Supplementary Data S3. Multi-omics profiling of pharmacological 3-MST inhibition in WT HCT116 cells. Integrated transcriptomic,
proteomic, metabolomic and lipidomic analyses comparing WT HCT116 cells treated with the 3-MST inhibitor HMPSNE and untreated WT HCT116
control cells (WT_CTR) are shown. The dataset includes PCA, hierarchical clustering, heatmaps of the most variable or differentially regulated
features, volcano plots of differential expression, and lists of the top 25 upregulated and downregulated genes, proteins, metabolites and lipid
species. Differential expression analyses were performed using a fold-change threshold =1.5 with statistical significance defined as false discovery
rate (FDR) <0.05 for transcriptomic datasets and P <0.05 for proteomic, metabolomic and lipidomic datasets. Functional interpretation of differential
features was performed using pathway enrichment analyses. For transcriptomic and proteomic datasets, GSEA was conducted using GO biological
process and cellular component annotations, as well as KEGG, Reactome and Hallmark gene sets. ORA was additionally performed to identify
pathways and biological processes significantly enriched among features increased or decreased following HMPSNE treatment. For metabolomic
datasets, pathway enrichment was evaluated using QEA to identify metabolic pathways significantly altered following pharmacological inhibition of
3-MST. ORA was also applied to determine metabolite pathways significantly associated with treatment. For lipidomic datasets, enrichment of lipid
pathways was assessed using ORA. Lipid ontology enrichment was further evaluated using the LION (Lipid Ontology) framework in both ranking
and target-list modes to identify lipid structural and functional categories associated with HMPSNE treatment. Together, these analyses provide a
comprehensive multi-omics characterization of molecular changes induced by pharmacological inhibition of 3-MST in HCT116 wild-type colorectal

cancer cells.
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Hierarchical clustering of the top 1000 most variable genes Heatmap of the top 50 DEGs
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Fold Change vs. Adjusted p-Value
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Top 25_Upregulated genes in treated WT cells
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Top 25_Downregulated genes in treated WT cells
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GSEA (Gene Set Enrichment Analysis) - geneontology Biological Process
BT FDR<0.05 [ FDR > 0.05
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defense response to bacterium
response to chemokine
inflammatory response to wounding
humoral immune response
integrated stress response signaling
interleukin-13 production
ubiquitin-dependent protein catabolic process via the multivesicular body sorting pathway
cellular response to biotic stimulus
response to endoplasmic reticulum stress
cellular response to lipoprotein particle stimulus
macroautophagy
response to interleukin-1
response to thyroid hormone
response to muramyl dipeptide
positive regulation of DNA metabolic process
pattern specification process
mRNA processing
mesenchyme development
regulation of mitotic cell cycle
chromosome condensation
negative regulation of cell cycle
cell cycle G2/M phase transition
sister chromatid cohesion
postreplication repair
mitotic cell cycle phase transition
meiotic cell cycle
positive regulation of cell cycle
interstrand cross-link repair
regulation of chromosome organization
double-strand break repair
chromosome localization
DNA recombination
organelle fission
regulation of cell cycle phase transition
DNA strand elongation
chromosome segregation
DNA conformation change
DNA replication
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GSEA (Gene Set Enrichment Analysis) - geneontology Cellular_Component
BN FDR <005 [ FDR > 0.05
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GSEA (Gene Set Enrichment Analysis) - pathway Reactome

W FDR < 0.05 FDR > 0.05
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Response of EIF2AK4 (GCN2) to amino acid deficiency
Selenocysteine synthesis

Eukaryotic Translation Elongation

Response of EIF2AK1 (HRI) to heme deficiency

Peptide chain elongation

Viral mRNA Translation

Eukaryotic Translation Termination

NFE2L2 regulating anti-oxidant/detoxification enzymes

Nuclear events mediated by NFE2L2

PERK regulates gene expression

Nonsense Mediated Decay (NMD) independent of the Exon Junction Complex (EJC)
Interleukin-10 signaling

ATF4 activates genes in response to endoplasmic reticulum stress
Formation of a pool of free 40S subunits

KEAP1-NFE2L2 pathway

Selenoamino acid metabolism

SIRT1 negatively regulates rRNA expression

Replacement of protamines by nucleosomes in the male pronucleus
Interleukin-4 and Interleukin-13 signaling

Activated PKN1 stimulates transcription of AR (androgen receptor) regulated genes KLK2 and...

Fanconi Anemia Pathway

Homology Directed Repair

Opioid Signalling

Anchoring of the basal body to the plasma membrane

Kinesins

Processing of Capped Intron-Containing Pre-mRNA

Unwinding of DNA

Diseases of DNA repair

Extension of Telomeres

Amplification of signal from the kinetochores

Amplification of signal from unattached kinetochores via a MAD2 inhibitory signal
DNA Replication

Diseases of DNA Double-Strand Break Repair

Defective homologous recombination repair (HRR) due to BRCA2 loss of function
Presynaptic phase of homologous DNA pairing and strand exchange
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GSEA (Gene Set Enrichment Analysis) - pathway KEGG

BN SN FDR<0.05 [0 FDR > 0.05
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IL-17 signaling pathway
Epithelial cell signaling in Helicobacter pylori infection
Rheumatoid arthritis
NF-kappa B signaling pathway
Viral protein interaction with cytokine and cytokine receptor
Ferroptosis
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Cytokine-cytokine receptor interaction
Toll-like receptor signaling pathway
Coronavirus disease
TNF signaling pathway
NOD-like receptor signaling pathway
Necroptosis
Dopaminergic synapse
Maturity onset diabetes of the young
Butanoate metabolism
CcAMP signaling pathway
Oocyte meiosis
Long-term potentiation
Progesterone-mediated oocyte maturation
Endocrine and other factor-regulated calcium reabsorption
Nucleotide excision repair
GnRH secretion
Melanogenesis
Morphine addiction
Mismatch repair
Taste transduction
Base excision repair
Homologous recombination
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Spliceosome
Cell cycle
DNA replication
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GSEA (Gene Set Enrichment Analysis) - community-contributed Hallmark50

N FDR < 0.05 FDR > 0.05
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TNFA signaling via NF_B
IL6 STAT3 signaling during acute phase response
p53 pathway
response to hypoxia; HIF1A targets
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inflammation
interferon gamma response
"KRAS signaling, upregulated genes"
complement cascade
reactive oxygen species pathway
metabolism of xenobiotics
fatty acid metabolism
sperm development and male fertility
"KRAS signaling, downregulated genes"
Notch signaling
late estrogen response
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"MYC targets, variant 2"
cell cycle progression: mitotic spindle assembly
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cell cycle progression: G2/M checkpoint
cell cycle progression: E2F targets
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ORA (Over-Representation Analysis)
Activation in treated WT cells

GO Cellular Components | |G0:0005795: Golgi stack

| G0:0002947: tumor necrosis factor receptor superfamily complex
| GO:0005776: autophagosome

| GO:0000138: Golgi trans cisterna

| GO0:0005767: secondary lysosome

| GO0:0036488: CHOP-C/EBP complex

| GO:0000407: phagophore assembly site

GO:0036452:
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GO0:0098981:
GO:0036454:
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GO:0044753:

ESCRT complex

Lewy body

cis-Golgi network
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growth factor complex
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SMARE complex

amphisome
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GO Biological Process

| |G0:0042742: defense response to bacterium

| G0:0042116: macrophage activation

G0:0034976: response to endoplasmic reticulum stress

| G0:0042149: cellular response to glucose starvation

| G0:0002221: pattern recognition receptor signaling pathway

| G0:0038061: non-canonical NF-kappaB signal transduction

| G0:2001256: regulation of store-operated calcium entry

| G0:1990839: response to endothelin

| G0O:0046686: response to cadmium ion

| GO0:0050655: dermatan sulfate proteoglycan metabolic process

| G0:0009612: response to mechanical stimulus

| G0:0035249: synaptic transmission, glutamatergic

| GO0:0050729: positive regulation of inflammatory response

| G0:2001236: regulation of extrinsic apoptotic signaling pathway

| G0:0070059: intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress
| G0:0006516: glycoprotein catabolic process

| GO0:2000377: regulation of reactive oxygen species metabolic process
| G0:0071356: cellular response to tumor necrosis factor

| G0:1905037: autophagosome organization

| G0:2000106: regulation of leukocyte apoptotic process
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Reactome Gene Sets

KEGG Pathway
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ORA (Over-Representation Analysis)
Activation in treated WT cells

] |R-HSA-9648895:
R-HSA-9818027:
| R-HSA-9633012:
| R-HSA-9821002:
| R-HSA-6785807:
| R-HSA-5676594:

Response of EIF2ZAK] (HRI) to heme deficiency

NFEZL2 regulating anti-oxidant/detoxification enzymes

Response of EIF2ZAK4 (GCN2) to amino acid deficiency

Chromatin modifications during the maternal to zygotic transition (MZT)
Interleukin-4 and Interleukin-13 signaling

TNF receptor superfamily (TNFSF) members mediating non-canonical NF-kB pathway

| R-HSA-73621: Pyrimidine catabolism

| R-HSA-1266695: Interleukin-7 signaling

| R-H5A-5357786: TNFR1-induced proapoptotic signaling

| R-H5A-9818025: NFE2L2 regulating TCA cycle genes

| R-H5A-420029: Tight junction interactions

| R-HSA-2730905: Role of LAT2/NTAL/LAB on calcium mobilization

| R-HSA-168643: Nucleotide-binding domain, leucine rich repeat containing receptor (NLR) signaling pathways

| R-HSA-901032: ER Quality Control Compartment (ERQC)

| R-HSA-5660526: Response to metal ions

| R-HS5A-182971: EGFR downregulation

| R-HSA-1793185: Chondroitin sulfate/dermatan sulfate metabolism

| R-HSA-727802: Transport of nucleotide sugars

| R-HSA-193775: Synthesis of bile acids and bile salts via 24-hydroxycholesterol

| R-HSA-70635: Urea cycle

| |hsa04064: NF-kappa B signaling pathway

| hsa04216: Ferroptosis
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| hsa04657:
| hsa04060:
| hsa04217:
| hsa00532:
| hsa04115:
| hsa04380:
| hsa04130:
| hsa00512:
| hsa04978:
| hsa00565:
| hsa05218:

IL-17 signaling pathway
Cytokine-cytokine receptor interaction
Mecroptosis

Glycosaminoglycan biosynthesis - chondroitin sulfate / dermatan sulfate
p53 signaling pathway

Osteoclast differentiation

SMARE interactions in vesicular transport
Mucin type O-glycan biosynthesis
Mineral absorption

Ether lipid metabolism

Melanoma



WT — HMPSNE

ORA (Over-Representation Analysis)
Activation in treated WT cells

Hallmark Gene Sets o N | M5690: HALLMARK TNFA SIGNALING VIA NFKB

| M5939: HALLMAREK P53 PATHWAY
| M5932: HALLMARK INFLAMMATORY RESPONSE
] M5891: HALLMARK HYPOXIA
| M5897: HALLMARK IL6 JAK STAT3 SIGNALING
M5930: HALLMARK EPITHELIAL MESENCHYMAL TRANSITIOMN
M5953: HALLMAREK KRAS SIGNALING UP
M5921: HALLMARK COMPLEMENT
] M5934: HALLMARK XENOBIOTIC METABOLISM
M5913: HALLMARK INTERFERON GAMMA RESPONSE
M5945: HALLMARK HEME METABOLISM
M5948: HALLMARK BILE ACID METABOLISM
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Combined GO

I | M5890: HALLMARK TNFA SIGNALING VIA NFKS

| M5939: HALLMARK P53 PATHWAY

| M5932: HALLMARK INFLAMMATORY RESPONSE

| M5891: HALLMARK HYPOXIA

| R-HS5A-9648895: Response of EIF2AK1 (HRI) to heme deficiency

] G0:0042742: defense response to bacterium

| GO:0042116: macrophage activation

| M5897: HALLMARK ILE JAK STAT3 SIGNALING

| G0:0034976: response to endoplasmic reticulum stress

| R-HSA-9818027: NFEZL2 regulating anti-oxidant/detoxification enzymes

M5930: HALLMARK EPITHELIAL MESENCHYMAL TRANSITION
G0:0019730: antimicrobial humoral response
M5953: HALLMARK KRAS SIGNALING UP
M5921: HALLMARK COMPLEMENT
GO:0042149: cellular response to glucose starvation
GO:0002221: pattern recognition receptor signaling pathway
hsa04064: NF-kappa B signaling pathway
R-HSA-9633012: Response of EIF2AK4 (GCN2) to amino acid deficiency
hsa04216: Ferroptosis
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GO Cellular Components

GO Biological Process

WT — HMPSNE

ORA (Over-Representation Analysis)
Inhibition in treated WT cells
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positive regulation of chromosome segregation
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DNA strand elongation involved in DNA replication
regulation of DNA metabolic process

nuclear DNA replication

positive regulation of epithelial cell differentiation
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regulation of sister chromatid cohesion

negative regulation of mRNA processing

protein localization to chromosome
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Reactome Gene Sets

KEGG Pathway

WT — HMPSNE

ORA (Over-Representation Analysis)
Inhibition in treated WT cells
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R-HSA-1640170: Cell Cycle

R-H5A-69190: DNA strand elongation

R-HSA-73886: Chromosome Maintenance

R-H5A-69205: G1/5-Specific Transcription

R-HSA-372790: Signaling by GPCR

R-HSA-156711: Polo-like kinase mediated events

R-HSA-5693532: DNA Double-Strand Break Repair

R-HSA-9770562: mRNA Polyadenylation

R-HSA-8854518: AURKA Activation by TPX2

R-HS5A-606279: Deposition of new CENPA-containing nucleosomes at the centromere
R-HS5A-4615885: SUMOylation of DNA replication proteins

R-HSA-983189: Kinesins

R-HSA-180024: DARPP-32 events

R-HSA-9730414: MITF-M-regulated melanocyte development

R-HSA-6783310: Fanconi Anemia Pathway

R-HSA-68952: DNA replication initiation

R-HSA-9013106: RHOC GTPase cycle

R-HSA-2995383: Initiation of Nuclear Envelope (NE) Reformation

R-H5A-9825892: Regulation of MITF-M-dependent genes involved in cell cycle and proliferation
R-HSA-9659787: Aberrant regulation of mitetic G1/S transitien in cancer due to RB1 defects

hsa03030: DNA replication

hsa04110: Cell cycle

hsa03040: Spliceosome

hsa03460: Fanconi anemia pathway

hsa04916: Melanogenesis

hsa01200: Carbon metabolism

hsa03082: ATP-dependent chromatin remodeling
hsa04080: Neuroactive ligand-receptor interaction
hsa04742: Taste transduction

hsa04024: cAMP signaling pathway

hsa04981: Folate transport and metabolism
hsa04020: Calcium signaling pathway

hsa04022: cGMP-PKG signaling pathway
hsa00061: Fatty acid biosynthesis

hsa00670: One carbon pool by folate

hsa04950: Maturity onset diabetes of the young
hsa00620: Pyruvate metabolism

hsa00380: Tryptophan metabolism

hsa05412: Arrhythmogenic right ventricular cardiomyopathy
hsa00020: Citrate cycle (TCA cycle)
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ORA (Over-Representation Analysis)
Inhibition in treated WT cells
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M5925: HALLMARK E2F TARGETS

M5901: HALLMARK G2M CHECKPOINT

M5926: HALLMARK MYC TARGETS V1

M5893: HALLMARK MITOTIC SPINDLE

M5907: HALLMARK ESTROGEN RESPONSE LATE
M5928: HALLMARK MYC TARGETS V2

M5951: HALLMARK SPERMATOGENESIS

M5895: HALLMARK WNT BETA CATENIN SIGNALING

M5925: HALLMARK E2F TARGETS

R-HSA-1640170: Cell Cycle

G0:0051276: chromosome organization
GO:0006260: DNA replication

GO:0006259: DNA metabolic process

R-H5A-69190: DNA strand elongation

GO:0000228: nuclear chromosome

GO:0090068: positive regulation of cell cycle process
G0:1901987: regulation of cell cycle phase transition
G0:0051321: meiotic cell cycle

hsa04110: Cell cycle

R-H5A-73886: Chromosome Maintenance

M5926: HALLMAREK MYC TARGETS V1

GO:0051984: positive regulation of chromosome segregation
GO0:0044839: cell cycle G2/M phase transition
GO:0000781: chromosome, telomeric region
GO:0000940: outer kinetochore

R-H5A-69205: G1/S5-Specific Transcription
R-H5A-372790: Signaling by GPCR

R-H5A-156711: Polo-like kinase mediated events
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[PERMANOVA] F-value: 46.075; R-
squared: 0.85206; p-value (based
on 999 permutations): 0.008

The statistical significances of the
group patterns are evaluated using
PERMANOVA. Please note the
distributions are computed using
the Euclidean distance based on
the PCs in the current display.
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Top 25_Upregulated proteins in treated WT cells
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MFSD4A
RBCK1
LOX
IGF2
SLFN5
JOSD1
HBA1
SRXN1
TNFRSF10B
UPP1
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AGPAT4
SPP2
NGFR
HMOX1

0 2 4

6

log2(FC)

8

WT — HMPSNE

Top 25_Downregulated proteins in treated WT cells

UHRF1+
NTHLA1-
CDCAT7-
TK1-
TNS4-
ATAD?2-
NRGN-
FANCGH
PKMYT1-
RADS51AP1-
TPX2-
CCNB1-
ORC6-
NR2F 2+
FAM111B-
FOXC1+
HMG20B+
KIF20B-
ANKRD10-
PCLAF-
CKS1B-
UBE2C-
HELLS-
RRM2-
FADS1-

-6

4 2
log2(FC)



WT — HMPSNE

GSEA (Gene Set Enrichment Analysis) - geneontology Biological Process

I W FDR <0.05 FDR > 0.05
—3I.0 —2|.5 —2|.0 —1|.5 —1|.0 —0|.5 oio 0i5 1i0 1i5 2i0 2i5
mitochondrial transport
response to endoplasmic reticulum stress
response to topologically incorrect protein
glycoprotein metabolic process
organic acid transport
organic anion transport
protein transmembrane transport
response to amyloid-beta
organophosphate ester transport
glutathione metabolic process
pigment metabolic process
detection of external stimulus
lipid localization
response to ischemia
tetrapyrrole metabolic process
sulfur compound transport
oligosaccharide metabolic process
lipid droplet organization
membrane protein proteolysis
lipid catabolic process
small molecule catabolic process
wound healing
methylation
non-membrane-bounded organelle assembly
DNA modification
protein-DNA complex assembly
kinetochore organization
spindle organization
chromosome condensation
DNA recombination
double-strand break repair
meiotic cell cycle
negative regulation of cell cycle
microtubule cytoskeleton organization involved in mitosis
regulation of mitotic cell cycle
mitotic cell cycle phase transition
cell cycle G2/M phase transition
regulation of cell cycle phase transition
regulation of chromosome organization
positive regulation of cell cycle
DNA replication
organelle fission
chromosome localization
chromosome segregation
I T T T T T T T T T T 1
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.5 1.0 1.5 2.0 25

.0
Normalized Enrichment Score



WT — HMPSNE

GSEA (Gene Set Enrichment Analysis) - geneontology Cellular_Component
N FDR < 0.05 FDR > 0.05

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 20 2.5
| | | | 1 | I I I 1 1

endoplasmic reticulum lumen
platelet alpha granule
collagen-containing extracellular matrix
outer membrane
endoplasmic reticulum protein-containing complex
external side of plasma membrane
endoplasmic reticulum-Golgi intermediate compartment
pigment granule
secretory granule membrane
SNARE complex
sarcolemma
basal part of cell
organelle membrane contact site
protein complex involved in cell adhesion
neuron projection terminus
microbody
membrane microdomain
phagophore assembly site
Golgi apparatus subcompartment
apical part of cell
vacuolar membrane
nuclear speck
transcription regulator complex
DNA repair complex
ciliary tip
transferase complex, transferring phosphorus-containing groups
ubiquitin ligase complex
germ cell nucleus
microtubule
microtubule associated complex
midbody
site of DNA damage
ciliary basal body
centriolar satellite
histone deacetylase complex
intercellular bridge
heterochromatin
centriole
replication fork
spindle
condensed chromosome
nuclear chromosome
chromosomal region

T T T T T T T T T T 1
25 -2.0 -15 -1.0 -0.5 0.0 0.5 1.0 15 20 25
Normalized Enrichment Score



WT — HMPSNE
GSEA (Gene Set Enrichment Analysis) - pathway Reactome

W FDR < 0.05
-3.0 25
1 |

FDR > 0.05

-2.0 -1.5 -1.0 -0.5
1

0.0

Extracellular matrix organization

Platelet degranulation

Protein localization

Response to elevated platelet cytosolic Ca2+

Integrin cell surface interactions

Nuclear events mediated by NFE2L2

Degradation of the extracellular matrix

NFE2L2 regulating anti-oxidant/detoxification enzymes

KEAP1-NFE2L2 pathway

Response of EIF2AK1 (HRI) to heme deficiency

Interleukin-4 and Interleukin-13 signaling

Collagen degradation

MET activates PTK2 signaling

Maturation of spike protein

Mitochondrial protein import

Insertion of tail-anchored proteins into the endoplasmic reticulum membrane
Peroxisomal lipid metabolism

Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Growth Fact...
Immunoregulatory interactions between a Lymphoid and a non-Lymphoid cell
Retinoid metabolism and transport

05 1.0 15 20 25

SUMO E3 ligases SUMOylate target proteins

RHO GTPase Effectors

Factors involved in megakaryocyte development and platelet production
Chromatin modifying enzymes

Mitotic G2-G2/M phases

Chromosome Maintenance

Activation of APC/C and APC/C:Cdc20 mediated degradation of mitotic proteins
Orc1 removal from chromatin

M Phase

Mitotic Metaphase and Anaphase

Mitotic Anaphase

DNA strand elongation

EML4 and NUDC in mitotic spindle formation

HDR through Homologous Recombination (HRR) or Single Strand Annealing (SS#
APC/C-mediated degradation of cell cycle proteins

Regulation of mitotic cell cycle

Homology Directed Repair

Mitotic Spindle Checkpoint

Separation of Sister Chromatids

Resolution of Sister Chromatid Cohesion

DNA Double-Strand Break Repair

G2/M Checkpoints

Mitotic Prometaphase

DNA Replication Pre-Initiation

Activation of the pre-replicative complex

DNA Repair

Cell Cycle

T
0.5

.0
Normalized Enrichment Score

T
05 1.0 20 25



WT - HMPSNE
GSEA (Gene Set Enrichment Analysis) - pathway KEGG

I W FDR <0.05 FDR > 0.05
—2|.5 —2|.0 -1I.5 -1I.0 —0|.5 OiO 0i5 1 I.0 1 I.5 2i0 2i5
Cytokine-cytoKine receptor interaction
Complement and coagulation cascades
Ferroptosis
Protein processing in endoplasmic reticulum
Fluid shear stress and atherosclerosis
Fatty acid degradation
SNARE interactions in vesicular transport
Porphyrin metabolism
ECM-receptor interaction
Protein export
Mineral absorption
Peroxisome
Sphingolipid metabolism
Other glycan degradation
Lysosome
Glycosaminoglycan biosynthesis
Mismatch repair
Oocyte meiosis
Ubiquitin mediated proteolysis
Polycomb repressive complex
ATP-dependent chromatin remodeling
RNA polymerase
Homologous recombination
Nucleotide excision repair
Base excision repair
Progesterone-mediated oocyte maturation
Fanconi anemia pathway
DNA replication
Cell cycle
I T T T T 1 T T T T 1
-25 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25

Normalized Enrichment Score



WT — HMPSNE
GSEA (Gene Set Enrichment Analysis) - community-contributed Hallmark50

I W FDR < 0.05 FDR > 0.05
—3|.0 —2I.5 —2|.0 —1I.5 —1I.0 —0|.5 oio 0|.5 1i0 1|.5 2i0 2i5
blood coagulation cascade
response to hypoxia; HIF 1A targets
TNFA signaling via NF_B
metabolism of xenobiotics
unfolded protein response; ER stress
IL6 STAT3 signaling during acute phase response
epithelial mesenchymal transition
programmed cell death; caspase pathway
inflammation
adipocyte development
p53 pathway
UV response: upregulated genes
complement cascade
heme metabolism and erythroid lineage
cholesterol homeostasis
muscle differentiation
reactive oxygen species pathway
"KRAS signaling, upregulated genes"
glycolysis and gluconeogenesis
early estrogen response
protein secretion
IL2 STAT5 signaling
DNA repair
sperm development and male fertility
cell cycle progression: mitotic spindle assembly
cell cycle progression: G2/M checkpoint
cell cycle progression: E2F targets
—3|.0 —2|.5 —2|.0 —1I.5 —1I.0 —0I.5 0!0 0|.5 1!0 1|.5 2!0 2!5

Normalized Enrichment Score
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ORA (Over-Representation Analysis)
in treated WT cells

Activation
GO Cellular Components
|
]
]
|
|
]
0 2 4 6 8 10 12
-log10(P)
GO Biological Process
|
]
]
]
]
|
|
|
|
]
]
]
0 2 a 6 8 10

-log10(P)

GO:0005788:
GO:0000139:
GO:0031968:
GO:0031966:
GO:0140534:
GO:0016324:
G0O:0098857:
GO:0009897:
GO:0030312:

G0:0043202
G0:0034361

GO:0015711:
GO:0009100:
GO:0031204:
G0:0019725:
GO:0090150:
GO:0007005:
GO:0010876:
GO:0030001:
GO:0072348:

GO:0098739
G0:0034976
GO:0031667
GO0:0016042

endoplasmic reticulum lumen

Golgi membrane

organelle outer membrane

mitochondrial membrane

endoplasmic reticulum protein-containing complex
apical plasma membrane

membrane microdomain

external side of plasma membrane

external encapsulating structure

: lysosomal lumen

: very-low-density lipoprotein particle
G0:0031985:
GO:0031091:
G0:0098800:
GO:0005777:
GO:0005774:
GO:0042383:
G0:0072546:
G0:0033116:
G0:0035976:

Golgi cisterna

platelet alpha granule

inner mitochondrial membrane protein complex

peroxisome

vacuolar membrane

sarcolemma

EMC complex

endoplasmic reticulum-Golgi intermediate compartment membrane
transcription factor AP-1 complex

organic anion transport

glycoprotein metabolic process

post-translational protein targeting to membrane, translocation
cellular homeostasis

establishment of protein localization to membrane
mitochondrion organization

lipid localization

metal ion transport

sulfur compound transport

: Import across plasma membrane

: response to endoplasmic reticulum stress
: response to nutrient levels

: lipid catabolic process

G0:2001233:
G0O:0009410:
G0O:0015718:
G0O:0009636:
G0:0006954:
G0O:0002274:
G0O:0009611:

regulation of apoptotic signaling pathway
response to xenobiotic stimulus
monocarboxylic acid transport

response to toxic substance
inflammatory response

myeloid leukocyte activation

response to wounding



WT — HMPSNE

ORA (Over-Representation Analysis)
Activation in treated WT cells

Reactome Gene Sets ] |R-HSA-9609507: Protein localization

| R-HSA-382551: Transport of small molecules

] R-HSA-1474244: Extracellular matrix organization

] R-HSA-1630316: Glycosaminoglycan metabolism

| R-HSA-975634: Retinoid metabolism and transport

| R-HSA-381426: Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Growth Factor Binding Proteins (IGFBPs)
| R-HSA-6785807: Interleukin-4 and Interleukin-13 signaling

| R-HSA-381070: IRElalpha activates chaperones

| R-HSA-8874081: MET activates PTK2 signaling

| R-HSA-210991: Basigin interactions

| R-HSA-556833: Metabolism of lipids

| R-HSA-977347: Serine metabolism

| R-HS5A-1793185: Chondroitin sulfate/dermatan sulfate metabolism

| R-HSA-9033241: Peroxisomal protein import

| R-HSA-9818027: NFEZL2 regulating anti-oxidant/detoxification enzymes

| R-HSA-73621: Pyrimidine catabolism

| R-HSA-9839383: TGFBR3 PTM regulation

| R-HSA-198933: Immunoregulatory interactions between a Lymphoid and a non-Lymphoid cell
| R-HSA-9648895: Response of EIF2ZAKL (HRI) to heme deficiency

| R-HSA-9609523: Insertion of tail-anchored proteins into the endoplasmic reticulum membrane

H4og10(P)

KEGG Pathway

| | hsa04060: Cytokine-cytokine receptor interaction
] hsa04141: Protein processing in endoplasmic reticulum
| hsa04512: ECM-receptor interaction
| hsa03320: PPAR signaling pathway
| hsa04610: Complement and coagulation cascades
| hsa04978: Mineral absorption
| hsa03060: Protein export

| hsa04216: Ferroptosis

| hsa04514: Cell adhesion molecule (CAM) interaction

| hsa00514: Other types of O-glycan biosynthesis

3 4 5

Hdog10(P)

hsa04146:

Peroxisome

hsa00600: Sphingolipid metabolism

hsa04115: p53 signaling pathway

hsa00531: Glycosaminoglycan degradation
hsa00260: Glycine, serine and threonine metabolism
hsa04975: Fat digestion and absorption

hsa00513: Various types of N-glycan biosynthesis
hsa04142: Lysosome

hsa04080: Neuroactive ligand-receptor interaction
hsa04217: Necroptosis



Hallmark Gene Sets

Combined GO

WT — HMPSNE
ORA (Over-Representation Analysis)

Activation in treated WT cells

-log10(P)

M5934:
M5890:
M5891:
M5930:
M5902:
M5938:
M5906:
M5932:
M5909:
M5937:
M5892:
M5946:
M5941:
M5945:
M5897:
M5905:
M5924:
M5938:
M5947:
M5922:

HALLMARK XENOBIOTIC METABOLISM

HALLMARK TNFA SIGNALING VIA NFKB
HALLMARK HYPOXIA

HALLMARK EPITHELIAL MESENCHYMAL TRANSITION
HALLMARK APOPTOSIS

HALLMARK P53 PATHWAY

HALLMARK ESTROGEN RESPONSE EARLY
HALLMARK INFLAMMATORY RESPONSE
HALLMARK MYOGENESIS

HALLMARK GLYCOLYSIS

HALLMARK CHOLESTEROL HOMEQSTASIS
HALLMARK COAGULATION

HALLMARK UV RESPONSE UP

HALLMARK HEME METABOLISM

HALLMARK IL6 JAK STAT3 SIGNALING

HALLMARK ADIPOGENESIS

HALLMARK MTORC1 SIGNALING

HALLMARK REACTIVE OXYGEN SPECIES PATHWAY
HALLMARK IL2 STATS SIGNALING

HALLMARK UNFOLDED PROTEIN RESPONSE

GO:0005788:
GO:0015711:
GO0:0000139:
G0:0009100:

endoplasmic reticulum lumen
organic anion transport

Golgi membrane

glycoprotein metabolic process

6 8
-log10(P)

o T
3%
Y

G0:0031968: organelle outer membrane

hsa04060: Cytokine-cytokine receptor interaction

G0:0031204: post-translational protein targeting to membrane, translocation
R-HSA-9609507: Protein localization

G0:0019725: cellular homeostasis

G0:0016324: apical plasma membrane

M5934: HALLMARK XENOBIOTIC METABOLISM

M5890: HALLMARK TNFA SIGNALING VIA NFKB

R-HSA-1474244: Extracellular matrix organization

G0:0090150: establishment of protein localization to membrane
M5930: HALLMARK EPITHELIAL MESENCHYMAL TRANSITION
G0:0098857: membrane microdomain

GO:0010876: lipid localization

R-HSA-1630316: Glycosaminoglycan metabolism

GO:0030001: metal ion transport

GO0:0009897: external side of plasma membrane



GO Cellular Components

GO Biological Process

WT — HMPSNE

ORA (Over-Representation Analysis)
Inhibition in treated WT cells

I
]
T T T T T T T
.0 2.5 5.0 1.5 10.0 12.5 15.0 17.5
-log10({P)
T T T T T
0 5 10 15 20 25

-log10({P)

GO:0098687:
GO:0000228:
G0:0005819:
GO:0005657:
GO0:0005815:
GO:0000940:
GO:0000792:
GO:0042555:
GO:0000781:
GO:0000796:
G0:0031010:
GO:0090734:
G0:0016605:
G0:0051233:
GO:0070603:
GO:0000151:
GO:0005665:
GO:0008622:
GO:0045171:
GO:0000152:

GO:0006259:
GO:0007059:
GO:0006338:
G0:0090068:
G0:1903046:
G0:1905818:
GO:0045786:
G0:0051052:
G0:0034502:
G0O:0060623:
GO:0006275:
GO:0007098:
GO:0044770:
G0:0032465:
G0:0051383:
G0:0050000:
G0:0033260:
GO:0006301:
GO0:0045005:
G0:0009411:

chromosomal region

nuclear chromosome

spindle

replication fork

microtubule organizing center
outer kinetochore
heterochromatin

MCM complex

chromosome, telomeric region
condensin complex

ISWI-type complex

site of DNA damage

PML body

spindle midzone

SWI/SNF superfamily-type complex
ubiquitin ligase complex

RNA polymerase Il, core complex
epsilon DNA polymerase complex
intercellular bridge

nuclear ubiquitin ligase complex

DNA metabolic process
chromosome segregation
chromatin remodeling
positive regulation of cell cycle process
meiotic cell cycle process

regulation of chromosome separation
negative regulation of cell cycle
regulation of DNA metabolic process
protein localization to chromosome

regulation of chromosome condensation

regulation of DNA replication
centrosome cycle

cell cycle phase transition
regulation of cytokinesis
kinetochore organization
chromosome localization
nuclear DNA replication

DNA damage tolerance

DNA-templated DNA replication maintenance of fidelity

response to UV



Reactome Gene Sets

KEGG Pathway

WT — HMPSNE

ORA (Over-Representation Analysis)
Inhibition in treated WT cells

T
0 3 10 15 20 25 30 35

1ogl0(P)

R-HSA-1640170: Cell Cycle

R-HSA-73894: DNA Repair

R-HSA-73886: Chromosome Maintenance

R-HSA-5693532: DNA Double-Strand Break Repair

R-HSA-69190: DNA strand elongation

R-HSA-3247509: Chromatin modifying enzymes

R-HSA-5633007: Regulation of TP53 Activity

R-HSA-8953750: Transcriptional Regulation by E2F6

R-HSA-68952: DNA replication initiation

R-HSA-6804758: Regulation of TP53 Activity through Acetylation

R-HSA-983231: Factors involved in megakaryocyte development and platelet production
R-HSA-5617472: Activation of anterior HOX genes in hindbrain development during early embryogenesis
R-HSA-69205: G1/5-Specific Transcription

R-HSA-3108232: SUMO E3 ligases SUMOylate target proteins

R-HSA-9710421: Defective pyroptosis

R-HSA-2514853: Condensation of Prometaphase Chromosomes

R-HSA-380320: Recruitment of NuMA to mitotic centrosomes

R-HSA-212165: Epigenetic regulation of gene expression

R-HSA-606279: Deposition of new CENPA-containing nucleosomes at the centromere
R-HSA-3232118: SUMOylation of transcription factors

hsa03030: DNA replication

hsa04110: Cell cycle

hsa03460: Fanconi anemia pathway
hsa03020: RNA polymerase

hsa04115: p53 signaling pathway
hsa03083: Polycomb repressive complex
hsa03082: ATP-dependent chromatin remodeling
hsa04120: Ubiquitin mediated proteolysis
hsa05224: Breast cancer

hsa04330: Notch signaling pathway
hsa04340: Hedgehog signaling pathway
hsa00310: Lysine degradation

hsa04540: Gap junction

hsa04152: AMPK signaling pathway
hsa05222: Small cell lung cancer

10g10({P)



WT — HMPSNE

ORA (Over-Representation Analysis)
Inhibition in treated WT cells

Hallmark Gene Sets

]
]
]
0 5

Combined GO

15

-log10(P)

20

20
-logl0(P)

25

M5925: HALLMARK E2F TARGETS

M5901: HALLMARK G2ZM CHECKPOINT
M5893: HALLMARK MITOTIC SPINDLE
M5951: HALLMARK SPERMATOGENESIS
M5919: HALLMARK HEDGEHOG SIGNALING

R-HSA-1640170: Cell Cycle

GO:0006259: DNA metabolic process

G0:0007059: chromosome segregation
R-HSA-73894: DNA Repair

GO:0006338: chromatin remodeling

G0:0098687: chromosomal region

GO:0090068: positive regulation of cell cycle process
G0:1903046: meiotic cell cycle process
R-HSA-73886: Chromosome Maintenance

hsa03030: DNA replication

GO0:0045786: negative regulation of cell cycle
hsa04110: Cell cycle

G0:0051052: regulation of DNA metabolic process
G0:0042575: DNA polymerase complex
G0:0034502: protein localization to chromosome
R-HSA-3247509: Chromatin modifying enzymes
GO:0060623: regulation of chromosome condensation
GO:0005814: centriole

hsa03020: RNA polymerase

R-HSA-5633007: Regulation of TP53 Activity



WT-HMPSNE vs WT-CTR
Metabolomics




PC 2 (6.9 %)

10

-10

WT — HMPSNE

-10

PC 1 (73.6 %)

o WT CTR
o WT HMPSNE

[PERMANOVA] F-value: 69.204; R-
squared: 0.89638; p-value (based
on 999 permutations): 0.011

The statistical significances of the
group patterns are evaluated using
PERMANOVA. Please note the
distributions are computed using
the Euclidean distance based on
the PCs in the current display.



WT — HMPSNE

Histidinol
Glutathione

Biotin
Hydroxyphenyllacti
NAD

Oxoadipic acid
L-Tryptophan
Xanthosine
Creatine
Ophthalmic acid
Cytosine
L-Threonine
Ureidopropionic ac
4-Guanidinobutanoi
Isoleucine
L-Tyrosine
L-Valine
Phenylalanine
Pantothenic acid
N-Methyl-D-asparti
Glutamine

Serine

4-Pyridoxic acid
Adenosine diphosph
5-Hydroxylysine
Kynurenine
L-Alanine
Salicyluric acid
Lactic acid

Oxalic acid
Pyroglutamic acid
FAD
Tetradecanoylcarni
Guanidinosuccinic
Propionylcarnitine
Isovalerylcarnitin
Aminoadipic acid
Dodecanoylcarnitin
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/N S S [ A _— class 15 class
Adenosine WT_CTR
Trimethylamine 1 WT_HMPSNE
NADH
Histamine 0.5
5'-Methylthioadeno
CDP-ethanolamine 0
L-Homoserine
Guanosine diphosph -0.5
Agmatine
Choline -1
Putrescine
Proline -1.5



WT — HMPSNE

Isovalerylcarnitine
Dodecanoylcarnitine
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WT — HMPSNE

Top 25 _Increased metabolites in treated cells

Hypoxanthine
Cytidine
Cytosine
Adenosine
Glutamine
Uracil
Glycocholic acid

Sorbitol

NADH
Hydroxyphenyllactic acid
L-Threonine
5-Hydroxylysine
L-Tryptophan

Histidinol
N-Methyl-D-aspartic acid
L-Homoserine

Serotonin

Biotin
4-Guanidinobutanoic acid
Xanthine

Choline
Guanosine
CDP-ethanolamine
Histamine
Pyridoxal

I
0 5 10 15 20
log2(FC)

Top 25 _Decreased metabolites in treated cells

Isovalerylcarnitine-
Propionylcarnitine-
AICAR-

Orotic acid+

Isocitric acid-
Phosphorylcholine-
Dodecanoylcarnitine-
Aminoadipic acid+
Guanidinosuccinic acid-
S-Adenosylhomocysteine-
Butyrylcarnitine-
Tetradecanoylcarnitine
beta-Alanine-
cis-Aconitic acid-

2-Aminoisobutyric acid-

I I I
5 4 3 2 1 0
log2(FC)



WT — HMPSNE

Quantitative Enrichment Analysis (QEA)
Overview of Enriched Metabolite Sets (Top 25)

Phospholipid Biosynthesis - ‘
Histidine Metabolism [ )
Methionine Metabolism -

Tyrosine Metabolism -

Betaine Metabolism 1 ‘
Estrone Metabolism ()
Plasmalogen Synthesis 4 .

Warburg Effect A o

Pterine Biosynthesis - Enrichment Ratio

® 7
@ s

Fatty Acid Elongation In Mitochondria
Retinol Metabolism A

Steroidogenesis A

Ethanol Degradation - P-value
De Novo Triacylglycerol Biosynthesis A 8e-08
_ 6e-08
Tryptophan Metabolism 46-08
e_
Selenoamino Acid Metabolism - . 26-08
Biotin Metabolism - ‘ 0e+00
Threonine and 2-Oxobutanoate Degradation - '

Transfer of Acetyl Groups into Mitoch... 4 ®
Beta-Alanine Metabolism - o
Propanoate Metabolism - o

Fructose and Mannose Degradation
Ketone Body Metabolism -
Mitochondrial Electron Transport Chain o

Phytanic Acid Peroxisomal Oxidation -

7.0 7.5 8.0 8.5
-log10 (p-value)



Activation in treated cells

WT — HMPSNE

Overview of Enriched Metabolite Sets (Top 25)

Methionine Metabolism o

Betaine Metabolism -

Purine Metabolism

Glycine and Serine Metabolism 4
Nicotinate and Nicotinamide Metabolism -
Phosphatidylethanolamine Biosynthesis -
Threonine and 2-Oxobutanoate Degradation -
Glutamate Metabolism A
Phosphatidylcholine Biosynthesis -
Ammonia Recycling -

Beta-Alanine Metabolism o

Pyrimidine Metabolism -

Tryptophan Metabolism -

Vitamin B6 Metabolism 4

Glycerol Phosphate Shuttle A

Cardiolipin Biosynthesis 4

Phospholipid Biosynthesis -

Nucleotide Sugars Metabolism
Glutathione Metabolism -

Propanoate Metabolism -

Histidine Metabolism -

Ketone Body Metabolism 4
Glucose-Alanine Cycle A

Carnitine Synthesis

Estrone Metabolism -

[ ]
®
o
®
o
L
®
®
®
L J
(]
®
o
®
L
®
o
o
®
O
O
®
2 3 ; 5

-10g10 (p-value)

Enrichment Ratio
® 3

[
Qs

P-value
0.05
0.04
0.03
0.02
0.01
0.00

Over-Representation Analysis (ORA)

Inhibition in treated cells

Overview of Enriched Metabolite Sets (Top 25)

Phosphatidylcholine Biosynthesis
Citric Acid Cycle

Methylhistidine Metabolism
Histidine Metabolism -

Pyrimidine Metabolism 4
Catecholamine Biosynthesis 4
Ubiquinone Biosynthesis 4

Betaine Metabolism -

Carnitine Synthesis o

Estrone Metabolism 4
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[PERMANOVA] F-value: 12.37; R-
squared: 0.60726; p-value (based
on 999 permutations): 0.012

The statistical significances of the
group patterns are evaluated using
PERMANOVA. Please note the
distributions are computed using
the Euclidean distance based on
the PCs in the current display.
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Top 25 _Increased lipids in treated WT cells
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Overview of Enriched Metabolite Sets (Top 25)
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glycerolipids [GL]

sphingolipids [SP]

triacylglycerols [GL0301]

headgroup with neutral charge

lipid storage

lipid droplet

glycerophosphoglycerols [GP04]
diacylglycerophosphoglycerols [GP0401]
lipid-mediated signalling
endosome/lysosome

ceramide phosphocholines (sphingomyelins) [SP0301]
N-acylsphingosines (ceramides) [SP0201]
fatty acid with 22 carbons
diacylglycerols [GL0201]

C22:5

fatty acid with more than 3 double bonds
fatty acid with 22-24 carbons

plasma membrane
monoacylglycerophosphocholines [GP0105]
fatty acid with 3-5 double bonds

C22:4

fatty acids and conjugates [FAO1]

fatty acids [FA]

very high lateral diffusion

fatty acid with 5 double bonds

d18:1 (sphingosine)

PC(40:6)

C22:6

fatty acid with 4 double bonds

C22:0

PG(36:2)

below average transition temperature
PC(38:4)

polyunsaturated fatty acid

Cer(40:2)

fatty acid with more than 18 carbons
d18:0 (dihydrosphingosine)

fatty acid with 21 carbons

PG(34:2)

lysoglycerophospholipids
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LION enrichment analysis — ranking mode

WT — HMPSNE

Increased in treated WT cells

LION enrichment analysis ranking mode
WT_HMPSNE vs. WT_CTR
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LION enrichment analysis — ranking mode

Decreased in treated WT cells
LION enrichment analysis ranking mode
WT_CTR vs. WT_HMPSNE

glycerophospholipids [GP]
monounsaturated fatty acid
endoplasmic reticulum (ER)

fatty acid with 16-18 carbons

fatty acid with 18 carbons or less
membrane component

fatty acid with less than 2 double bonds
glycerophosphoethanolamines [GP02]
1-alkyl,2-acylglycerophosphoethanolamines [GP0202]
contains ether-bond

fatty acid with 16 carbons

Cc18:1

C16:1

fatty acid with 18 carbons

neutral intrinsic curvature

below average lateral diffusion
glycerophosphoinositols [GP06]
headgroup with positive charge / zwitter-ion
low lateral diffusion
glycerophosphoserines [GP03]

above average bilayer thickness
diacylglycerophosphoserines [GP0301]
diacylglycerophosphoinositols [GP0601]
C20:1
diacylglycerophosphoethanolamines [GP0201]
C12:0

PE(32:1)

average transition temperature

negative intrinsic curvature

very high bilayer thickness

positive intrinsic curvature

high bilayer thickness

fatty acid with 13-15 carbons

C16:0

diacylglycerophosphocholines [GP0101]
PI(36:2)

fatty acid with 14 carbons

PE(O-34:3)

C20:5

C18:2
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LION enrichment analysis - target-list mode

Increased in treated WT cells
LION enrichment analysis target-list mode

glycerolipids [GL]

headgroup with neutral charge

lipid storage

lipid droplet
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lipid-mediated signalling
monoacylglycerophosphocholines [GP0105]
fatty acid with more than 3 double bonds
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fatty acid with 3-5 double bonds

very high lateral diffusion
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N-acylsphingosines (ceramides) [SP0201]
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below average transition temperature
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glycerophosphocholines [GP01]
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C22:5

polyunsaturated fatty acid

low transition temperature

fatty acid with 5 double bonds

d18:0 (dihydrosphingosine)

PG(36:2)

high lateral diffusion

C16:0

fatty acid with 22-24 carbons
monoalkylglycerophosphocholines [GP0106]
very low transition temperature

very low bilayer thickness

sphingolipids [SP]
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LION enrichment analysis - target-list mode

Decreased in treated WT cells
LION enrichment analysis target-list mode

glycerophospholipids [GP]

fatty acid with 16-18 carbons
monounsaturated fatty acid

fatty acid with 18 carbons or less
endoplasmic reticulum (ER)

fatty acid with 16 carbons

fatty acid with less than 2 double bonds
C18:1

membrane component

neutral intrinsic curvature
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