The Hedgehog (Hh) Signaling Pathway

Analogy: A "Long-distance Morphogen Radio". The sending cell broadcasts a signal
(Hh ligand) that creates a concentration gradient, giving cells different instructions based
on how "loud" the signal is (high vs. low concentration).

During Normal Development:

o In the Absence of the Hh ligand, the receptor Patched (PTCH1) inhibits a
protein called Smoothened (SMO). This allows a complex of proteins to
phosphorylate and cleave the GLI transcription factors. Cleaved GLI acts as
a repressor of target genes.

o In the Presence of Hh ligand: The ligand binds to PTCH1, relieving the
inhibition on SMO. Active SMO prevents GLI processing, allowing full-length
GLlI to travel to the nucleus and act as a transcriptional activator.

Key Developmental Roles:

o Patterning: Establishes the anterior-posterior axis of limb buds (e.g., why
your pinky is different from your thumb).

o Cell Fate Specification: Determines cell types in the neural tube (motor
neurons vs. interneurons).

o Stem Cell Maintenance: Crucial for maintaining stem cell populations in
various tissues, including the skin, brain, and hair follicles.

Dysregulation in Cancer:

o Ligand-Dependent: Tumor cells produce Hh ligand, stimulating
themselves (autocrine) or the surrounding stroma (paracrine), which in turn
supports tumor growth.

o Ligand-Independent (Mutational): Inactivating mutations in
the PTCH1 tumor suppressor or activating mutations in SMO. This makes
the pathway constitutively "ON," even without ligand. This is the hallmark
of Basal Cell Carcinoma (BCC) and Medulloblastoma.

Cancer Hallmarks Promoted:

o Sustained Proliferation: GLI targets include pro-proliferative genes.
o Self-Renewal: Maintains the cancer stem cell population.
o Cell Survival: Inhibits apoptosis.

Therapeutic Implications:

o SMO Inhibitors: Vismodegib and Sonidegib are approved for treating
advanced Basal Cell Carcinoma. They are a direct result of understanding
the pathway's genetics.

o Resistance: Tumors can develop resistance, often through mutations in
SMO, necessitating GLI inhibitors.



Key Takeaways

The Hedgehog pathway exemplifies the close relationship between development and
oncology. Its dysregulation is central to the biology of BCC and medulloblastoma and
contributes to therapy resistance in other cancers. While multiple SMO inhibitors are FDA-
approved, resistance and toxicity remain significant challenges. The next frontier lies in
downstream inhibition and rational combinations, which may finally realize the full
therapeutic potential of developmental oncology.

Further reading: https://www.nature.com/articles/s41392-023-01559-5



https://www.nature.com/articles/s41392-023-01559-5

The Notch Signaling Pathway

Analogy: A "Contact-Based Jury System". It requires direct cell-to-cell contact. One
cell presents the "case" (ligand), and the adjacent cell "delivers the verdict" (changes its
gene expression). It's a key mediator of lateral inhibition (e.g., "l will become a neuron, so
you cannot").

During Normal Development

o Aligand (Jagged, Delta-like) on the "sender" cell binds to the Notch
receptor on the "receiver" cell.

o This binding triggers two proteolytic cleavages of the Notch receptor by
enzymes called ADAM and y-secretase.

o The released Notch Intracellular Domain (NICD) translocates to the nucleus.

o In the nucleus, NICD binds to the CSL transcription factor complex, converting
it from a repressor to an activator, leading to the expression of target genes like
the Hes/Her family.

Key Developmental Roles:

o Cell Fate Decisions: Dictates whether a cell becomes a secretory cell or
an absorptive cell in the gut.

o Lateral Inhibition: Ensures proper spacing of cells, such as in the
development of sensory hair cells in the inner ear and neurons in the
nervous system.

o Angiogenesis: Controls whether an endothelial cell becomes a tip cell
(leading migration) or a stalk cell (following) during blood vessel formation.

Dysregulation in Cancer

o Oncogenic Role: Can be a potent oncogene. Gain-of-function mutations
in NOTCH1 are found in T-cell Acute Lymphoblastic Leukemia (T-ALL).
The receptor is constitutively cleaved, acting like a "stuck microphone"
broadcasting a proliferation signal.

o Tumor Suppressor Role: In other contexts, Notch can act as a tumor
suppressor. For example, loss of Notch signaling in the skin can lead
to Squamous Cell Carcinoma. This highlights its context-dependent
nature.

Cancer Hallmarks Promoted (when oncogenic):

o Sustained Proliferation: NICD drives expression of cell cycle genes like c-
Myc.

o Evading Apoptosis: Promotes cell survival.
Angiogenesis: Influences blood vessel formation.

Therapeutic Implications:



o Y-Secretase Inhibitors (GSls): Block the final, activating cleavage of
Notch. Their use is limited by severe side effects (particularly in the gut,
where Notch is essential for stem cell maintenance).

o Antibodies: Monoclonal antibodies that block specific Notch receptors or
ligands are in development to improve specificity.

Key Takeaways

The Notch pathway is a paradigm of complexity in developmental oncology, illustrating
how the same pathway can function as both an oncogene and a tumor suppressor
depending on context. The approval of nirogacestat and the accelerated approval of
DLL3-targeted tarlatamab underscore that this once “undruggable” pathway is now
clinically actionable. However, toxicity and context-dependence remain formidable
challenges

Further reading: https://www.nature.com/articles/s41392-024-01828-x
https://www.frontiersin.org/journals/cell-and-developmental-
biology/articles/10.3389/fcell.2021.650772/full



https://www.nature.com/articles/s41392-024-01828-x
https://www.frontiersin.org/journals/cell-and-developmental-biology/articles/10.3389/fcell.2021.650772/full
https://www.frontiersin.org/journals/cell-and-developmental-biology/articles/10.3389/fcell.2021.650772/full

The Myc (c-Myc) Master Regulator

Analogy: The "Cellular Conductor's Baton" or the "Master Amplifier." Myc doesn't
specify whatto play (cell identity) but tells the orchestra to play louder and
faster (increased cellular activity).

During Normal Development

Myc is a transcription factor that forms a heterodimer with its partner Max.
This complex binds to E-box sequences in the DNA and amplifies the
expression of already active genes.
o It does not turn on silent genes but acts as a global amplifier of the existing
transcriptional program.
Key Developmental Roles:

o Driving Proliferation: In response to virtually any mitogenic signal (like
those from Hh or Notch), Myc is upregulated to promote the biosynthesis
required for cell division (ribosomes, mitochondria, metabolism).
Regulating Growth: Increases cell size.

Metabolism: Shifts cellular metabolism towards glycolysis and
glutaminolysis to fuel rapid growth.

o Stem Cell Pluripotency: One of the original "Yamanaka factors" used to
reprogram somatic cells into induced pluripotent stem cells (iPSCs).

Dysregulation in Cancer
e Mechanism of Activation:

o Amplification: The MYC gene is one of the most commonly amplified
oncogenes in human cancers.

o Translocation: In Burkitt Lymphoma, the MYC gene is translocated next
to powerful immunoglobulin enhancers, causing its massive
overexpression.

o Upstream Signaling: Can be overexpressed due to hyperactivation of
upstream pathways (Ras, Wnt, Hh, Notch).

Cancer Hallmarks Promoted:

o Sustained Proliferation: The primary function of Myc. It drives the cell
cycle and biomass production.

o Metabolic Reprogramming: Alters metabolism to support the high energy
and biosynthetic demands of a cancer cell (the Warburg effect).

o Genomic Instability: Myc can cause DNA replication stress, leading to
mutations and chromosomal rearrangements.

o Angiogenesis: Regulates expression of pro-angiogenic factors.

o Immune Evasion: Can modulate the tumor microenvironment.

Therapeutic Implications:



o The "Undruggable" Target: Myc itself has been notoriously difficult to
target with small molecules because it is a transcription factor without a
classic active site.

o Indirect Targeting: Strategies include targeting its partner Mayx, its stability,
or the downstream metabolic pathways it controls.

o Promising Approaches: BET bromodomain inhibitors can indirectly
suppress Myc transcription by displacing transcriptional co-activators from
chromatin.

Key Takeaways

MYC is a master regulator of development and one of the most potent oncogenes across
cancers. Although historically considered undruggable, recent breakthroughs such as
Omomyc and elF4A inhibitors herald a new era of therapeutic possibilities. Targeting
MY C remains challenging due to toxicity and complexity, but continued innovation holds
promise for translating decades of research into meaningful clinical advances.

Further reading: https://www.nature.com/articles/s41571-021-00549-2



https://www.nature.com/articles/s41571-021-00549-2

The EMT Signaling Pathway

Analogy: A "Cellular Witness Protection Program™. A cell changes its entire identity—
it loses its old name and address (epithelial markers), gets a new ID (mesenchymal
markers), and gains the ability to relocate and hide.

During Normal Development

EMT is induced by key signaling pathways (TGF-B, Wnt, Notch, RTKs) that activate a
core set of EMT Transcription Factors (EMT-TFs) such as Snail, Slug, Twist, and

ZEB1/2.

1.

Downregulation of Epithelial Program: These EMT-TFs directly repress
genes for epithelial adhesion, most importantly E-cadherin. They dismantle
the "mortar" (tight junctions, desmosomes) that holds the epithelial "bricks"
together.

Upregulation of Mesenchymal Program: They simultaneously activate
genes for mesenchymal proteins like N-cadherin, Vimentin, and
Fibronectin.

Cytoskeletal Remodeling: The cell's internal architecture shifts from a
cortical actin ring to stress fibers, enabling motility and contractility.

. Production of Matrix Metalloproteinases (MMPs): The cell secretes

enzymes to degrade the surrounding basement membrane and
extracellular matrix, clearing a path for migration.

Key Developmental Roles:

o

Gastrulation: The very first EMT event in embryonic development, forming
the three germ layers.

Neural Crest Cell Migration: The quintessential example. Neural crest
cells undergo EMT to detach from the neural tube and migrate throughout
the embryo, giving rise to diverse structures like facial bones, neurons, and
skin pigment cells.

Organogenesis: Essential for heart valve formation, palate fusion, and
mesoderm formation.

Dysregulation in Cancer

¢ Mechanism of Activation:

o

o

Signaling from the Tumor Microenvironment: Factors like TGF-B (from
cancer-associated fibroblasts), Hedgehog, and hypoxia (low oxygen) can
reactivate the EMT program in carcinoma cells.

Oncogenic Signaling: Pathways like Ras and Src can directly induce
EMT-TFs.

The result is the same: loss of E-cadherin, gain of invasiveness, and
dissemination from the primary tumor.

Cancer Hallmarks Promoted:



o

o

Tissue Invasion & Metastasis: This is the primary role. EMT enables cells
to break through the basement membrane and invade surrounding tissues,
the first step in the metastatic cascade.

Resistance to Apoptosis & Therapy: Mesenchymal cells are often more
resistant to chemotherapy and radiotherapy.

Cancer Stem Cell (CSC) Properties: EMT can confer stem-like, self-
renewing capabilities on tumor cells, driving tumor initiation and relapse.
Immune Evasion: Mesenchymal cells can alter their surface proteins to
evade immune detection.

Therapeutic Implications:

o

The Plasticity Challenge: EMT is not a binary switch but a plastic,
reversible state. Cells can undergo MET (Mesenchymal-to-Epithelial
Transition) at the metastatic site. Targeting this fluid process is extremely
difficult.

Targeting the Inducers: Drugs targeting upstream pathways like TGF-3
are in clinical trials.

Diagnostic/Prognostic Value: Detecting EMT-TFs or mesenchymal
markers in patient tumors is a powerful indicator of poor prognosis and high
metastatic potential.

Inhibiting MET: The goal is to prevent the initial dissemination of cells,
making EMT a key anti-metastatic target.

Key Takeaways

EMT and cellular plasticity represent critical processes at the intersection of development
and cancer. While no therapies directly targeting EMT are yet approved, emerging
strategies are showing promise. Understanding EMT dynamics and integrating targeted
therapies with immunotherapy may finally translate this complex developmental program
into a therapeutic vulnerability in oncology.



