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Learning Objectives: Signal Transduction Pathways

Biochemical Principles

Define transmembrane communication
mechanisms across lipid bilayers.

Distinguish ligand clustering versus
conformational state shifts.

Understand receptor phosphorylation,

adaptor recruitment, and second messengers.

Receptor Classes

Analyze RTKs, GPCRs, and non-receptor
tyrosine kinase receptors.

Examine direct proteolysis pathways (Notch)
and destruction complexes (Wnt).

Understand intracellular nuclear hormone
receptors and transcription factor binding.

Clinical Pathology

Examine oncogenic mutations leading to
constitutive growth signaling.

Understand mechanisms of signal
termination and tumor suppressor loss.

Identify therapeutic targets for kinase
inhibitors and monoclonal antibodies.



Signal Transduction: Environmental Input to Genomic Output

Mechanistic Features

Extracellular chemical cues (growth factors, cytokines, hormones, ECM ligands) coordinate
multicellular homeostasis.

Receptors act as molecular transducers: Convert external binding events into intracellular chemical
cascades.

Signal propagation involves sequential post-translational modifications, predominantly
phosphorylation.

Second messengers (CAMP, IP3, DAG, Ca2+) rapidly disperse and amplify local signals throughout
cytosol.

Terminal pathway effectors translocate to nucleus to modulate chromatin architecture and gene
expression.

e
Clinical Correlate
Pathology Paradigm: Unregulated signaling

represents a hallmark of neoplasia, driving self-
sufficiency in growth signals.




Modes of Receptor Activation: Clustering vs Allostery

Ligand-Induced Clustering Conformational Allostery Regulated Intramembrane
Proteolysis

Dimeric or multivalent ligands cross-link Agonist binding alters tertiary helical Ligand interaction exerts mechanical tension,

adjacent receptor monomers. arrangement across the membrane. exposing cleavage sites.

Brings cytosolic catalytic domains into direct Rotates cytosolic loops into an active state Sequential cleavage by ADAM

physical proximity. that engages G-proteins or beta-arrestin. metalloproteases and gamma-secretase.

Permits reciprocal trans-autophosphorylation Does not require covalent receptor Releases a soluble cytosolic domain that acts

of tyrosine residues. multimerization. as a direct transcription factor.

Exemplified by RTKs: EGFR, FGFR, PDGFR, Exemplified by 7-TM G-protein coupled Exemplified by Notch-Delta/Jagged juxtacrine

VEGFR. receptors (GPCRs). signaling.



Receptor Tyrosine Kinases: Molecular Anatomy

Extracellular Domains Transmembrane Alpha-Helix
Possess immunoglobulin-like, cysteine-rich, Single hydrophobic alpha-helical segment

or cadherin-like repeats. traversing plasma membrane.

Bind specific polypeptide growth factor Acts as a mechanical conduit: Translates
ligands with nanomolar affinity. extracellular binding to intracellular domain.
Determine ligand selectivity and prevent Dimerization aligns transmembrane helices in

ligand-independent firing. a parallel signaling configuration.

Intracellular Kinase Domain

Conserved split tyrosine kinase catalytic
domain containing ATP-binding pocket.

Activation loop (A-loop) regulates substrate
access to catalytic core.

C-terminal regulatory tail contains multiple
autophosphorylation tyrosines.



RTK Trans-Autophosphorylation & Adaptor Recruitment

Mechanistic Features

Ligand-induced dimerization reorients the catalytic kinase domains into an asymmetric active dimer.
Each kinase monomer phosphorylates tyrosine residues on the partner monomer's regulatory tail.

Phosphotyrosine residues generate high-affinity docking sites for specialized modular protein
domains.

SH2 (Src Homology 2) domains recognize specific phosphotyrosine-containing peptide motifs.

PTB (Phosphotyrosine-Binding) domains provide an alternate structural docking mechanism for
adaptors like IRS-1.

e
Clinical Correlate
Biochemical Hallmark: Phosphorylation creates a

transient physical scaffold, assembling multi-
protein signaling machines at the membrane.




The Ras GTPase Binary Switch: ON vs OFF States

Inactive GDP-Bound State GEF-Mediated Activation GAP-Mediated Termination

Ras is a 21 kDa monomeric GTPase tethered SOS (Son of Sevenless) is recruited to Ras possesses slow intrinsic GTPase activity
to inner membrane by lipid anchors membrane via Grb2 adaptor binding to (hydrolyzes GTP over minutes).
(prenylation). phosphotyrosines. GTPase-Activating Proteins (GAPs, e.g.,

In resting cells, GDP occupies the guanine SOS acts as a Guanine Nucleotide Exchange p120GAP, Neurofibromin/NF1) accelerate
nucleotide binding pocket with picomolar Factor (GEF), destabilizing GDP binding. hydrolysis >100,000-fold.

affinity. Intracellular GTP (10-fold higher than GDP) GAP inserts an 'arginine finger' into catalytic
Switch | and Switch Il loops adopt a relaxed, spontaneously enters the catalytic pocket. pocket, completing GTP hydrolysis to GDP.
inactive conformation unable to bind

Ras-GTP shifts into an active conformation,

effectors. exposing effector-binding surfaces.



Oncogenic Ras: Codon Mutations & Loss of GAP Control

Mechanistic Features

Point mutations in RAS genes (KRAS, NRAS, HRAS) predominantly target codons 12, 13, or 61.
Mutations replace critical glycine or glutamine residues required for GTP hydrolysis.

Mutant Ras proteins are enzymatically incapable of hydrolyzing GTP, even in the presence of GAPs.
Locked in a constitutive GTP-bound active state: Constantly fires downstream proliferative signals.

Occurs in ~¥90% of pancreatic adenocarcinomas, ~40% of colorectal carcinomas, and ~30% of lung
adenocarcinomas.

Clinical Correlate

Targeted Oncology: Allele-specific covalent

inhibitors (sotorasib, adagrasib) target KRAS
G12C by locking the switch Il pocket in GDP
state.




The MAPK / ERK Phosphorylation Cascade

Raf Activation (MAPKKK) MEK Activation (MAPKK) ERK Activation (MAPK)

Active Ras-GTP recruits cytosolic Raf Raf phosphorylates dual serine residues MEK phosphorylates ERK1/2 on Thr202 and
serine/threonine kinases (ARAF, BRAF, CRAF) (Ser217/Ser221) on MEK1/2. Tyr204 in the conserved T-E-Y activation

to membrane. MEK is a dual-specificity kinase: motif.

Membrane recruitment induces Raf Phosphorylates both tyrosine and threonine. Phosphorylated ERK dissociates from

dimerization, relieving autoinhibition. cytoplasmic scaffold complexes.

Highly selective substrate specificity
BRAF V600E mutation mimics restricted almost exclusively to ERK1/2. Translocates into nucleus to phosphorylate
phosphorylation, driving constitutive kinase transcription factors c-Fos, c-Jun, and Ets.
activity in melanoma and papillary thyroid

cancer.



Transcriptional Outputs of ERK Signaling

Mechanistic Features Clinical Correlate

Nuclear ERK phosphorylates Ternary Complex Factor (TCF/Elk-1) and SRF. Cell Cycle Engine: MAPK pathway acts as the
primary molecular bridge connecting

Drives immediate-early gene transcription within minutes of growth factor stimulation. . .
extracellular mitogens to cell cycle commitment.

Induces synthesis of AP-1 transcription factors (c-Fos and c-Jun dimers).
Directly stimulates transcription of Cyclin D1 (CCND1 gene).

Cyclin D1 complexes with CDK4/6 to phosphorylate the Retinoblastoma protein (Rb), driving G1-to-S
cell cycle transition.




The PI3K Lipid Kinase Family & PIP3 Generation

Class IA PI3K Structure

Composed of a p110 catalytic subunitand a
p85 regulatory/adaptor subunit.

P85 contains two SH2 domains that bind RTK
phosphotyrosine motifs or IRS-1.

Docking relieves p85 autoinhibition on p110,
positioning catalytic core at membrane.

Phosphorylation of PIP2 to PIP3

P110 kinase phosphorylates
phosphatidylinositol 4,5-bisphosphate (PIP2)
at the 3'-position of inositol ring.

Generates phosphatidylinositol 3,4,5-
trisphosphate (PIP3), an essential secondary
messenger lipid.

PIP3 remains anchored in the inner leaflet of
the plasma membrane.

PH Domain Docking

Pleckstrin Homology (PH) domains
specifically recognize and bind membrane-
bound PIP3.

Recruits cytosolic Akt (Protein Kinase B) and
PDK1 to the membrane inner surface.

Colocalization brings PDK1 into position to
phosphorylate Akt at Threonine 308.




Akt Kinase: Activation & Survival Effector Functions

Dual Phosphorylation

PDK1 phosphorylates Akt at Thr308 in
catalytic loop.

MTORC2 complex phosphorylates Akt at
Serd73 in hydrophobic motif for maximal
enzymatic activity.

Fully active Akt dissociates from membrane
to target cytosolic and nuclear substrates.

Suppression of Apoptosis

Phosphorylates pro-apoptotic Bcl-2 family
member BAD, promoting its sequestration by
14-3-3.

Phosphorylates and inactivates caspase-9,

blocking intrinsic apoptotic execution.

Phosphorylates FoxO transcription factors,
excluding them from nucleus and suppressing
Bim and FasL.

Metabolic Reprogramming

Stimulates translocation of GLUT4 glucose
transporters to plasma membrane.

Phosphorylates GSK3-beta (inactivating it),
leading to active glycogen synthase.

Promotes aerobic glycolysis (Warburg effect),
providing biosynthetic intermediates for
proliferation.




MTOR Complexes: Regulators of Translation & Autophagy

Mechanistic Features Clinical Correlate

Akt phosphorylates and inactivates Tuberous Sclerosis Complex 2 (TSC2 / tuberin). Clinical Therapeutics: MTOR inhibitors
(sirolimus/rapamycin, everolimus) used in
immunosuppression, stent coatings, and cancer
MTORC1 phosphorylates p70S6 kinase (p70S6K), stimulating ribosomal S6 protein and ribosome therapy.

biogenesis.

Relieves GTPase activity on Rheb; Rheb-GTP directly activates the mTORC1 kinase complex.

MTORCL1 phosphorylates 4E-BP1, releasing eukaryotic translation initiation factor elF4E to accelerate
5'-cap translation.

MTORC1 phosphorylates ULK1 kinase complex: Robustly suppresses autophagy during nutrient
abundance.




PTEN: The Critical Lipid Phosphatase Brake

Phosphatase Enzymatic Action Loss of Heterozygosity in Cancer Germline Hamartoma Syndromes

PTEN (Phosphatase and Tensin Homolog) Biallelic PTEN loss occurs in glioblastoma, Germline loss-of-function PTEN mutations

dephosphorylates the 3'-phosphate of PIP3, endometrial cancer, prostate cancer, and cause Cowden Syndrome (PTEN hamartoma

converting it back to PIP2. melanoma. tumor syndrome).

Directly eliminates the membrane-docking Leads to constitutive, ligand-independent Manifests with multiple mucocutaneous

platform for Akt and PDK1. PIP3 accumulation and perpetual Akt trichilemmomas, macrocephaly, intestinal
ivation. h lyps.

Functions as the definitive gatekeeper and hyperactivation amartomatous polyps

negative regulator of the entire PI3K/Akt Promotes tumor cell survival, invasion, and Significantly elevated lifetime risk of breast,

pathway. chemotherapy resistance. thyroid (follicular), and endometrial

carcinomas.



Non-Receptor Kinases: Architecture & Cytokine Ligation

Lack of Intrinsic Kinase The Janus Kinase (JAK) Family
Receptors for IL-2, IL-6, interferons, Four mammalian JAK family members: JAK1,
erythropoietin, and growth hormone lack JAK2, JAK3, and TYK2.

enzymatic catalytic domains. . . . . .
y ¥ Contain catalytic JH1 tyrosine kinase domain

Intracellular domains contain Box1 and Box2 and pseudokinase regulatory JH2 domain.
motifs that bind cytosolic non-receptor

. . Juxtaposition enables trans-phosphorylation
tyrosine kinases. P phosphory

of activation loop tyrosines, locking JAKs into
Ligand binding forces receptor chains into active state.

multimeric complexes, juxtaposing bound

kinases.

Receptor Docking
Phosphorylation

Active JAKs phosphorylate specific tyrosine
residues on receptor cytosolic chains.

Phosphotyrosines serve as precise docking
sites for STAT transcription factor SH2
domains.

Allows rapid, dedicated signal transduction
without relying on cytosolic diffusible
intermediates.



STAT Activation, Dimerization, and Nuclear Transport

Mechanistic Steps Pathologic Significance
STAT (Signal Transducers and Activators of Transcription) family encompasses 7 mammalian proteins Biological Efficiency: JAK-STAT represents the
(STAT1-STAT®6). most direct cell-surface-to-chromatin pathway,

. L . ) ) i requiring zero intermediate kinases.
Latent monomeric STATs reside in cytoplasm in an unphosphorylated, inactive conformation.

Recruited to phosphorylated cytokine receptor chains via specific SH2 domain recognition.
Bound JAK directly phosphorylates a conserved C-terminal tyrosine residue on the STAT monomer.

Phosphorylated STAT dissociates and pairs with another STAT via reciprocal SH2-phosphotyrosine
intermolecular bonds.

Formed STAT dimer unmasks nuclear localization signals (NLS) and undergoes rapid importin-
mediated nuclear import.

Binds palindromic gamma-activated sequence (GAS) or ISRE promoter elements to drive transcription
directly.




JAK2 V617F Mutation in Myeloproliferative Neoplasms

Molecular Pathology

Point mutation replacing valine with
phenylalanine at codon 617 in exon 14 of
JAK2.

Located within the pseudokinase JH2 domain;
Disrupts auto-inhibitory control over catalytic
JH1 domain.

Causes constitutive, cytokine-independent
catalytic firing of JAK2 kinase.

Cellular Phenotype

Hematopoietic stem cells proliferate and
differentiate independently of EPO, TPO, or
G-CSF.

Downstream STAT5, STAT3, Akt, and ERK
pathways are continuously hyperactive.

Drives autonomous trilineage pan-myelosis in
bone marrow.

Diagnostic Distribution

>95% of patients with Polycythemia Vera (PV)
harbor JAK2 V617F.

50-60% of patients with Essential
Thrombocythemia (ET) and Primary
Myelofibrosis (PMF).

Major diagnostic criterion in WHO guidelines;
Targeted by JAK inhibitors (ruxolitinib).




Negative Feedback on JAK-STAT: SOCS & PIAS

SOCS Proteins PIAS Regulators PTP Dephosphorylation
Suppressors of Cytokine Signaling (SOCS1-7, Protein Inhibitors of Activated STAT (PIAS) Protein tyrosine phosphatases (SHP-1, SHP-2,
CIS) are direct transcriptional target genes of bind phosphorylated STAT dimers in the CDA45) dephosphorylate both JAKs and
STATs. nucleus. receptors.
Contain an SH2 domain and a SOCS box motif. Inhibit STAT binding to DNA promoter Restores the unphosphorylated, receptive
SH2 domain binds JAK phosphotyrosines, elements. baseline state.
directly blocking catalytic activity. Promote sumoylation of STAT proteins, Defects in SOCS/PTP regulation contribute to
SOCS box recruits an E3 ubiquitin ligase prevent.mg sustained transcriptional chronic mflammatory states and

elongation. leukemogenesis.

complex, targeting JAKs and receptors for
proteasomal degradation.



GPCR 7-Transmembrane Architecture & G-Protein Coupling

7-TM Structure Conformational Coupling Functional Diversity

Single polypeptide with 7 hydrophobic Agonist binding stabilizes outward movement Receptors for biogenic amines (epinephrine,
transmembrane alpha-helices spanning lipid of TM5 and TM6, opening an intracellular dopamine, serotonin).

bilayer. cavity. Peptide hormones (PTH, ACTH, TSH,
N-terminus and three extracellular loops form Cavity accommodates C-terminus of G-alpha glucagon, vasopressin).

igand-binding pocket subunit, displacing bound GDP Lipid mediators (prostaglandins, leukotrienes,
Cytoplasmic C-terminus and intracellular GTP enters the nucleotide-binding pocket, PAF) and sensory inputs (rhodopsin,

loops 2 and 3 interact with heterotrimeric G- driving dissociation of G-alpha from G- odorants).

proteins. beta/gamma.



G-Protein Heterotrimeric Cycle & Effector Cascades

G-alpha-s Pathway

Stimulates transmembrane adenylyl cyclase
(AC).

AC converts ATP into cyclic adenosine
monophosphate (CAMP).

CAMP activates Protein Kinase A (PKA); PKA
phosphorylates CREB transcription factor.

Examples: Beta-adrenergic receptors, TSH,
ACTH, glucagon.

G-alpha-i Pathway

Inhibits adenylyl cyclase, lowering
intracellular cAMP levels.

Suppresses PKA activation and opens G-
protein coupled inwardly rectifying K+
channels (GIRK).

Examples: Alpha-2 adrenergic receptors, M2
muscarinic receptors, opioid receptors.

G-alpha-gq Pathway

Activates Phospholipase C-beta (PLC-beta).

Cleaves membrane PIP2 into IP3 and
diacylglycerol (DAG).

IP3 mobilizes ER Ca2+; DAG and Ca2+ activate
Protein Kinase C (PKC).

Examples: Alpha-1 adrenergic receptors,
Angiotensin Il AT1, Endothelin ETA.



Bacterial Toxins Targeting Heterotrimeric G-Proteins

Mechanistic Steps

Vibrio cholerae toxin catalyzes ADP-ribosylation of an arginine residue on G-alpha-s.

Inhibits intrinsic GTPase activity of G-alpha-s, locking it in a permanently active GTP-bound state.
Continuous adenylyl cyclase stimulation elevates mucosal enterocyte cAMP >100-fold.

Causes persistent opening of CFTR chloride channels: Massive watery diarrhea ('rice-water stool').
Bordetella pertussis toxin ADP-ribosylates a cysteine residue on G-alpha-i.

Prevents G-alpha-i from interacting with GPCRs, locking it in an inactive state unable to inhibit
adenylyl cyclase.

Causes whooping cough paroxysms, bronchial hyperreactivity, and profound lymphocytosis.

- .
Clinical Correlate
Toxin Toxicology: Cholera locks Gs ON; Pertussis

locks Gi OFF. Both produce pathologic cAMP
hyper-accumulation.




Phospholipase C (PLC) & The Biphasic Second Messenger System

PIP2 Hydrolysis

PLC-beta (activated by G-alpha-q) and PLC-
gamma (activated by RTKs) target membrane
PIP2.

Cleaves the ester bond between glycerol
backbone and phosphorylated inositol.

Produces exactly two equimolar secondary
messengers with completely divergent
physical properties.

IP3 & Calcium Mobilization

Inositol 1,4,5-trisphosphate (IP3) is small and

water-soluble; Rapidly diffuses across cytosol.

Binds ligand-gated IP3 receptor channels on
smooth endoplasmic reticulum.

Opens channels, releasing massive stores of
ionized Ca2+ into cytosol down steep
concentration gradient.

DAG & Protein Kinase C

Diacylglycerol (DAG) remains hydrophobic
and embedded within the plasma membrane.

Recruits cytosolic Protein Kinase C (PKC) to
the inner membrane surface.

Membrane DAG together with cytosolic Ca2+
triggers full allosteric activation of
conventional PKCs.




Calcium Dynamics: Effector Enzymes & Cellular Response

Mechanistic Steps Clinical Correlate
Resting cytosolic free ionized Ca2+ is kept extremely low (~100 nM) by SERCA pumps and PMCA. Immunosuppressive Pharmacology: Cyclosporine
. . . . . . and tacrolimus inhibit calcineurin, blocking NFAT
Receptor stimulation drives cytosolic Ca2+ surges up to micromolar concentrations (~1-10 mcM). .
nuclear entry and organ transplant rejection.

Ca2+ binds Calmodulin (CaM) with four EF-hand motifs, inducing conformational exposure of
hydrophobic patches.

Ca2+/Calmodulin complex binds and activates CaM-dependent kinases (CaMKs) and Myosin Light
Chain Kinase (MLCK).

Activates Calcineurin (protein phosphatase 2B): Dephosphorylates NFAT transcription factor, driving
IL-2in T cells.




GPCR Desensitization: GRKSs, Beta-Arrestin & Endocytosis

Homologous Desensitization Beta-Arrestin Binding Internalization & Fate

Sustained agonist occupancy recruits G- Phosphorylated receptor tail binds cytosolic Receptor is internalized into clathrin-coated
protein receptor kinases (GRK2, GRK3, GRK5). beta-arrestin with high affinity. endocytic vesicles.

GRKs specifically phosphorylate multiple Sterically blocks heterotrimeric G-protein In acidic early endosomes, ligand dissociates;
serine/threonine residues on the receptor's binding, terminating G-protein signaling. Phosphatase dephosphorylates receptor.
C-terminal tail. Acts as an adaptor protein linking GPCR to Receptor either recycles back to cell surface
Does not occur on unoccupied receptors clathrin and AP-2 adaptor complexes. (resensitization) or traffics to lysosomes for

(homologous specificity). destruction (downregulation).



Notch Receptor Proteolysis & Juxtacrine Control

Juxtacrine Contact Dual Proteolytic Cleavage Direct Transcriptional Activation
Notch receptors (NOTCH1-4) engage Mechanical pulling unfolds the negative Cleavage releases soluble Notch Intracellular
transmembrane ligands (Delta-like 1,3,4, regulatory region (NRR), exposing S2 cleavage Domain (NICD) into cytoplasm.

Jagged 1,2) on adjacent cells. site. NICD translocates directly into nucleus
Signaling strictly requires direct cell-to-cell Cleaved by ADAM10/17 metalloprotease, without intermediate kinase amplification.
membrane contact. shedding extracellular domain. Binds CSL/RBPJk transcription factor,
Trans-endocytosis of ligand into signal- Subsequent S3 cleavage within hydrophobic displacing co-repressors and recruiting
sending cell pulls on Notch extracellular lipid bilayer executed by gamma-secretase Mastermind-like (MAML).

domain. complex (presenilin).



NOTCH1 Mutations in Human Hematologic Neoplasms

Mechanistic Steps

Activating somatic mutations in NOTCH1 occur in >50% of T-cell Acute Lymphoblastic Leukemias (T-
ALL).

Mutations cluster in two critical domains: The heterodimerization domain (HD) and the PEST
degradation domain.

HD domain mutations cause spontaneous ligand-independent gamma-secretase cleavage.
PEST domain truncation mutations eliminate the phosphodegron recognized by FBW7 ubiquitin ligase.
Prevents proteasomal degradation of NICD, extending its nuclear transcriptional half-life >10-fold.

Drives persistent expression of MYC, Cyclin D3, and anti-apoptotic survival pathways.

Pathologic Significance

Diagnostic Hallmark: NOTCH1 mutations
represent the single most common genetic
driver of pediatric T-ALL.




Wnt / Beta-Catenin: The Cytosolic Destruction Complex

Wnt 'OFF' State

In absence of Wnt ligand, cytosolic beta-
catenin is captured by the destruction
complex.

Complex core consists of Axin (scaffold), APC
(tumor suppressor), GSK3-beta, and CK1.

CK1 phosphorylates Ser45; GSK3-beta then
phosphorylates Thr41, Ser37, and Ser33 on
beta-catenin.

Phosphorylated degron is recognized by beta-
TrCP E3 ubiquitin ligase: Degraded by 26S
proteasome.

Wnt 'ON' State

Secreted Wnt glycoprotein binds 7-TM
Frizzled (Fz) receptor and LRP5/6 coreceptor.

Recruits Dishevelled (Dvl) and Axin to cell
membrane, disrupting destruction complex.

Unphosphorylated beta-catenin escapes
ubiquitination and rapidly accumulates in
cytoplasm.

Translocates into nucleus, binds TCF/LEF
transcription factors, driving MYC and Cyclin
D1 transcription.

APC Loss in Colorectal Carcinoma

Adenomatous Polyposis Coli (APC) protein is
essential for scaffolding the destruction
complex.

Inactivating biallelic mutations in APC
eliminate destruction complex assembly.

Beta-catenin accumulates constitutively,
initiating adenomatous polyp formation in
FAP and sporadic colon cancer.




Hedgehog & Hippo Pathways: Morphology & Organ Size

Hedgehog Signaling

Hh ligands (Sonic, Indian, Desert) bind Patched (PTCH1) 12-TM receptor.
In absence of Hh, PTCH1 constitutively represses Smoothened (SMO).

Ligand binding relieves SMO repression: SMO activates GLI transcription
factors.

Inactivating PTCH1 mutations cause Gorlin syndrome (nevoid basal cell
carcinoma syndrome) and sporadic BCC.

The Hippo Tumor Suppressor Pathway

Conserved kinase cascade (MST1/2 and LATS1/2) that senses cell contact
inhibition and tissue architecture.

Active LATS1/2 phosphorylates oncoproteins YAP and TAZ, retaining them
in cytoplasm for degradation.

Loss of Hippo signaling allows unphosphorylated YAP/TAZ to enter nucleus,
binding TEAD factors.

Drives massive organ overgrowth, tissue regeneration, and aggressive
epithelial malignancies.




Nuclear Hormone Receptors: Steroid & Thyroid Transduction

Class | Steroid Receptors Class Il Metabolic Receptors

Estrogen (ER), progesterone (PR), androgen (AR), and glucocorticoid (GR) Thyroid hormone (TR), Vitamin D (VDR), and retinoic acid (RAR) receptors.
receptors. Reside constitutively in nucleus pre-bound to direct-repeat DNA response
Reside in cytoplasm sequestered by Heat Shock Protein chaperones elements.

(HSP90).

Form obligate heterodimers with Retinoid X Receptor (RXR).
Lipophilic steroid binding induces HSP90 dissociation, receptor

. . . In absence of ligand, bind co-repressor complexes (SMRT, NCoR) with
homodimerization, and nuclear translocation.

histone deacetylases (HDACs).
Binds inverted-repeat Hormone Response Elements (HREs) in promoter

regions Ligand binding exchanges co-repressors for co-activators with histone

acetyltransferase (HAT) activity.




Receptor Cross-Talk & Pathway Convergence

Mechanistic Steps Pathologic Significance

Signal transduction pathways do not operate as isolated linear vertical pipelines. Oncologic Principle: Adaptive pathway
reactivation (e.g., PI3K upregulation following
MEK inhibition) mandates rational combination

RTKs activate both the MAPK and PI3K pathways simultaneously through divergent docking sites. therapy.

Form dense intracellular signaling networks characterized by extensive horizontal cross-talk.

GPCR-generated DAG and Ca2+ feed into PKC, which directly phosphorylates and modulates Raf and
RTKs.

Nuclear receptors interact with AP-1 and NF-kB transcription factor complexes to modulate immune
gene expression.

Cross-talk explains why single-target oncology drugs frequently provoke adaptive bypass resistance
mechanisms.




Targeted Therapeutics: Kinase Inhibitors & Monoclonal Antibodies

Drug Class / Agent

Small Molecule TKI (Osimertinib)

Monoclonal Antibody (Trastuzumab)

Small Molecule TKI (Imatinib)

BRAF Inhibitor (Vemurafenib)

Covalent Inhibitor (Sotorasib)

Molecular Target

Mutant EGFR (exon 19 del, L858R, T790M)

HER2 / ERBB2 extracellular domain IV

BCR-ABL1 fusion, KIT, PDGFR-alpha

BRAF V600E catalytic domain

KRAS G12C switch Il pocket

Primary Clinical Indication

Non-small cell lung adenocarcinoma

HER2-amplified breast & gastric carcinoma

Chronic myeloid leukemia; GIST

Metastatic cutaneous melanoma

KRAS G12C-mutant NSCLC

Key Mechanism of Resistance

C797S tertiary mutation; MET gene
amplification

PIK3CA activating mutation; truncated
p95HER2 expression

BCR-ABL1 kinase domain T315I 'gatekeeper’
mutation

CRAF dimerization; NRAS mutation;
MEK1/2 point mutations

Acquired secondary KRAS mutations;
bypass RTK activation




Clinical Case 1: Targeted Therapy in Lung Adenocarcinoma

Case Vignette Diagnostic Takeaway

A 58-year-old non-smoking female presents with persistent cough and a 3.2 cm peripheral lung mass. Pathology Pearl: EGFR mutations in NSCLC are
significantly enriched in non-smokers, females,

Histopathology: Acinar and micropapillary adenocarcinoma. Next-generation sequencing (NGS) rod) Al [parelEfes

reveals EGFR exon 19 deletion.
Therapy: Initiated on third-generation EGFR tyrosine kinase inhibitor (osimertinib).

Pathophysiology: Exon 19 deletion destabilizes the kinase inactive conformation, promoting
continuous ATP turnover.

Clinical Response: Dramatic radiographic tumor shrinkage within 8 weeks, reflecting 'oncogene
addiction’.




Clinical Case 2: Polycythemia Vera & The JAK2 V617F Axis

Case Vignette Diagnostic Takeaway
A 62-year-old male presents with severe pruritus after warm baths (aquagenic pruritus), plethora, and Diagnostic Pearl: Suppressed serum EPO
splenomegaly. combined with positive JAK2 V617F confirms

Polycythemia Vera with >99% specificity.
Laboratory findings: Hemoglobin 19.8 g/dL, Hematocrit 61%, Platelets 580,000/mcL, Serum vy o i

erythropoietin <1 mU/mL (suppressed).
Bone marrow biopsy: Panmyelosis with trilineage hyperplasia and clustered atypical megakaryocytes.
Molecular testing: Peripheral blood PCR confirms presence of JAK2 V617F mutation in 88% of alleles.

Mechanistic correlate: Autonomous erythrocyte production occurs despite undetectable levels of
erythropoietin.




Comprehensive Master Summary: Signal Transduction Pathways

1. Upstream Reception 2. Intracellular Propagation 3. Human Pathology

Receptor cross-linking (RTKs), allosteric shifts Three-tier kinase cascades (Raf-MEK-ERK) Oncogenic mutations (EGFR, KRAS, BRAF,
(GPCRs), or intramembrane proteolysis transduce signals from membrane to nucleus. JAK2 V617F) lock pathways in constitutive
(Notch). active states.

Second messengers (CAMP, IP3, DAG, Ca2+)
Monomeric (Ras) and heterotrimeric G- provide rapid cytosolic amplification. Inactivating tumor suppressor mutations

proteins act as binary GTP/GDP switches. Direct transcriptional relays (JAK-STAT, Notch ](CZZSII;I;l\IkFl, APC) destroy physiologic negative
Membrane lipid dynamics (PIP2 to PIP3 NICD, beta-catenin) operate without kinase ’
conversion by PI13K). cascades. Modern clinical pathology relies on targeted

pathway inhibition and tracking molecular
resistance.



Signal Transduction Principles: Advanced Topic 34

Pathway Integration

Coordinated cellular responses require
simultaneous integration of metabolic and
mitogenic inputs.

Scaffold proteins maintain spatial
compartmentalization and prevent cross-
activation.

Temporal kinetics (transient vs sustained
signaling) dictate divergent cellular fates
(differentiation vs proliferation).

Epigenetic Coupling

Kinases directly phosphorylate histone
acetyltransferases (HATs) and histone
methyltransferases.

Receptor signaling coordinates immediate-
early gene transcription with chromatin
remodeling.

Persistent pathway activation alters cellular
epigenetic memory during oncogenesis.

Translational Relevance

Biomarker testing guides precision oncology
and small-molecule targeted therapy.

Liquid biopsy monitoring detects emergent
resistance mutations in cell-free circulating
tumor DNA.

Comprehensive pathway profiling underpins
modern diagnostic anatomical pathology.
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Pathway Integration

Coordinated cellular responses require
simultaneous integration of metabolic and
mitogenic inputs.

Scaffold proteins maintain spatial
compartmentalization and prevent cross-
activation.

Temporal kinetics (transient vs sustained
signaling) dictate divergent cellular fates
(differentiation vs proliferation).

Epigenetic Coupling

Kinases directly phosphorylate histone
acetyltransferases (HATs) and histone
methyltransferases.

Receptor signaling coordinates immediate-
early gene transcription with chromatin
remodeling.

Persistent pathway activation alters cellular
epigenetic memory during oncogenesis.

Translational Relevance

Biomarker testing guides precision oncology
and small-molecule targeted therapy.

Liquid biopsy monitoring detects emergent
resistance mutations in cell-free circulating
tumor DNA.

Comprehensive pathway profiling underpins
modern diagnostic anatomical pathology.
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Pathway Integration

Coordinated cellular responses require
simultaneous integration of metabolic and
mitogenic inputs.

Scaffold proteins maintain spatial
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