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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway
annotations are authored by expert biologists, in collaboration with Reactome editorial staff and cross-
referenced to many bioinformatics databases. A system of evidence tracking ensures that all assertions
are backed up by the primary literature. Reactome is used by clinicians, geneticists, genomics research-
ers, and molecular biologists to interpret the results of high-throughput experimental studies, by bioin-
formaticians seeking to develop novel algorithms for mining knowledge from genomic studies, and by
systems biologists building predictive models of normal and disease variant pathways.

The development of Reactome is supported by grants from the US National Institutes of Health (P41
HG003751), University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and
the European Molecular Biology Laboratory (EBI Industry program).
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Signal transduction is a process in which extracellular signals elicit changes in cell state and activity.
Transmembrane receptors sense changes in the cellular environment by binding ligands, such as hor-
mones and growth factors, or reacting to other types of stimuli, such as light. Stimulation of transmem-
brane receptors leads to their conformational change which propagates the signal to the intracellular en-
vironment by activating downstream signaling cascades. Depending on the cellular context, this may im-
pact cellular proliferation, differentiation, and survival. On the organism level, signal transduction regu-
lates overall growth and behavior.

Receptor tyrosine kinases (RTKs) transmit extracellular signals by phosphorylating their protein partners
on conserved tyrosine residues. Some of the best studied RTKs are EGFR (reviewed in Avraham and
Yarden, 2011), FGFR (reviewed in Eswarakumar et al, 2005), insulin receptor (reviewed in Saltiel and
Kahn, 2001), NGF (reviewed in Reichardt, 2006), PDGF (reviewed in Andrae et al, 2008) and VEGF (r-
eviewed in Xie et al, 2004). RTKs frequently activate downstream signaling through RAF/MAP kinases (r-
eviewed in McKay and Morrison, 2007 and Wellbrock et al 2004), AKT (reviewed in Manning and Cantley,
2007) and PLC- gamma (reviewed in Patterson et al, 2005), which ultimately results in changes in gene ex-
pression and cellular metabolism.

Receptor serine/threonine kinases of the TGF-beta family, such as TGF-beta receptors (reviewed in Kang
et al. 2009) and BMP receptors (reviewed in Miyazono et al. 2009), transmit extracellular signals by phos-
phorylating regulatory SMAD proteins on conserved serine and threonine residues. This leads to forma-
tion of complexes of regulatory SMADs and SMAD4, which translocate to the nucleus where they act as
transcription factors.

WNT receptors transmit their signal through beta-catenin. In the absence of ligand, beta-catenin is con-
stitutively degraded in a ubiquitin-dependent manner. WNT receptor stimulation releases beta-catenin
from the destruction complex, allowing it to translocate to the nucleus where it acts as a transcriptional
regulator (reviewed in MacDonald et al, 2009 and Angers and Moon, 2009). WNT receptors were origin-
ally classified as G-protein coupled receptors (GPCRs). Although they are structurally related, GPCRs
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primarily transmit their signals through G-proteins, which are trimers of alpha, beta and gamma sub
units. When a GPCR is activated, it acts as a guanine nucleotide exchange factor, catalyzing GDP to GTP
exchange on the G-alpha subunit of the G protein and its dissociation from the gamma-beta heterodimer.
The G-alpha subunit regulates the activity of adenylate cyclase, while the gamma-beta heterodimer can
activate AKT and PLC signaling (reviewed in Rosenbaum et al. 2009, Oldham and Hamm 2008, Ritter and
Hall 2009).

NOTCH receptors are activated by transmembrane ligands expressed on neighboring cells, which results
in cleavage of NOTCH receptor and release of its intracellular domain. NOTCH intracellular domain
translocates to the nucleus where it acts as a transcription factor (reviewed in Kopan and Ilagan, 2009).

Integrins are activated by extracellular matrix components, such as fibronectin and collagen, leading to
conformational change and clustering of integrins on the cell surface. This results in activation of integ-
rin-linked kinase and other cytosolic kinases and, in co-operation with RTK signaling, regulates survival,
proliferation and cell shape and adhesion (reviewed in Hehlgans et al, 2007) .

Besides inducing changes in gene expression and cellular metabolism, extracellular signals that trigger
the activation of Rho GTP-ases can trigger changes in the organization of cytoskeleton, thereby regulat-
ing cell polarity and cell-cell junctions (reviewed in Citi et al, 2011).

Literature references
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Kang, JS., Liu, C., Derynck, R. (2009). New regulatory mechanisms of TGF-beta receptor function. Trends Cell Biol, 19,
385-94. 7
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Rosenbaum, DM., Rasmussen, SG., Kobilka, BK. (2009). The structure and function of G-protein-coupled receptors.
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Signaling by Receptor Tyrosine Kinases 7
Location: Signal Transduction

Stable identifier: R-HSA-9006934
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Receptor tyrosine kinases (RTKs) are a major class of cell surface proteins involved in Signal Transduc-
tion. Human cells contain ~60 RTKs, grouped into 20 subfamilies based on their domain architecture. All
RTK subfamilies are characterized by an extracellular ligand-binding domain, a single transmembrane
region and an intracellular region consisting of the tyrosine kinase domain and additional regulatory and
protein interaction domains. In general, RTKs associate into dimers upon ligand binding and are activ-
ated by autophosphorylation on conserved intracellular tyrosine residues. Autophosphorylation in-
creases the catalytic efficiency of the receptor and provides binding sites for the assembly of down-
stream signaling complexes (reveiwed in Lemmon and Schlessinger, 2010). Common signaling pathways
activated downstream of RTK activation include RAF/MAP kinase cascades (reviewed in McKay and Mor-
rison, 2007 and Wellbrock et al 2004), AKT signaling (reviewed in Manning and Cantley, 2007) and PLC-
gamma mediated signaling (reviewed in Patterson et al). Activation of these pathways ultimately results

in changes in gene expression and cellular metabolism.

Literature references

Lemmon, MA., Schlessinger, J. (2010). Cell signaling by receptor tyrosine kinases. Cell, 141, 1117-34. #
McKay, MM., Morrison, DK. (2007). Integrating signals from RTKs to ERK/MAPK. Oncogene, 26, 3113-21. 7

Wellbrock, C., Karasarides, M., Marais, R. (2004). The RAF proteins take centre stage. Nat Rev Mol Cell Biol, 5, 875-85.

A
Manning, BD., Cantley, LC. (2007). AKT/PKB signaling: navigating downstream. Cell, 129, 1261-74. 7

Patterson, RL., van Rossum, DB., Nikolaidis, N., Gill, DL., Snyder, SH. (2005). Phospholipase C-gamma: diverse roles
in receptor-mediated calcium signaling. Trends Biochem Sci, 30, 688-97. 7
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Signaling by TGFB family members 7
Location: Signal Transduction

Stable identifier: R-HSA-9006936
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The human genome encodes 33 TGF-beta family members, including TGF-beta itself, as well as bone
morphogenetic protein (BMP), activin, nodal and growth and differentiation factors (GDFs). This super-
family of ligands generally binds as dimers to hetero-tetrameric cell-surface receptor serine/threonine
kinases to activate SMAD-dependent and SMAD-independent signaling (reviewed in Morikawa et al, 2016;
Budi et al, 2017).

Signaling by the TGF-beta receptor complex is initiated by TGF-beta. TGF-beta (TGFB1), secreted as a ho-
modimer, binds to TGF-beta receptor II (TGFBR2), inducing its dimerization and formation of a stable
hetero-tetrameric complex with TGF-beta receptor I homodimer (TGFBR1). TGFBR2-mediated phos-
phorylation of TGFBR1 triggers internalization of the heterotetrameric TGF beta receptor complex (TG-
FBR) into clathrin coated endocytic vesicles and recruitment of cytosolic SMAD2 and SMAD3, which act
as R-SMADs for TGF beta receptor complex. TGFBR1 phosphorylates SMAD2 and SMAD3, promoting
their association with SMAD4 (known as Co-SMAD). In the nucleus, the SMAD2/3:SMAD4 heterotrimer
binds target DNA elements and, in cooperation with other transcription factors, regulates expression of
genes involved in cell differentiation. For a review of TGF-beta receptor signaling, please refer to Kang et
al. 2009.

Signaling by BMP is triggered by bone morphogenetic proteins (BMPs). BMPs can bind type I receptors
in the absence of type II receptors, but the presence of both types dramatically increases binding affin-
ity. The type II receptor kinase transphosphorylates the type I receptor, leading to recruitment and phos-
phorylation of SMAD1, SMADS5 and SMADS, which function as R-SMADs in BMP signalling pathways.
Phosphorylated SMAD1, SMADS5 and SMADS form heterotrimeric complexes with SMAD4, the only Co-
SMAD in mammals. The SMAD1/5/8:SMAD4 heterotrimer regulates transcription of genes involved in de-
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velopment of many tissues, including bone, cartilage, blood vessels, heart, kidney, neurons, liver and
lung. For review of BMP signaling, please refer to Miyazono et al. 2010.

Signaling by activin is triggered when an activin dimer (activin A, activin AB or activin B) binds the type
IT receptor (ACVR2A, ACVR2B). This complex then interacts with the type I receptor (ACVR1B, ACVR1C)
and phosphorylates it. The phosphorylated type I receptor phosphorylates SMAD2 and SMAD3. Dimers
of phosphorylated SMAD2/3 bind SMAD4 and the resulting ternary complex enters the nucleus and activ-
ates target genes. For a review of activin signaling, please refer to Chen et al. 2006.

Literature references

Budi, EH., Duan, D., Derynck, R. (2017). Transforming Growth Factor-$ Receptors and Smads: Regulatory Complex-
ity and Functional Versatility. Trends Cell Biol.. 7

Morikawa, M., Derynck, R., Miyazono, K. (2016). TGF-$ and the TGF-3 Family: Context-Dependent Roles in Cell and
Tissue Physiology. Cold Spring Harb Perspect Biol, 8. 7

Kang, JS., Liu, C., Derynck, R. (2009). New regulatory mechanisms of TGF-beta receptor function. Trends Cell Biol, 19,
385-94. 7

Miyazono, K., Kamiya, Y., Morikawa, M. (2010). Bone morphogenetic protein receptors and signal transduction. J
Biochem, 147, 35-51. 7

Chen, YG., Wang, Q., Lin, SL., Chang, CD., Chuang, J., Chung, J. et al. (2006). Activin signaling and its role in regula-
tion of cell proliferation, apoptosis, and carcinogenesis. Exp. Biol. Med. (Maywood), 231, 534-44. 7
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Signaling by GPCR 7
Location: Signal Transduction

Stable identifier: R-HSA-372790
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G protein-coupled receptors (GPCRs; 7TM receptors; seven transmembrane domain receptors; heptahel-
ical receptors; G protein-linked receptors [GPLR]) are the largest family of transmembrane receptors in
humans, accounting for more than 1% of the protein-coding capacity of the human genome. All known
GPCRs share a common architecture of seven membrane-spanning helices connected by intra- and extra-
cellular loops. The extracellular loops contain two highly-conserved cysteine residues that form disulph-
ide bonds to stabilize the structure of the receptor. They recognize diverse messengers such as light,
odorants, small molecules, hormones and neurotransmitters. Most GPCRs act as guanine nucleotide ex-
change factors; activated by ligand binding, they promote GDP-GTP exchange on associated heterotri-
meric guanine nucleotide-binding (G) proteins. There are two models for GPCR-G Protein interactions: 1)
ligand-GPCR binding first, then binding to G Proteins; 2) "Pre-coupling" of GPCRs and G Proteins before
ligand binding (review Oldham WM and Hamm HE, 2008). These in turn activate effector enzymes or ion
channels. GPCRs are involved in a range of physiological roles which include the visual sense, smell, be-
havioural regulation, functions of the autonomic nervous system and regulation of the immune system
and inflammation.

GPCRs are divided into classes based on sequence homology and functional similarity. The main mam-
malian classes, in order of size, are the Rhodopsin-like family A, the Secretin receptor family B, and the
Metabotropic glutamate/pheromone receptor family C.

Literature references

Bockaert, J., Pin, JP. (1999). Molecular tinkering of G protein-coupled receptors: an evolutionary success. EMBO J, 18
1723-9. 7
)
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Oldham, WM., Hamm, HE. (2008). Heterotrimeric G protein activation by G-protein-coupled receptors. Nat Rev Mol
Cell Biol, 9, 60-71. 7

Jacoby, E., Bouhelal, R., Gerspacher, M., Seuwen, K. (2006). The 7 TM G-protein-coupled receptor target family.
ChemMedChem, 1, 761-82. 7
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Signaling by NOTCH ~
Location: Signal Transduction

Stable identifier: R-HSA-157118

SIGNALING BY NOTCH1 SIGNALING BY NOTCH2 SIGNALING BY NOTCH3 SIGNALING BY NOTCH4

. .
- : ‘ :

° ! °

i / o
L o \
c —— n
PRE-NOTCH EXPRESSIONAND PROCESSING

L J

L \ BAGALT1

SIALYLTRANSFERASE

¥ v
POFUTL POGLUT1

| P ’
A\VAVAVI

MOTOHT A —on)

The Notch Signaling Pathway (NSP) is a highly conserved pathway for cell-cell communication. NSP is
involved in the regulation of cellular differentiation, proliferation, and specification. For example, it is
utilised by continually renewing adult tissues such as blood, skin, and gut epithelium not only to main-
tain stem cells in a proliferative, pluripotent, and undifferentiated state but also to direct the cellular pro-
geny to adopt different developmental cell fates. Analogously, it is used during embryonic development
to create fine-grained patterns of differentiated cells, notably during neurogenesis where the NSP con-
trols patches such as that of the vertebrate inner ear where individual hair cells are surrounded by sup-
porting cells.

This process is known as lateral inhibition: a molecular mechanism whereby individual cells within a
field are stochastically selected to adopt particular cell fates and the NSP inhibits their direct neighbours
from doing the same. The NSP has been adopted by several other biological systems for binary cell fate
choice. In addition, the NSP is also used during vertebrate segmentation to divide the growing embryo in-
to regular blocks called somites which eventually form the vertebrae. The core of this process relies on
regular pulses of Notch signaling generated from a molecular oscillator in the presomatic mesoderm.

The Notch receptor is synthesized in the rough endoplasmic reticulum as a single polypeptide precursor.
Newly synthesized Notch receptor is proteolytically cleaved in the trans-golgi network, creating a het-
erodimeric mature receptor comprising of non-covalently associated extracellular and transmembrane
subunits. This assembly travels to the cell surface ready to interact with specific ligands. Following lig-
and activation and further proteolytic cleavage, an intracellular domain is released and translocates to
the nucleus where it regulates gene expression.

Editions
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Signaling by WNT 7
Location: Signal Transduction

Stable identifier: R-HSA-195721
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WNT signaling pathways control a wide range of developmental and adult process in metozoans includ-

ing cell proliferation, cell fate decisions, cell polarity and stem cell maintenance (reviewed in Saito-Diaz
et al, 2013; MacDonald et al, 2009). The pathway is named for the WNT ligands, a large family of secreted
cysteine-rich glycoproteins. At least 19 WNT members have been identified in humans and mice with dis-
tinct expression patterns during development (reviewed in Willert and Nusse, 2012). These ligands can
activate at least three different downstream signaling cascades depending on which receptors they en-

gage.

In the so-called 'canonical' WNT signaling pathway, WNT ligands bind one of the 10 human Frizzled
(FZD) receptors in conjunction with the LRP5/6 co-receptors to activate a transcriptional cascade that
controls processes such as cell fate, proliferation and self-renenwal of stem cells. Engagement of the
FZD-LRP receptor by WNT ligand results in the stabilization and translocation of cytosolic beta-catenin to
the nucleus where it is a co-activator for LEF (lymphoid enhancer-binding factor)- and TCF (T cell factor)
-dependent transcription. In the absence of WNT ligand, cytosolic beta-catenin is phosphorylated by a
degradation complex consisting of glycogen synthase kinase 3 (GSK3), casein kinase 1 (CK1), Axin and
Adenomatous polyposis coli (APC), and subsequently ubiquitinated and degraded by the 26S proteasome
(reviewed in Saito-Diaz et al, 2013; Kimmelman and Xu, 2006).

In addition to the beta-catenin-dependent transcriptional response, WNT signaling can also activate dis-
tinct non-transcriptional pathways that regulate cell migration and polarity. These beta-catenin-inde-
pendent 'non-canonical' pathways signal through Frizzled receptors independently of LRP5/6, or occur
through the tyrosine kinase receptors ROR and RYK (reviewed in Veeman et al, 2003; James et al, 2009).
Non-canonical WNT pathways are best studied in Drosophila where the planar cell polarity (PCP) path-
way controls the orientation of wing hairs and eye facets, but are also involved in processes such as con-
vergent extension, neural tube closure, inner ear development and hair orientation in vertebrates and
mammals(reviewed in Seifert and Mlodzik, 2007; Simons and Mlodzik, 2008). In the PCP pathway, bind-
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ing of WNT ligand to the FZD receptor leads to activation of small Rho GTPases and JNK, which regulate
the cytoskeleton and coordinate cell migration and polarity (reviewed in Lai et al, 2009; Schlessinger et
al, 2009). In some cases, a FZD-WNT interaction increases intracellular calcium concentration and activ-
ates CaMK II and PKC; this WNT calcium pathway promotes cell migration and inhibits the canonical
beta-catenin dependent transcriptional pathway (reviewed in Kuhl et al, 2000; Kohn and Moon, 2005; Rao
et al 2010). Binding of WNT to ROR or RYK receptors also regulates cell migration, apparently through
activation of JNK or SRC kinases, respectively, however the details of these pathways remain to be

worked out (reviewed in Minami et al, 2010).

Although the WNT signaling pathways were originally viewed as discrete, linear pathways controlled by
defined subsets of 'canonical' or 'non-canonical' ligands and receptors, the emerging evidence is challen-
ging this notion. Instead, the specificity and the downstream response appear to depend on the particu-
lar cellular context and vary with species, tissue and stage of development (reviewed in van Amerongen
and Nusse, 2009; Rao et al, 2010).

Literature references
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MacDonald, BT., Tamai, K., He, X. (2009). Wnt/beta-catenin signaling: components, mechanisms, and diseases. Dev
Cell, 17,9-26. 7

Saito-Diaz, K., Chen, TW., Wang, X., Thorne, CA., Wallace, HA., Page-McCaw, A. et al. (2013). The way Wnt works:
Components and mechanism. Growth Factors, 31, 1-31. 7
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Seifert, JR., Mlodzik, M. (2007). Frizzled/PCP signalling: a conserved mechanism regulating cell polarity and directed
motility. Nat Rev Genet, 8, 126-38. 7
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Signaling by Hippo 7
Location: Signal Transduction
Stable identifier: R-HSA-2028269

Compartments: cytosol

Human Hippo signaling is a network of reactions that regulates cell proliferation and apoptosis, centered
on a three-step kinase cascade. The cascade was discovered by analysis of Drosophila mutations that lead
to tissue overgrowth, and human homologues of its components have since been identified and charac-
terized at a molecular level. Data from studies of mice carrying knockout mutant alleles of the genes as
well as from studies of somatic mutations in these genes in human tumors are consistent with the con-
clusion that in mammals, as in flies, the Hippo cascade is required for normal regulation of cell prolifer-
ation and defects in the pathway are associated with cell overgrowth and tumorigenesis (Oh and Irvine
2010; Pan 2010; Zhao et al. 2010). This group of reactions is also notable for its abundance of pro-
tein:protein interactions mediated by WW domains and PPxY sequence motifs (Sudol and Harvey 2010).

There are two human homologues of each of the three Drosophila kinases, whose functions are well con-
served: expression of human proteins rescues fly mutants. The two members of each pair of human
homologues have biochemically indistinguishable functions. Autophosphorylated STK3 (MST2) and STK4
(MST1) (homologues of Drosophila Hippo) catalyze the phosphorylation and activation of LATS1 and
LATS2 (homologues of Drosophila Warts) and of the accessory proteins MOB1A and MOB1B (homologues
of Drosophila Mats). LATS1 and LATS2 in turn catalyze the phosphorylation of the transcriptional co-ac-
tivators YAP1 and WWTR1 (TAZ) (homologues of Drosophila Yorkie).

In their unphosphorylated states, YAP1 and WWTR1 freely enter the nucleus and function as transcrip-
tional co-activators. In their phosphorylated states, however, YAP1 and WWTRI1 are instead bound by 14-
3-3 proteins, YWHAB and YWHAE respectively, and sequestered in the cytosol.

Several accessory proteins are required for the three-step kinase cascade to function. STK3 (MST2) and
STK4 (MST1) each form a complex with SAV1 (homologue of Drosophila Salvador), and LATS1 and LATS2
form complexes with MOB1A and MOB1B (homologues of Drosophila Mats).

In Drosophila a complex of three proteins, Kibra, Expanded, and Merlin, can trigger the Hippo cascade.
A human homologue of Kibra, WWC1, has been identified and indirect evidence suggests that it can reg-
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ulate the human Hippo pathway (Xiao et al. 2011). A molecular mechanism for this interaction has not
yet been worked out and the molecular steps that trigger the Hippo kinase cascade in humans are un-
known.

Four additional processes related to human Hippo signaling, although incompletely characterized, have
been described in sufficient detail to allow their annotation. All are of physiological interest as they are
likely to be parts of mechanisms by which Hippo signaling is modulated or functionally linked to other
signaling processes. First, the caspase 3 protease cleaves STK3 (MST2) and STK4 (MST1), releasing inhib-
itory carboxyterminal domains in each case, leading to increased kinase activity and YAP1 / TAZ phos-
phorylation (Lee et al. 2001). Second, cytosolic AMOT (angiomotin) proteins can bind YAP1 and WWTR1
(TAZ) in their unphosphorylated states, a process that may provide a Hippo-independent mechanism to
down-regulate the activities of these proteins (Chan et al. 2011). Third, WWTR1 (TAZ) and YAP1 bind ZO-
1 and 2 proteins (Remue et al. 2010; Oka et al. 2010). Fourth, phosphorylated WWTR1 (TAZ) binds and se-
questers DVL2, providing a molecular link between Hippo and Wnt signaling (Varelas et al. 2010).
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Signaling by Hedgehog 7
Location: Signal Transduction

Stable identifier: R-HSA-5358351
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Hedgehog (Hh) is a secreted morphogen that regulates developmental processes in vertebrates including
limb bud formation, neural tube patterning, cell growth and differentiation (reviewed in Hui and Angers,
2011). Hh signaling also contributes to stem cell homeostasis in adult tissues. Downregulation of Hh sig-
naling can lead to neonatal abnormalities, while upregulation of signaling is associated with the develop-
ment of various cancers (Beachy et al, 2004; Jiang and Hui, 2008; Hui and Angers, 2011).

Hh signaling is switched between 'off' and an 'on' states to differentially regulate an intracellular signal-
ing cascade that targets the Gli transcription factors. In the absence of Hh ligand, cytosolic Gli proteins
are cleaved to yield a truncated form that translocates into the nucleus and represses target gene tran-
scription. Binding of Hh to the Patched (PTC) receptor on the cell surface stabilizes the Gli proteins in
their full-length transcriptional activator form, stimulating Hh-dependent gene expression (reviewed in
Hui and Angers, 2011; Briscoe and Therond, 2013).
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Signaling by Leptin 7
Location: Signal Transduction
Stable identifier: R-HSA-2586552

Compartments: plasma membrane, cytosol

Leptin (LEP, OB, OBS), a circulating adipokine, and its receptor LEPR (DB, OBR) control food intake and
energy balance and are implicated in obesity-related diseases (recently reviewed in Amitani et al. 2013,
Dunmore and Brown 2013, Cottrell and Mercer 2012, La Cava 2012, Marroqui et al. 2012, Paz-Filho et al.
2012, Denver et al. 2011, Lee 2011, Marino et al. 2011, Morton and Schwartz 2011, Scherer and Buettner
2011, Shan and Yeo 2011, Wauman and Tavernier 2011, Dardeno et al. 2010, Bjorbaek 2009, Morris and
Rui 2009, Myers et al. 2008), including cancer (Guo et al. 2012), inflammation (Newman and Gonzalez-
Perez 2013, Iikuni et al. 2008), and angiogenesis (Gonzalez-Perez et al. 2013).

The identification of spontaneous mutations in the leptin gene (ob or LEP) and the leptin receptor gene
(Ob-R, db or LEPR) genes in mice opened up a new field in obesity research. Leptin was discovered as the
product of the gene affected by the ob (obesity) mutation, which causes obesity in mice. Likewise LEPR is
the product of the gene affected by the db (diabetic) mutation. Leptin binding to LEPR induces canonical
(JAK2/STATs; MAPK/ERK 1/2, PI-3K/AKT) and non-canonical signaling pathways (PKC, JNK, p38 MAPK
and AMPK) in diverse cell types. The binding of leptin to the long isoform of LEPR (OB-RI) initiates a
phosphorylation cascade that results in transcriptional activation of target genes by STAT5 and STAT3
and activation of the PI3K pathway(not shown here), the MAPK/ERK pathway, and the mTOR/S6K path-
way. Shorter LEPR isoforms with truncated intracellular domains are unable to activate the STAT path-
way, but can transduce signals by way of activation of JAK2, IRS-1 or ERKs, including MAPKs.

LEPR is constitutively bound to the JAK2 kinase. Binding of LEP to LEPR causes a conformational change
in LEPR that activates JAK2 autophosphorylation followed by phosphorylation of LEPR by JAK2. Phos-
phorylated LEPR binds STAT3, STATS, and SHP2 which are then phosphorylated by JAK2. Phos-
phorylated JAK2 binds SH2B1 which then binds IRS1/2, resulting in phosphorylation of IRS1/2 by JAK?2.
Phosphorylated STAT3 and STATS dimerize and translocate to the nucleus where they activate transcrip-
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tion of target genes (Jovanovic et al. 2010). SHP2 activates the MAPK pathway. IRS1/2 activate the
PI3K/AKT pathway which may be the activator of mTOR/S6K.

Several isoforms of LEPR have been identified (reviewed in Gorska et al. 2010). The long isoform (LEPRDb,
OBRD) is expressed in the hypothalamus and all types of immune cells. It is the only isoform known to
fully activate signaling pathways in response to leptin. Shorter isoforms (LEPRa, LEPRc, LEPRd, and a
soluble isoform LEPRe) are able to interact with JAK kinases and activate other pathways, however their
roles in energy homeostasis are not fully characterized.
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Integrin signaling ~#
Location: Signal Transduction

Stable identifier: R-HSA-354192
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Integrins are a major family of cell surface receptors that modulate cell adhesion, migration, prolifera-
tion and survival through interaction with the extracellular matrix (ECM) and the actin cytoskeleton. In-
tegrins are type 1 transmembrane proteins that exist at the cell surface as heterodimers of alpha and beta
subunits, of which there are 18 and 8 different isoforms, respectively, in human cells. In addition to their
mechanical role in mediating contact between the ECM and the cytoskeleton, integrins also modulate in-
tracellular signaling pathways governing cytoskeletal rearrangements and pro-survival and mitogenic
signaling (reviewed in Hehlgans et al, 2007; Harburger and Calderwood, 2009; Ata and Antonescu, 2017).

In this pathway, we describe signaling through integrin alphallb beta3 as a representative example.

At the sites of vascular injury bioactive molecules such as thrombin, ADP, collagen, fibrinogen and
thrombospondin are generated, secreted or exposed. These stimuli activate platelets, converting the ma-
jor platelet integrin alphallbbeta3 from a resting state to an active conformation, in a process termed in-
tegrin priming or 'inside-out signalling'. Integrin activation refers to the change required to enhance lig-
and-binding activity. The activated alphallbbeta3 interacts with the fibrinogen and links platelets togeth-
er in an aggregate to form a platelet plug. Alphallbbeta3 bound to fibrin generates more intracellular sig-
nals (outside-in signalling), causing further platelet activation and platelet-plug retraction.

In the resting state the alpha and beta tails are close together. This interaction keeps the membrane
proximal regions in a bent conformation that maintains alphallbbeta3 in a low affinity state.

Integrin alphallbbeta3 is released from its inactive state by interaction with the protein talin. Talin inter-
acts with the beta3 cytoplasmic domain and disrupts the salt bridge between the alpha and beta chains.
This separation in the cytoplasmic regions triggers the conformational change in the extracellular do-
main that increases its affinity to fibrinogen.

Much of talin exists in an inactive cytosolic pool, and the Rapl interacting adaptor molecule (RIAM) is
implicated in talin activation and translocation to beta3 integrin cytoplasmic domain.
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Signaling by Nuclear Receptors 7
Location: Signal Transduction

Stable identifier: R-HSA-9006931
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Nuclear receptors (NRs) are ligand-activated transcription factors that bind to small lipid based mo-
lecules to regulate gene expression and other cellular process. This family includes receptors for steroid
hormones and derivatives (such as estrogen, progesterone, glucocorticoids, Vitamin D, oxysterols and
bile acids, among others) as well as receptors for retinoic acids, thyroid hormones and fatty acids and
their derivatives. These ligands are able to diffuse directly through cellular membranes as a result of
their lipophilic nature (reviewed in Beato et al, 1996; Holzer et al, 2017).

The 48 human nuclear receptors share a conserved modular structure that consists of a sequence specific
DNA-binding domain and a ligand-binding domain, in addition to various other protein-protein interac-
tion domains. Upon interaction with ligand, NRs bind to the regulatory regions of target genes as homo-
or heterodimers, or more rarely, as monomers. Atthe promoter, NRs interact with other activators and
repressors to regulate gene expression (reviewed Beato et al, 1996; Simons et al, 2014; Hah and Kraus,
2010).

A number of nuclear receptors are cytoplasmic in the absence of ligand and exist as part of a heat shock
protein complex that regulates their cellular location, protein stability, competency to bind steroid hor-
mones and transcriptional activity (Echeverria and Picard, 2010). Ligand-binding to these receptors pro-
motes dimerization and nuclear translocation. Other nuclear receptors are contstitutively nuclear and
their chromatin-modifying activities are regulated by ligand binding (reviewed in Beato et al, 1996).

In addition to the classic transcriptional response, NRs also have a role in rapid, non-nuclear signaling
originating from receptors localized at the plasma membrane. Ligand-binding to these receptors intiti-
ates downstream phospholipase- and kinase-based signaling cascades (reviewed in Schwartz et al, 2016;
Levin and Hammes, 2016).

Signaling by estrogen, liver X and retinoic acid receptors are currently described here.
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MAPK family signaling cascades 7
Location: Signal Transduction

Stable identifier: R-HSA-5683057
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The mitogen activated protein kinases (MAPKs) are a family of conserved protein serine threonine
kinases that respond to varied extracellular stimuli to activate intracellular processes including gene ex-
pression, metabolism, proliferation, differentiation and apoptosis, among others.

The classic MAPK cascades, including the ERK1/2 pathway, the p38 MAPK pathway, the JNK pathway and
the ERKS5 pathway are characterized by three tiers of sequentially acting, activating kinases (reviewed in
Kryiakis and Avruch, 2012; Cargnello and Roux, 2011). The MAPK kinase kinase kinase (MAPKKK), at the
top of the cascade, is phosphorylated on serine and threonine residues in response to external stimuli;
this phosphorylation often occurs in the context of an interaction between the MAPKKK protein and a
member of the RAS/RHO family of small GTP-binding proteins. Activated MAPKKK proteins in turn
phosphorylate the dual-specificity MAPK kinase proteins (MAPKK), which ultimately phosphorylate the
MAPK proteins in a conserved Thr-X-Tyr motif in the activation loop.

Less is known about the activation of the atypical families of MAPKs, which include the ERK3/4 signaling
cascade, the ERK7 cascade and the NLK cascade. Although the details are not fully worked out, these
MAPK proteins don't appear to be phosphorylated downstream of a 3-tiered kinase system as described
above (reviewed in Coulombe and Meloche, 2007; Cargnello and Roux, 2011) .

Both conventional and atypical MAPKs are proline-directed serine threonine kinases and, once activated,
phosphorylate substrates in the consensus P-X-S/T-P site. Both cytosolic and nuclear targets of MAPK
proteins have been identified and upon stimulation, a proportion of the phosphorylated MAPKs relocal-
ize from the cytoplasm to the nucleus. In some cases, nuclear translocation may be accompanied by di-
merization, although the relationship between these two events is not fully elaborated (reviewed in
Kryiakis and Avruch, 2012; Cargnello and Roux, 2011; Plotnikov et al, 2010).
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Intracellular signaling by second messengers 7
Location: Signal Transduction
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Second messengers are generated within the cell as a downstream step in signal transduction cascades
initiated by the interaction of an external stimulus with a cell surface receptor. Common second mes-
sengers include DAG, cAMP, cGMP, IP3, Ca2+ and phosphatidylinositols (reviewed in Kang et al, 2015;
Raker et al, 2016; Li and Marshall, 2015; Pinto et al, 2015; Ahmad et al, 2015).
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Signaling by Rho GTPases, Miro GTPases and RHOBTB3 ~#
Location: Signal Transduction

Stable identifier: R-HSA-9716542
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RAS-like proteins are small GTP binding proteins characterized structurally by 5 G boxes that are in-
volved in nucleotide binding and hydrolysis. RAS-like proteins are typically active when bound to GTP
and inactive when bound to GDP. Conversion between the two states is mediated by effector proteins:
among others, GTPase activating proteins (GAPs) enable hydrolysis of bound GTP to form GDP, which re-
mains bound, and guanine nucleotide exchange factors (GEFs) enable exchange of bound GDP for free
GTP (intracellular GTP concentrations are typically an order of magnitude higher than GDP concentra-
tions) (reviewed in Tetlow and Tamanoi, 2013).

The human genome includes over 150 members of the RAS superfamily grouped into five main subfamil-
ies: RAS, RHO, ARF, RAB and RAN. These small GTPases affect a wide range of critical processes includ-
ing gene expression, signal transduction, cell morphology, vesicle and nuclear trafficking, cellular prolif-
eration and motility, among others (reviewed in Tetlow and Tamanoi, 2013).

The RHO family of GTPases is large and diverse, with many of its members considered to be master regu-
lators of actin cytoskeleton, involved in the regulation of cellular processes that depend on dynamic reor-
ganization of the cytoskeleton, including cell migration, cell adhesion, cell division, establishment of cel-
lular polarity and intracellular transport (reviewed in Hodge and Ridley 2016, and Olson 2018).

MIRO proteins and RHOBTB3 protein, sometimes called atypical RHO proteins, show a high degree of
overall sequence similarity to members of the five RAS-like subfamilies but diverge in their functions
enough to constitute two separate subfamilies (Boureux et al. 2007). MIRO proteins have intrinsically
high GTPase activity and do not require GTPase activator proteins (Peters et al. 2018). They play an im-
portant role mitochondrial biogenesis, maintenance and organization (reviewed in Birsa et al. 2013). The
GTPase domain of RHOBTB3 is divergent from other Ras like superfamily members and displays ATPase
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activity (Espinosa et al. 2009). RHOBTB3 is involved in CUL3 dependent protein ubiquitination (Berthold
et al. 2008; Ji and Rivero 2016), retrograde transport from endosomes to the Golgi apparatus (Espinosa et
al. 2009), regulation of the cell cycle and in modulating the adaptive response to hypoxia (Ji and Rivero
2016).
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Signaling by Non-Receptor Tyrosine Kinases 7
Location: Signal Transduction

Stable identifier: R-HSA-9006927
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In addition to receptor tyrosine kinases, the human genome encodes at least 32 non-receptor tyrosine
kinases (non-RTKs). These cytosolic tyrosine kinases lack a transmembrane domain but are recruited in-
to signal transduction cascades through interaction with other plasma-bound receptors, which may or
may not themselves have intrinsic catalytic activity. In this way, non-RTKs essentially function as an (a-
dditional) enzymatic subunit of the signaling complex and contribute to many of the same downstream
signaling pathways. The non-RTKs can be grouped into 9 families (ABL, SYK, JAK, TEC, FAK, ACK, SRC,
BRK/PTK6 and CSK) based on their domain structure (reviewed in Neet and Hunter, 1996).
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MTOR signalling ~#
Location: Signal Transduction

Stable identifier: R-HSA-165159

Target of rapamycin (mTOR) is a highly-conserved serine/threonine kinase that regulates cell growth and
division in response to energy levels, growth signals, and nutrients (Zoncu et al. 2011). Control of mTOR
activity is critical for the cell since its dysregulation leads to cancer, metabolic disease, and diabetes
(Laplante & Sabatini 2012). In cells, mTOR exists as two structurally distinct complexes termed mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2), each one with specificity for different sets of ef-
fectors. mTORC1 couples energy and nutrient abundance to cell growth and proliferation by balancing
anabolic (protein synthesis and nutrient storage) and catabolic (autophagy and utilization of energy
stores) processes.
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Death Receptor Signalling 7
Location: Signal Transduction

Stable identifier: R-HSA-73887

FASL/CDOS SIGNALING P7SNTR RECEFTOR-MEDATED SIGNALING

TNFSF10

TNFRSFLO

The death receptors (DR), all cell-surface receptors, that belong to the TNF receptor superfamily (T-
NFRSF). The term death receptor refers to those members of the TNFRSF that contain a "death domain"
(DD) within their cytoplasmic tail which provides the capacity for protein-protein interactions with other
DD-containing proteins suach as FADD. The main signals transmitted from TNF death receptors such as
TNFR1, TRAIL-R, and CD95/FAS in response to their cognate ligand binding result in an apoptotic signal-
ing pathway characterized by direct activation of intracellular cysteine proteases (caspases), without dir-
ectly involving the mitochondrial death pathway. However, these death receptors have also been shown
to initiate survival signals via the activation of transcription factors NFkappaB and AP1. This project de-
scribes an assembly of the death-inducing signaling complex (DISC) downstream of TNFR1, TRAIL-R,
and CD95/FAS and shows protein composition and stoichiometry within the DISC. However, the DISC
signaling complex may vary in its components stoichiometry. DR signaling may trigger formation of
higher order receptor structures or signaling through rearrangement of receptor chains, which is not re-
flected here. The project also describes neuron-type-specific signaling by the p75NTR death receptor
(also known as NGFR) that can regulate a number of different biological activities in response to ligand
binding, including cell death and/or survival, axonal growth and synaptic plasticity.
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Signaling by Erythropoietin 7
Location: Signal Transduction

Stable identifier: R-HSA-9006335

Erythropoietin (EPO) is a cytokine that serves as the primary regulator of erythropoiesis, the differenti-
ation of erythrocytes from stem cells in the liver of the fetus and the bone marrow of adult mammals (r-
eviewed in Ingley 2012, Zhang et al. 2014, Kuhrt and Wojchowski 2015). EPO is produced in the kidneys in
response to low oxygen tension and binds a receptor, EPOR, located on progenitor cells: burst forming
unit-erythroid (BFU-e) cells and colony forming unit-erythroid (CFU-e) cells.

The erythropoietin receptor (EPOR) exists in lipid rafts (reviewed in McGraw and List 2017) as a dimer
pre-associated with proteins involved in downstream signaling: the tyrosine kinase JAK2, the tyrosine
kinase LYN, and the scaffold protein IRS2. Binding of EPO to the EPOR dimer causes a change in con-
formation (reviewed in Watowich et al. 2011, Corbett et al. 2016) that activates JAK2, which then trans-
phosphorylates JAK2 and phosphorylates the cytoplasmic domain of EPOR. The phosphorylated EPOR
serves directly or indirectly as a docking site for signaling molecules such as STATS, phosphatidylinositol
4,5-bisphosphate 3-kinase (PI3K), phospholipase C gamma (PLCG1, PLCG2), and activators of RAS (SHC1,
GRB2:S0S1, GRB2:VAV1).

EPO activates 4 major signaling pathways: STAT5-activated transcription, PI3K-AKT, RAS-RAF-ERK, and
PLC-PKC. JAK2-STATS activates expression of BCL2L1 (Bcl-xL) and therefore appears to be important for
anti-apoptosis. PI3K-AKT appears to be important for both anti-apoptosis and proliferation. The roles of
other signaling pathways are controversial but both RAS-RAF-MEK-ERK and PLCgamma-PKC have mito-
genic effects. Phosphatases such as SHP1 are also recruited and downregulate the EPO signal.

EPO also has effects outside of erythropoiesis. The EPOR is expressed in various tissues such as endothe-
lium where it can act to stimulate growth and promote cell survival (Debeljak et al. 2014, Kimdkova et al.
2017). EPO and EPOR in the neurovascular system act via Akt, Wntl, mTOR, SIRT1, and FOXO proteins to
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prevent apoptotic cell injury (reviewed in Ostrowski and Heinrich 2018, Maiese 2016) and EPO may have
therapeutic value in the nervous system (Ma et al. 2016).
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