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Table S12. Pathways associated with SEGS123 and specific to H2+H3 isochore classes. 

Pathways Accession 1 References 2 

5HT1 3 type receptor mediated signaling pathway P04373 (Karmakar and Lal, 2021) 
5HT2 4 type receptor mediated signaling pathway P04374 

 
Alpha adrenergic receptor signaling pathway P00002 (Huang et al., 2018) 
B cell activation P00010 (Michaud et al., 2021) 
Beta1 adrenergic receptor signaling pathway P04377 (Kim et al., 2014) 
Beta2 adrenergic receptor signaling pathway P04378 (Kim et al., 2014) 
Cortocotropin releasing factor receptor signaling 
pathway 

P04380 (Grammatopoulos, 2012) 

Dopamine receptor mediated signaling pathway P05912 (Grant et al., 2022) 
Endothelin signaling pathway P00019 (Bagnato et al., 2008; Tocci et al., 2019) 

Enkephalin release P05913 
(Sánchez et al., 2023; García-

Domínguez, 2024) 
Flavin biosynthesis P02741 (Ozsvari et al., 2017) 
Fructose galactose metabolism P02744 (Saito et al., 2021) 
Hedgehog signaling pathway P00025 (Kostenis et al., 2020; Jing et al., 2023) 
Heme biosynthesis P02746 (Fiorito et al., 2020) 
Heterotrimeric G-protein, Gq and Go alpha 
mediated pathways 

P00027 (Kostenis et al., 2020) 

Histamine H1 receptor mediated signaling pathway P04385 (Zhao et al., 2020) 
Histamine H2 receptor mediated signaling pathway P04386 (Zhao et al., 2020) 
Huntingin protein  P00029 (Gibbings et al., 2012; Pircs et al., 2018) 
Interferon-gamma signaling pathway P00035 (Jorgovanovic et al., 2020) 
Metabotropic glutamate receptor group I pathway P00041 (Yu et al., 2017) 
Metabotropic glutamate receptor group II pathway P00040 (Yu et al., 2017) 
Metabotropic glutamate receptor group III pathway P00039 (Yu et al., 2017) 
mRNA splicing P00058 (Choi et al., 2023) 
Nicotinic acethylcholine receptor signaling pathway P00044 (Bele et al., 2024) 
Opioid proopiomelanocortin pathway P05917 (Millington, 2006) 
Oxytocin receptor mediated signaling pathway P04391 (Lerman et al., 2018) 
p38 MAPK 5 pathway P05918 (Phan et al., 2023) 

P53 pathway feedback loops 1 P04392 
(Chen et al., 2023; Harris and Levine, 

2005) 
Pentose phosphate pathway P02762 (Ghanem et al., 2021) 
Salvage pyrimidine deoxyribonucleotides P02774 (Wang et al., 2021) 
Salvage pyrimidine ribonucleotides P02775 (Mollick and Laín, 2020) 
TGF-β 6 signaling pathway P00052 (Giarratana et al., 2024) 
Thyrotropin-releasing hormone receptor signaling P04394 (Chan et al., 2017; Krashin et al., 2019) 
Toll receptor signaling pathway P00054 (Chan et al., 2017) 
1 Pathway map accession number (replace X by the corresponding accession number in 

https://www.pantherdb.org/pathway/pathwayDiagram.jsp?catAccession=X to access the related pathway 

map). 2 A short summary of these pathways is given in File S6. 3 5HT1, serotonin 1A receptor. 4 5HT2, 

stands for serotonin 2A receptor. 5 MAPK, mitogen-activated protein kinase. 6 TGF-β, transforming growth 

factor-β. 
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Contextualization of Table S12 information 

Table S12 shows the 34 pathways specific to the H2+H3 isochore class. To make this table more 

informative, we compiled and briefly summarized the quotations from its publication references 

as presented below.  

5HT pathway encodes genes in the transmembrane transport of monoamines, such as dopamine, 

norepinephrine, serotonin, and histamine. The crosstalk between the immune cells and the 

nervous system through serotonin or 5-hydroxytryptamine (5-HT) in the tumor 

microenvironment affect cancer pathogenesis (Karmakar and Lal, 2021)⁠; the vesicular 

monoamine transporter-2 (VMAT-2) facilitates the sequestration of catecholamines and 

serotonin into synaptic vesicles, and is therefore an essential regulator of neuronal function. 

Increasing evidence suggests that the immune system can be affected by the nervous system and 

neurotransmitters, such as dopamine Feng (Kang et al., 2023)⁠. Activation of adrenergic 

receptors (ARs) signalling promotes the development and progression of lung cancer and that 

pharmacological interference by β-AR blockers could partially reverse lung cancer progression 

(Huang et al., 2018)⁠. Negative regulation of immune responses in cancer can be mediated by 

regulatory B cells and is often a result of increased production of cytokines that can directly and 

indirectly affect anti-tumor immune function and cancer cell growth (Michaud et al., 2020)⁠. 

Selective ligands for the β1AR modulate the metabolism of specific miRs. Consequently, the 

activation of β1AR-mediated β-arrestin1 signaling has been shown to be involved in miR 

biogenesis, which may be linked to cell survival (Kim et al., 2014)⁠. Corticotropin-releasing 

hormones are neuropeptides (‘stress’-peptides), which the integration of an intricate series of 

physiological responses involving the autonomic, endocrine, immune, cardiovascular, and 

reproductive systems. Their ability to couple to multiple G-proteins and regulate diverse 

intracellular networks that involve intracellular effectors such as cAMP and an array of PKs in 

an agonist and tissue-specific manner, a property that allows them to exert unique roles in the 

integration of homeostatic mechanisms. Interestingly, in cancer, corticotropin-releasing 

hormones appear to employ the cAMP/PKA cascade to inhibit the ERK1/2 activation affecting 

cell proliferation or differentiation (Grammatopoulos, 2012)⁠. Despite mechanistic data 

supporting the direct involvement of dopamine in cancer is still challenging, the dopamine 

pathway is emerging as a potential target in antitumor therapies (Grant et al., 2022)⁠. The 

endothelin pathway includes two G protein-coupled receptor subtypes and promotes growth and 

progression of a variety of tumors including pulmonary (Bagnato et al., 2008; Thompson et al., 

2019). Enkephalins includes a subclass of endogenous opioid peptides that play a key role in 

pain modulation through opioid receptors located widely throughout both the central and 

peripheral nervous systems (García-Domínguez, 2024)⁠. These peptides mediate cancer 

progression favoring the mitogenesis, migration, and invasion of tumor cells, promoting 

metastasis and anti-apoptotic mechanisms, and facilitating angiogenesis/lymphangiogenesis 

(Sánchez et al., 2023)⁠. Flavin is essential for mitochondrial respiration. Targeting flavin-

containing enzymes eliminates cancer stem cells (Ozsvari et al., 2017)⁠. Fructose metabolism 



3 
 

can be driven under low oxygen; it promotes the Warburg effect to preferentially downregulate 

mitochondrial respiration and increases aerobic glycolysis that may aid metastases that initially 

have low oxygen supply. Uric acid may facilitate carcinogenesis by inhibiting the TCA cycle, 

stimulating cell proliferation by mitochondrial ROS, and blocking fatty acid oxidation. Lactate 

may also contribute to cancer growth by suppressing fat oxidation and inducing oncogene 

expression. Fructose intake was associated with cancer growth and that fructose transporters are 

upregulated in various malignant tumors (Nakagawa et al., 2020)⁠. Aberrant activation of 

Hedgehog pathway is associated with neoplastic transformations, malignant tumors, and drug 

resistance of a multitude of cancers. It drives the progression of cancers by regulating cancer cell 

proliferation, malignancy, metastasis, and the expansion of cancer stem cells (Sari et al., 2018; 

Jing et al., 2023). The heme biosynthesis is essential to regulate the tumor suppressor P53, a 

transcription factor that controls a large network of biological processes (Fiorito et al., 2020) 

including oxygen transport. To date, no single therapeutic agent exerts its effects via perturbing 

heterotrimeric G protein function, despite a plethora of evidence linking G protein malfunction to 

human disease. Several recent studies have brought to light that the Gq family–specific inhibitor 

FR900359 (FR) is unexpectedly efficacious in silencing the signaling of Gq oncoproteins, 

mutant Gq variants that mostly exist in the active state (Kostenis et al., 2020). H1 histamine 

receptors belong to the family of rhodopsin-like G-protein-coupled receptors. It has been shown 

that their expression is increased in several types of cancer. However, its functional roles in 

tumor progression remain largely unknown (Zhao et al., 2019)⁠. Due to impaired autophagy, 

Argonaute-2 (AGO2) accumulates in the presence of neuronal protein aggregates. Accumulation 

of AGO2, a key factor of the RNA-induced silencing complex that executes microRNA 

functions, results in global alterations of microRNA levels and activity. Together, these results 

demonstrate that impaired autophagy found in neurodegenerative diseases not only influences 

protein aggregation but also directly contributes to global alterations of intracellular post-

transcriptional networks (Pircs et al., 2018)⁠. Each miRNA may target tens-to-hundreds of 

transcripts to control key biological processes. Autophagy, a degradative process in which 

cytoplasmic material is targeted into double-membrane vacuoles, is recognized to critically 

contribute to cellular homeostasis. Autophagy establishes a checkpoint required for continued 

loading of miRNA into AGO2. Consequently, cell homeostasis distrupt by autophagy 

impairment may lead to cancer (Gibbings et al., 2012)⁠. Interferon-γ (IFN-γ) has cytostatic, pro-

apoptotic and antiproliferative functions, IFN-γ and is, therefore, considered potentially useful 

for adjuvant immunotherapy for different types of cancer. However, it has been shown that the 

concentration of IFN-γ in the tumor microenvironment determines its function, which may also 

contributes to tumor growth and progression (Jorgovanovic et al., 2020)⁠. In addition to its 

function in synaptic signaling, Metabotropic glutamate receptors (mGluRs) have been shown to 

participate in the transformation and maintenance of various cancer types indicating that genes 

encoding mGluRs, GRMs, can function as oncogenes (Yu et al., 2016)⁠. Specific splicing 

isoforms are critical in certain cellular processes, particularly in regulating cell numbers. These 

isoforms have been found to intricately control signaling pathways crucial for cell cycle 
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progression, proliferation, and apoptosis. Disruptions in splicing caused by genetic mutations, 

have been implicated in the development and progression of tumors (Choi et al., 2023)⁠. The 

expression of nicotinic acetylcholine receptors is increased in certain cancers, such as lung 

cancer, and has been associated with cell proliferation, epithelial-to-mesenchymal cell transition, 

angiogenesis and apoptosis prevention (Bele et al., 2024)⁠. The precursor protein 

proopiomelanocortin (POMC) produces many biologically active peptides via a series of 

enzymatic steps in a tissue-specific manner, yielding the melanocyte-stimulating hormones 

(MSHs), corticotrophin (ACTH) and beta-endorphin. Expression mutant receptor may correlate 

with an increased incidence of skin cancer, for instance (Millington et al., 2006)⁠. The 

neuropeptide hormone oxytocin, which is released from the posterior pituitary gland, is involved 

in a number of physiological processes and may promote cell proliferation (Lerman et al., 

2018)⁠. p38 Mitogen Activated Protein Kinases (p38 MAPKs) was first identified as a stress 

response protein kinase that phosphorylates different transcriptional factors. Dysregulation of 

p38 pathways, in particular p38γ, are associated with cancer development, metastasis, autophagy 

and tumor microenvironment (Phan et al., 2023)⁠. Feedback Loops 1 primarily involves 

negative feedback loops that tightly regulate p53 levels and activity to prevent uncontrolled cell 

death or tumor suppression and whose key components are MDM2, MDM4, WIP1, and miR-34 

(Harris and Levine, 2005)⁠. The pentose phosphate pathway (PPP) is a major glucose metabolic 

shunt that is upregulated in cancer cells. The PPP comprises an oxidative and a nonoxidative 

phase and is essential for nucleotide synthesis of rapidly dividing cells. The PPP also generates 

nicotinamide adenine dinucleotide phosphate, which is required for reductive metabolism and to 

counteract oxidative stress in tumor cells (Ghanem et al., 2021)⁠. The salvage nucleotide 

synthesis pathway uses exogenous nucleic acid raw materials or endogenous nucleic acid 

degradation intermediates as substrates. It has been shown that the dysfunction of pyrimidine 

metabolism is closely related to cancer progression and numerous drugs targeting pyrimidine 

metabolism have been approved for multiple types of cancer (Wang et al., 2021)⁠. The 

pyrimidine ribonucleotides pathway provides the necessary building blocks for nucleic acids and 

precursors for cell membrane synthesis, which makes it essential for cell growth and 

proliferation (Mollick and Laín, 2020)⁠. Increased TGF-β signaling can lead to both cell cycle 

arrest and apoptosis, or paradoxically, to proliferation and differentiation (Giarratana et al., 

2024)⁠. In normal condition, hypothalamus releases thyrotropin-releasing hormone triggering 

the pituitary gland to release thyroid-stimulating hormone, which stimulates thyroid to release T3 

and T4. In vitro studies as well as research in animal models demonstrated an effect of the 

thyroid hormones T3 and T4 on cancer proliferation, apoptosis, invasiveness and angiogenesis 

(Krashin et al., 2019)⁠. Moreover, high thyrotropin concentrations are associated with increased 

incidence of colorectal cancer in older men (Chan et al., 2017)⁠. Toll receptors play a dual 

regulatory role in the tumor microenvironment. The inflammatory response induced by Toll 

receptors contributes to the immune escape of tumor cells (Chen et al., 2022)⁠. 
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