTCCTGACCTCAAATGATCTGCCCGCCTCAGCCTCCCAAAATGCTAGGATTACAGGCGTGAGCCACTGTGCCTGGCCTCATTAGCTATTCTTGATGCTCTCCCTCCTCCCAGCCCCCACCCTCCAACAGGCCCCAGGTGTATTGTTCCCGCACCACGTGTCCATGTGTTCTCATCATTCAGCTCCCACTTATAAGTGAGAACATGTGGTATTTGGTTTTCTGTTCCTGTGTTAGTTTTCTGAGGATAATGGCTTCTAGCTCCATCCATGTCCCTGCAAACGACATGATCTCATTCCTTTTTATGTCTGCATAGTATTCCATGGTGCATTGTGGAAGACAGTGTGGTGATTCCTCAAAGACCAGCCTCAGCGGTGTGGAATAAACTGGTGTGGCCAGGTCCATTGTGCTGATGCCTCAAGAGATCCAGGCTGGTACAGATGGGTCTGGCACATTCTGTACCTGCCAGCCAAGCAGAGCATCCAGCTTACTTCTCACTCGACTCCTTACATAACGCTCGTCGGGTACTCTCCATTCCTTGGGCTTAAATTCCATAGTGTAATATTAGTAAACCAGGCTAAATGATCCTAAGGATCTTGCTAGCTCTGACGCACCGTGATCTTGCATCCAATTCAGTTCACTCTGAGAGGTTCCTGGGACCACGCCATGGAAATGCGTCCGGTCCCAGTGTGACGGGGAAGAGCCGCGCCTGAAGCTCAACTTC
(3) CYP4A22-AS1–Mutant (C, 346 → G; A, 347 → U; A, 349 → U)
GAAGUUGAGCUUCAGGCGCGGCUCUUCCCCGUCACACUGGGACCGGACGCAUUUCCAUGGCGUGGUCCCAGGAACCUCUCAGAGUGAACUGAAUUGGAUGCAAGAUCACGGUGCGUCAGAGCUAGCAAGAUCCUUAGGAUCAUUUAGCCUGGUUUACUAAUAUUACACUAUGGAAUUUAAGCCCAAGGAAUGGAGAGUACCCGACGAGCGUUAUGUAAGGAGUCGAGUGAGAAGUAAGCUGGAUGCUCUGCUUGGCUGGCAGGUACAGAAUGUGCCAGACCCAUCUGUACCAGCCUGGAUCUCUUGAGGCAUCAGCACAAUGGACCUGGCCACACCAGUUUAUUCGUCUCCGCUGAGGCUGGUCUUUGAGGAAUCACCACACUGUCUUCCACAAUGCACCAUGGAAUACUAUGCAGACAUAAAAAGGAAUGAGAUCAUGUCGUUUGCAGGGACAUGGAUGGAGCUAGAAGCCAUUAUCCUCAGAAAACUAACACAGGAACAGAAAACCAAAUACCACAUGUUCUCACUUAUAAGUGGGAGCUGAAUGAUGAGAACACAUGGACACGUGGUGCGGGAACAAUACACCUGGGGCCUGUUGGAGGGUGGGGGCUGGGAGGAGGGAGAGCAUCAAGAAUAGCUAAUGAGGCCAGGCACAGUGGCUCACGCCUGUAAUCCUAGCAUUUUGGGAGGCUGAGGCGGGCAGAUCAUUUGAGGUCAGGAGUUUGAGACCAGCCUGGCCAAUAUGGUGAAACCCCGUCUCUAUUAAAAAUACAAAAAUAUUAGCCAGGCAUGGUGGCAAUGCCCGUAGUCCCUGCAACUUGGGAGGCUGAGGCAGGAGAAUCGUUUGAACCUGGGAGGUGGAGUUUGCAGUGAGCCAAGAUCGCGCCACUGCACUCCAGCCUGGGCGACAGAGUGAGGCUC
Table S10. Primers for ChIP-qPCR
	Gene
	Forward primer (5'-3')
	Reverse primer (5'-3')

	PGK1
	CTTCTTGCTGGGACCAGTCT
	TGGGGAGGTTCAGATTCTTG



Table S11. CYP4A22-AS1 and PGK1 could predict DFS of the enrolled early stage cervical adenocarcinoma cases with surgery.
	Variable
	No. of Cases
	
	DFS
	

	
	
	Univariate analysis, P
	Multivariate analysis, P
	HR (95%CI)

	Age (years)
	
	
	
	

	≤ 50
	32
	Referent
	
	

	> 50
	26
	0.595
	
	

	FIGO
	
	
	
	

	I
	35
	Referent
	Referent
	

	II-III
	23
	0.098
	0.137
	2.40 (0.76–7.58)

	Tumor size (cm)
	
	
	
	

	≤ 4
	43
	Referent
	Referent
	

	> 4
	15
	0.084
	0.075
	2.52 (0.91–6.96)

	Tumor differentiation
	
	
	
	

	High or Middle
	32
	Referent
	
	

	Low
	26
	0.643
	
	

	Invasion depth of tumor
	
	
	
	

	≤ 2/3
	38
	Referent
	
	

	> 2/3
	20
	0.809
	
	

	Vascular invasion
	
	
	
	

	No
	36
	Referent
	
	

	Yes
	22
	0.220
	
	

	Lymph nodes metastasis
	
	
	
	

	Negative
	41
	Referent
	
	

	Positive
	17
	0.607
	
	

	CYP4A22-AS1
	
	
	
	

	High
	29
	Referent
	Referent
	

	Low
	29
	0.015
	0.005
	4.35 (1.66–11.36)

	PGK1
	
	
	
	

	High
	29
	Referent
	Referent
	

	Low
	29
	0.029
	0.023
	3.14
(1.20–8.20)


¶We set the median expression of CYP4A22-AS1 and PGK1 as the cutoff value.
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