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When things change, cells respond. Every cell, from the humble bacterium to 
the most sophisticated eukaryotic cell, monitors its intracellular and extracellu-
lar environment, processes the information it gathers, and responds accordingly. 
Unicellular organisms, for example, modify their behavior in response to changes 
in environmental nutrients or toxins. The cells of multicellular organisms detect 
and respond to countless internal and extracellular signals that control their 
growth, division, and differentiation during development, as well as their behav-
ior in adult tissues. At the heart of all these communication systems are regulatory 
proteins that produce chemical signals, which are sent from one place to another 
in the body or within a cell, usually being processed along the way and integrated 
with other signals to provide clear and effective communication. 

The study of cell signaling has traditionally focused on the mechanisms by 
which eukaryotic cells communicate with each other using extracellular signal 
molecules such as hormones and growth factors. In this chapter, we describe the 
features of some of these cell–cell communication systems, and we use them to 
illustrate the general principles by which any regulatory system, inside or outside 
the cell, is able to generate, process, and respond to signals. Our main focus is on 
animal cells, but we end by considering the special features of cell signaling in 
plants.

PRINCIPLES OF CELL SIGNALING
Long before multicellular creatures roamed the Earth, unicellular organisms 
had developed mechanisms for responding to physical and chemical changes in 
their environment. These almost certainly included mechanisms for responding 
to the presence of other cells. Evidence comes from studies of present-day uni-
cellular organisms such as bacteria and yeasts. Although these cells lead mostly 
independent lives, they can communicate and influence one another’s behavior. 
Many bacteria, for example, respond to chemical signals that are secreted by their 
neighbors and accumulate at higher population density. This process, called quo-
rum sensing, allows bacteria to coordinate their behavior, including their motility, 
antibiotic production, spore formation, and sexual conjugation. Similarly, yeast 
cells communicate with one another in preparation for mating. The budding yeast 
Saccharomyces cerevisiae provides a well-studied example: when a haploid indi-
vidual is ready to mate, it secretes a peptide mating factor that signals cells of the 
opposite mating type to stop proliferating and prepare to mate. The subsequent 
fusion of two haploid cells of opposite mating type produces a diploid zygote. 

Intercellular communication achieved an astonishing level of complexity dur-
ing the evolution of multicellular organisms. These organisms are tight-knit soci-
eties of cells, in which the well-being of the individual cell is often set aside for the 
benefit of the organism as a whole. Complex systems of intercellular communica-
tion have evolved to allow the collaboration and coordination of different tissues 
and cell types. Bewildering arrays of signaling systems govern every conceivable 
feature of cell and tissue function during development and in the adult. 

Communication between cells in multicellular organisms is mediated mainly 
by extracellular signal molecules. Some of these operate over long distances, 
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Activation of RTKs by dimerization

  851

through a single transmembrane α helix. Instead, for most RTKs, ligand binding 
causes the receptors to dimerize, bringing the two cytoplasmic kinase domains 
together and thereby promoting their activation (Figure 15–44). 

Dimerization stimulates kinase activity by a variety of mechanisms. In many 
cases, such as the insulin receptor, dimerization simply brings the kinase domains 
close to each other in an orientation that allows them to phosphorylate each other 
on specific tyrosines in the kinase active sites, thereby promoting conformational 
changes that fully activate both kinase domains. In other cases, such as the recep-
tor for epidermal growth factor (EGF), the kinase is not activated by phosphory-
lation but by conformational changes brought about by interactions between the 
two kinase domains outside their active sites (Figure 15–45).
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Figure 15–44 Activation of RTKs by dimerization. In the absence of extracellular signals, most RTKs exist as monomers 
in which the internal kinase domain is inactive. Binding of ligand brings two monomers together to form a dimer. In most 
cases, the close proximity in the dimer leads the two kinase domains to phosphorylate each other, which has two effects. 
First, phosphorylation at some tyrosines in the kinase domains promotes the complete activation of the domains. Second, 
phosphorylation at tyrosines in other parts of the receptors generates docking sites for intracellular signaling proteins, resulting 
in the formation of large signaling complexes that can then broadcast signals along multiple signaling pathways. 
     Mechanisms of dimerization vary widely among different RTK family members. In some cases, as shown here, the ligand 
itself is a dimer and brings two receptors together by binding them simultaneously. In other cases, a monomeric ligand can 
interact with two receptors simultaneously to bring them together, or two ligands can bind independently on two receptors to 
promote dimerization. In some RTKs—notably those in the insulin receptor family—the receptor is always a dimer (see Figure 
15–43), and ligand binding causes a conformational change that brings the two internal kinase domains closer together. 
Although many RTKs are activated by transautophosphorylation as shown here, there are some important exceptions, including 
the EGF receptor illustrated in Figure 15–45. 
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and inactivate phosphorylated JAKs and their associated phosphorylated recep-
tors; others bind to phosphorylated STAT dimers and prevent them from bind-
ing to their DNA targets. Such negative feedback mechanisms, however, are not 
enough on their own to turn off the response. Inactivation of the activated JAKs 
and STATs requires dephosphorylation of their phosphotyrosines.

Protein Tyrosine Phosphatases Reverse Tyrosine Phosphorylations
In all signaling pathways that use tyrosine phosphorylation, the tyrosine phos-
phorylations are reversed by protein tyrosine phosphatases. These phosphatases 
are as important in the signaling process as the protein tyrosine kinases that add 
the phosphates. Whereas only a few types of serine/threonine protein phosphatase 
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Figure 15–56 The JAK–STAT signaling 
pathway activated by cytokines. The 
binding of the cytokine either causes two 
separate receptor polypeptide chains 
to dimerize (as shown) or re-orients the 
receptor chains in a preformed dimer. 
In either case, the associated JAKs 
are brought together so that they can 
phosphorylate each other on tyrosines to 
become fully activated, after which they 
phosphorylate the receptors to generate 
binding sites for the SH2 domains of STAT 
proteins. The JAKs also phosphorylate 
the STAT proteins, which dissociate from 
the receptor to form dimers and enter the 
nucleus to control gene expression.

TABLE 15–6 Some Extracellular Signal Proteins That Act Through Cytokine Receptors and the JAK–STAT Signaling 
Pathway

Signal protein Receptor-associated 
JAKs

STATs activated Some responses

Interferon-γ (IFNγ) JAK1 and JAK2 STAT1 Activates macrophages

Interferon-α (IFNα) Tyk2 and JAK2 STAT1 and STAT2 Increases cell resistance to viral infection

Erythropoietin JAK2 STAT5 Stimulates production of erythrocytes

Prolactin JAK1 and JAK2 STAT5 Stimulates milk production

Growth hormone JAK2 STAT1 and STAT5 Stimulates growth by inducing IGF1 
production

Granulocyte–Macrophage-Colony-
Stimulating Factor (GMCSF)

JAK2 STAT5 Stimulates production of granulocytes 
and macrophages

The JAK–STAT signaling pathway activated by cytokines 

Inactive JANUS Kinases are associated with 
receptors
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and inactivate phosphorylated JAKs and their associated phosphorylated recep-
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an important role in this pathway; it is concentrated in early endosomes and binds 
to both activated TGFβ receptors and Smads, increasing the efficiency of recep-
tor-mediated Smad phosphorylation. The inactivation route depends on caveolae 
(discussed in Chapter 13) and leads to receptor ubiquitylation and degradation in 
proteasomes.

During the signaling response, the Smads shuttle continuously between 
the cytoplasm and the nucleus: they are dephosphorylated in the nucleus and 
exported to the cytoplasm, where they can be rephosphorylated by activated 
receptors. In this way, the effect exerted on the target genes reflects both the con-
centration of the extracellular signal and the time the signal continues to act on 
the cell-surface receptors (often several hours). Cells exposed to a morphogen at 
high concentration, or for a long time, or both, will switch on one set of genes, 
whereas cells receiving a lower or more transient exposure will switch on another 
set.

As in other signaling systems, negative feedback regulates the Smad path-
way. Among the target genes activated by Smad complexes are those that encode 
inhibitory Smads, either Smad6 or Smad7. Smad7 (and possibly Smad6) binds 
to the cytosolic tail of the activated receptor and inhibits its signaling ability in 
at least three ways: (1) it competes with R-Smads for binding sites on the recep-
tor, decreasing R-Smad phosphorylation; (2) it recruits a ubiquitin ligase called 
Smurf, which ubiquitylates the receptor, leading to receptor internalization and 
degradation (it is because Smurfs also ubiquitylate and promote the degradation 
of Smads that they are called Smad ubiquitylation regulatory factors, or Smurfs); 
and (3) it recruits a protein phosphatase that dephosphorylates and inactivates 
the receptor. In addition, the inhibitory Smads bind to the co-Smad, Smad4, and 
inhibit it, either by preventing its binding to R-Smads or by promoting its ubiqui-
tylation and degradation.

Although receptor serine/threonine kinases operate mainly through the Smad 
pathway just described, they can also stimulate other intracellular signaling pro-
teins such as MAP kinases and PI 3-kinase. Conversely, signaling proteins in other 
pathways can phosphorylate Smads and thereby influence signaling along the 
Smad pathway.

Summary
There are various classes of enzyme-coupled receptors, the most common of which 
are receptor tyrosine kinases (RTKs), tyrosine-kinase-associated receptors, and 
receptor serine/threonine kinases.
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Figure 15–57 The Smad-dependent 
signaling pathway activated by TGFβ. 
The TGFβ dimer promotes the assembly of 
a tetrameric receptor complex containing 
two copies each of the type-I and 
type-II receptors. The type-II receptors 
phosphorylate specific sites on the type-I 
receptors, thereby activating their kinase 
domains and leading to phosphorylation 
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collaborates with other transcription 
regulators to control the transcription of 
specific target genes. 
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tor-mediated Smad phosphorylation. The inactivation route depends on caveolae 
(discussed in Chapter 13) and leads to receptor ubiquitylation and degradation in 
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receptors. In this way, the effect exerted on the target genes reflects both the con-
centration of the extracellular signal and the time the signal continues to act on 
the cell-surface receptors (often several hours). Cells exposed to a morphogen at 
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set.
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Summary
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NOTCH = V-shaped indentation in the wing

WNT = Wingless (Wg) + Integration-1 (Int)

Hedgehog = Larva looking like a hedgehog (!) 
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in wing development, while in mice, the Int1 gene was found because it promoted 
the development of breast tumors when activated by the integration of a virus next 
to it. Both of these genes encode Wnt proteins. Wnts are unusual as secreted pro-
teins in that they have a fatty acid chain covalently attached to their N-terminus, 
which increases their binding to cell surfaces. There are 19 Wnts in humans, each 
having distinct, but often overlapping, functions.

Wnts can activate at least two types of intracellular signaling pathways. Our 
primary focus here is the Wnt/β-catenin pathway (also known as the canonical 
Wnt pathway), which is centered on the latent transcription regulator β-catenin. 
A second pathway, called the planar polarity pathway, coordinates the polariza-
tion of cells in the plane of a developing epithelium and depends on Rho fam-
ily GTPases. Both of these pathways begin with the binding of Wnts to Frizzled 
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Figure 15–59 The processing and activation of Notch by proteolytic cleavage. The numbered red arrowheads indicate the 
sites of proteolytic cleavage. The first proteolytic processing step occurs within the trans Golgi network to generate the mature 
heterodimeric Notch receptor that is then displayed on the cell surface. The binding to Delta on a neighboring cell triggers the 
next two proteolytic steps: the complex of Delta and the Notch fragment to which it is bound is endocytosed by the Delta-
expressing cell, exposing the extracellular cleavage site in the transmembrane Notch subunit. Note that Notch and Delta interact 
through their repeated EGF-like domains. The released Notch tail migrates into the nucleus, where it binds to the Rbpsuh 
protein, which it converts from a transcriptional repressor to a transcriptional activator.
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Figure 15–59 The processing and activation of Notch by proteolytic cleavage. The numbered red arrowheads indicate the 
sites of proteolytic cleavage. The first proteolytic processing step occurs within the trans Golgi network to generate the mature 
heterodimeric Notch receptor that is then displayed on the cell surface. The binding to Delta on a neighboring cell triggers the 
next two proteolytic steps: the complex of Delta and the Notch fragment to which it is bound is endocytosed by the Delta-
expressing cell, exposing the extracellular cleavage site in the transmembrane Notch subunit. Note that Notch and Delta interact 
through their repeated EGF-like domains. The released Notch tail migrates into the nucleus, where it binds to the Rbpsuh 
protein, which it converts from a transcriptional repressor to a transcriptional activator.
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which increases their binding to cell surfaces. There are 19 Wnts in humans, each 
having distinct, but often overlapping, functions.

Wnts can activate at least two types of intracellular signaling pathways. Our 
primary focus here is the Wnt/β-catenin pathway (also known as the canonical 
Wnt pathway), which is centered on the latent transcription regulator β-catenin. 
A second pathway, called the planar polarity pathway, coordinates the polariza-
tion of cells in the plane of a developing epithelium and depends on Rho fam-
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Figure 15–59 The processing and activation of Notch by proteolytic cleavage. The numbered red arrowheads indicate the 
sites of proteolytic cleavage. The first proteolytic processing step occurs within the trans Golgi network to generate the mature 
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through their repeated EGF-like domains. The released Notch tail migrates into the nucleus, where it binds to the Rbpsuh 
protein, which it converts from a transcriptional repressor to a transcriptional activator.
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in wing development, while in mice, the Int1 gene was found because it promoted 
the development of breast tumors when activated by the integration of a virus next 
to it. Both of these genes encode Wnt proteins. Wnts are unusual as secreted pro-
teins in that they have a fatty acid chain covalently attached to their N-terminus, 
which increases their binding to cell surfaces. There are 19 Wnts in humans, each 
having distinct, but often overlapping, functions.

Wnts can activate at least two types of intracellular signaling pathways. Our 
primary focus here is the Wnt/β-catenin pathway (also known as the canonical 
Wnt pathway), which is centered on the latent transcription regulator β-catenin. 
A second pathway, called the planar polarity pathway, coordinates the polariza-
tion of cells in the plane of a developing epithelium and depends on Rho fam-
ily GTPases. Both of these pathways begin with the binding of Wnts to Frizzled 
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Figure 15–59 The processing and activation of Notch by proteolytic cleavage. The numbered red arrowheads indicate the 
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next two proteolytic steps: the complex of Delta and the Notch fragment to which it is bound is endocytosed by the Delta-
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through their repeated EGF-like domains. The released Notch tail migrates into the nucleus, where it binds to the Rbpsuh 
protein, which it converts from a transcriptional repressor to a transcriptional activator.
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signals to the neighbor not to become neural (Figure 15–58). When this signaling 
process is defective, a huge excess of neural cells is produced at the expense of 
epidermal cells, which is lethal. 

Notch is a single-pass transmembrane protein that requires proteolytic pro-
cessing to function. It acts as a latent transcription regulator and provides the sim-
plest and most direct signaling pathway known from a cell-surface receptor to the 
nucleus. When activated by the binding of Delta on another cell, a plasma-mem-
brane-bound protease cleaves off the cytoplasmic tail of Notch, and the released 
tail translocates into the nucleus to activate the transcription of a set of Notch-
response genes. The Notch tail fragment acts by binding to a DNA-binding pro-
tein, converting it from a transcriptional repressor into a transcriptional activator. 

The Notch receptor undergoes three successive proteolytic cleavage steps, but 
only the last two depend on Delta binding. As part of its normal biosynthesis, it is 
cleaved in the Golgi apparatus to form a heterodimer, which is then transported 
to the cell surface as the mature receptor. The binding of Delta to Notch induces 
a second cleavage in the extracellular domain, mediated by an extracellular pro-
tease. A final cleavage quickly follows, cutting free the cytoplasmic tail of the acti-
vated receptor (Figure 15–59). Note that, unlike most receptors, the activation of 
Notch is irreversible; once activated by ligand binding, the protein cannot be used 
again. 

This final cleavage of the Notch tail occurs just within the transmembrane seg-
ment, and it is mediated by a protease complex called γ-secretase, which is also 
responsible for the intramembrane cleavage of various other proteins. One of its 
essential subunits is Presenilin, so called because mutations in the gene encod-
ing it are a frequent cause of early-onset, familial Alzheimer’s disease, a form of 
presenile dementia. The protease complex is thought to contribute to this and 
other forms of Alzheimer’s disease by generating extracellular peptide fragments 
from a transmembrane neuronal protein; the fragments accumulate in excessive 
amounts and form aggregates of misfolded protein called amyloid plaques, which 
may injure nerve cells and contribute to their degeneration and loss.

Both Notch and Delta are glycoproteins, and their interaction is regulated by 
the glycosylation of Notch. The Fringe family of glycosyl transferases, in particular, 
adds extra sugars to the O-linked oligosaccharide (discussed in Chapter 13) on 
Notch, which alters the specificity of Notch for its ligands. This has provided the 
first example of the modulation of ligand–receptor signaling by differential recep-
tor glycosylation. 

Wnt Proteins Bind to Frizzled Receptors and Inhibit the 
Degradation of β-Catenin
Wnt proteins are secreted signal molecules that act as local mediators and mor-
phogens to control many aspects of development in all animals that have been 
studied. They were discovered independently in flies and in mice: in Drosophila, 
the Wingless (Wg) gene originally came to light because of its role as a morphogen 
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family cell-surface receptors, which are seven-pass transmembrane proteins that 
resemble GPCRs in structure but do not generally work through the activation 
of G proteins. Instead, when activated by Wnt binding, Frizzled proteins recruit 
the scaffold protein Dishevelled, which helps relay the signal to other signaling 
molecules. 

The Wnt/β-catenin pathway acts by regulating the proteolysis of the multi-
functional protein β-catenin (or Armadillo in flies). A portion of the cell’s β-cat-
enin is located at cell–cell junctions and thereby contributes to the control of cell–
cell adhesion (discussed in Chapter 19), while the remaining β-catenin is rapidly 
degraded in the cytoplasm. Degradation depends on a large protein degradation 
complex, which binds β-catenin and keeps it out of the nucleus while promot-
ing its degradation. The complex contains at least four other proteins: a protein 
kinase called casein kinase 1 (CK1) phosphorylates the β-catenin on a serine, 
priming it for further phosphorylation by another protein kinase called glycogen 
synthase kinase 3 (GSK3); this final phosphorylation marks the protein for ubiq-
uitylation and rapid degradation in proteasomes. Two scaffold proteins called 
axin and Adenomatous polyposis coli (APC) hold the protein complex together 
(Figure 15–60A). APC gets its name from the finding that the gene encoding it 
is often mutated in a type of benign tumor (adenoma) of the colon; the tumor 
projects into the lumen as a polyp and can eventually become malignant. (This 
APC should not be confused with the anaphase-promoting complex, or APC/C, 
that plays a central part in selective protein degradation during the cell cycle—see 
Figure 17–15A.)

Wnt proteins regulate β-catenin proteolysis by binding to both a Frizzled pro-
tein and a co-receptor that is related to the low-density lipoprotein (LDL) receptor 
(discussed in Chapter 13) and is therefore called an LDL-receptor-related protein 
(LRP). In a poorly understood process, the activated receptor complex recruits 
the Dishevelled scaffold and promotes the phosphorylation of the LRP receptor 
by the two protein kinases, GSK3 and CK1. Axin is brought to the receptor com-
plex and inactivated, thereby disrupting the β-catenin degradation complex in 
the cytoplasm. In this way, the phosphorylation and degradation of β-catenin are 
prevented, enabling unphosphorylated β-catenin to accumulate and translocate 
to the nucleus, where it alters the pattern of gene transcription (Figure 15–60B).
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Figure 15–60 The Wnt/β-catenin 
signaling pathway. (A) In the absence of 
a Wnt signal, β-catenin that is not bound 
to cell–cell adherens junctions (not shown) 
interacts with a degradation complex 
containing APC, axin, GSK3, and CK1. In 
this complex, β-catenin is phosphorylated 
by CK1 and then by GSK3, triggering 
its ubiquitylation and degradation in 
proteasomes. Wnt-responsive genes are 
kept inactive by the Groucho co-repressor 
protein bound to the transcription regulator 
LEF1/TCF. (B) Wnt binding to Frizzled 
and LRP clusters the two co-receptors 
together, and the cytosolic tail of LRP is 
phosphorylated by GSK3 and then by CK1. 
Axin binds to the phosphorylated LRP and 
is inactivated and/or degraded, resulting in 
disassembly of the degradation complex. 
The phosphorylation of β-catenin is 
thereby prevented, and unphosphorylated 
β-catenin accumulates and translocates 
to the nucleus, where it binds to LEF1/
TCF, displaces the co-repressor Groucho, 
and acts as a coactivator to stimulate the 
transcription of Wnt target genes. The 
scaffold protein Dishevelled is required for 
the signaling pathway to operate; it binds 
to Frizzled and becomes phosphorylated 
(not shown), but its precise role is 
unknown. 

The Wnt/β-catenin signaling pathway

Nucleus

WNT off

B-Catenin is degraded

TCF or LEF1 forms a transcriptional repressor 
with Groucho



870 Chapter 15:  Cell Signaling
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family cell-surface receptors, which are seven-pass transmembrane proteins that 
resemble GPCRs in structure but do not generally work through the activation 
of G proteins. Instead, when activated by Wnt binding, Frizzled proteins recruit 
the scaffold protein Dishevelled, which helps relay the signal to other signaling 
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The Wnt/β-catenin pathway acts by regulating the proteolysis of the multi-
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(Figure 15–60A). APC gets its name from the finding that the gene encoding it 
is often mutated in a type of benign tumor (adenoma) of the colon; the tumor 
projects into the lumen as a polyp and can eventually become malignant. (This 
APC should not be confused with the anaphase-promoting complex, or APC/C, 
that plays a central part in selective protein degradation during the cell cycle—see 
Figure 17–15A.)
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(discussed in Chapter 13) and is therefore called an LDL-receptor-related protein 
(LRP). In a poorly understood process, the activated receptor complex recruits 
the Dishevelled scaffold and promotes the phosphorylation of the LRP receptor 
by the two protein kinases, GSK3 and CK1. Axin is brought to the receptor com-
plex and inactivated, thereby disrupting the β-catenin degradation complex in 
the cytoplasm. In this way, the phosphorylation and degradation of β-catenin are 
prevented, enabling unphosphorylated β-catenin to accumulate and translocate 
to the nucleus, where it alters the pattern of gene transcription (Figure 15–60B).
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signaling pathway. (A) In the absence of 
a Wnt signal, β-catenin that is not bound 
to cell–cell adherens junctions (not shown) 
interacts with a degradation complex 
containing APC, axin, GSK3, and CK1. In 
this complex, β-catenin is phosphorylated 
by CK1 and then by GSK3, triggering 
its ubiquitylation and degradation in 
proteasomes. Wnt-responsive genes are 
kept inactive by the Groucho co-repressor 
protein bound to the transcription regulator 
LEF1/TCF. (B) Wnt binding to Frizzled 
and LRP clusters the two co-receptors 
together, and the cytosolic tail of LRP is 
phosphorylated by GSK3 and then by CK1. 
Axin binds to the phosphorylated LRP and 
is inactivated and/or degraded, resulting in 
disassembly of the degradation complex. 
The phosphorylation of β-catenin is 
thereby prevented, and unphosphorylated 
β-catenin accumulates and translocates 
to the nucleus, where it binds to LEF1/
TCF, displaces the co-repressor Groucho, 
and acts as a coactivator to stimulate the 
transcription of Wnt target genes. The 
scaffold protein Dishevelled is required for 
the signaling pathway to operate; it binds 
to Frizzled and becomes phosphorylated 
(not shown), but its precise role is 
unknown. 
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Hedgehog functions by blocking the proteolytic processing of Ci, thereby 
changing it into a transcriptional activator. It does this by a convoluted signal-
ing process that depends on three transmembrane proteins: Patched, iHog, and 
Smoothened. Patched is predicted to cross the plasma membrane 12 times, and, 
although much of it is in intracellular vesicles, some is on the cell surface where 
it can bind the Hedgehog protein. iHog is also on the cell surface and is thought 
to serve as a co-receptor for Hedgehog. Smoothened is a seven-pass transmem-
brane protein with a structure very similar to a GPCR, but it does not seem to act 
as a Hedgehog receptor or even as an activator of G proteins; it is controlled by 
Patched and iHog. 

In the absence of a Hedgehog signal, Patched employs an unknown mech-
anism to keep Smoothened sequestered and inactive in intracellular vesicles 
(see Figure 15–61A). The binding of Hedgehog to iHog and Patched inhibits the 
activity of Patched and induces its endocytosis and degradation. The result is that 
Smoothened is liberated from inhibition and translocates to the plasma mem-
brane, where it recruits the protein complex containing Ci, Fused, and Costal2. 
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Figure 15–61 Hedgehog signaling 
in Drosophila. (A) In the absence of 
Hedgehog, most Patched is in intracellular 
vesicles (not shown), where it keeps 
Smoothened inactive and sequestered. The 
Ci protein is bound in a cytosolic protein 
degradation complex, which includes the 
protein kinase Fused and the scaffold 
protein Costal2. Costal2 recruits three 
other protein kinases (PKA, GSK3, and 
CK1; not shown), which phosphorylate 
Ci. Phosphorylated Ci is ubiquitylated and 
then cleaved in proteasomes (not shown) 
to form a transcriptional repressor, which 
accumulates in the nucleus to help keep 
Hedgehog target genes inactive.  
(B) Hedgehog binding to iHog and Patched 
removes the inhibition of Smoothened by 
Patched. Smoothened is phosphorylated 
by PKA and CK1 and translocates to the 
plasma membrane, where it recruits the 
complex containing Fused, Costal2, and 
Ci. Costal2 releases unprocessed Ci, which 
accumulates in the nucleus and activates 
the transcription of Hedgehog target genes. 
Many details in the pathway are poorly 
understood, including the role of Fused.
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Figure 15–61 Hedgehog signaling 
in Drosophila. (A) In the absence of 
Hedgehog, most Patched is in intracellular 
vesicles (not shown), where it keeps 
Smoothened inactive and sequestered. The 
Ci protein is bound in a cytosolic protein 
degradation complex, which includes the 
protein kinase Fused and the scaffold 
protein Costal2. Costal2 recruits three 
other protein kinases (PKA, GSK3, and 
CK1; not shown), which phosphorylate 
Ci. Phosphorylated Ci is ubiquitylated and 
then cleaved in proteasomes (not shown) 
to form a transcriptional repressor, which 
accumulates in the nucleus to help keep 
Hedgehog target genes inactive.  
(B) Hedgehog binding to iHog and Patched 
removes the inhibition of Smoothened by 
Patched. Smoothened is phosphorylated 
by PKA and CK1 and translocates to the 
plasma membrane, where it recruits the 
complex containing Fused, Costal2, and 
Ci. Costal2 releases unprocessed Ci, which 
accumulates in the nucleus and activates 
the transcription of Hedgehog target genes. 
Many details in the pathway are poorly 
understood, including the role of Fused.
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Hedgehog functions by blocking the proteolytic processing of Ci, thereby 
changing it into a transcriptional activator. It does this by a convoluted signal-
ing process that depends on three transmembrane proteins: Patched, iHog, and 
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it can bind the Hedgehog protein. iHog is also on the cell surface and is thought 
to serve as a co-receptor for Hedgehog. Smoothened is a seven-pass transmem-
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as a Hedgehog receptor or even as an activator of G proteins; it is controlled by 
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activity of Patched and induces its endocytosis and degradation. The result is that 
Smoothened is liberated from inhibition and translocates to the plasma mem-
brane, where it recruits the protein complex containing Ci, Fused, and Costal2. 
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activates its own characteristic set of genes. Inhibitory proteins called IκB bind 
tightly to the dimers and hold them in an inactive state within the cytoplasm of 
unstimulated cells. There are three major IκB proteins in mammals (IκB α, β, and 
ε), and the signals that release NFκB dimers do so by triggering a signaling path-
way that leads to the phosphorylation, ubiquitylation, and consequent degrada-
tion of the IκB proteins (Figure 15–62).

Among the genes activated by the released NFκB is the gene that encodes 
IκBα. This activation leads to increased synthesis of IκBα protein, which binds 
to NFκB and inactivates it, creating a negative feedback loop (Figure 15–63A). 
Experiments on TNFα-induced responses, as well as computer modeling stud-
ies of the responses, indicate that the negative feedback produces two types of 
NFκB responses, depending on the duration of the TNFα stimulus; importantly, 
the two types of responses induce different patterns of gene expression (Figure 
15–63B, C, and D). The negative feedback through IκBα is required for both types 
of responses: in cells deficient in IκBα, even a short exposure to TNFα induces a 
sustained activation of NFκB, without oscillations, and all of the NFκB-responsive 
genes are activated.

Thus far, we have focused on the mechanisms by which extracellular signal 
molecules use cell-surface receptors to initiate changes in gene expression. We 
now turn to a class of extracellular signals that bypasses the plasma membrane 
entirely and controls, in the most direct way possible, transcription regulatory 
proteins inside the cell.

Nuclear Receptors Are Ligand-Modulated Transcription Regulators
Various small, hydrophobic signal molecules diffuse directly across the plasma 
membrane of target cells and bind to intracellular receptors that are transcription 
regulators. These signal molecules include steroid hormones, thyroid hormones, 
retinoids, and vitamin D. Although they differ greatly from one another in both 

Figure 15–62 The activation of the 
NFκB pathway by TNFα. Both TNFα 
and its receptors are trimers. The binding 
of TNFα causes a rearrangement of the 
clustered cytosolic tails of the receptors, 
which now recruit various signaling 
proteins, resulting in the activation of 
a protein kinase that phosphorylates 
and activates IκB kinase kinase (IKK). 
IKK is a heterotrimer composed of two 
kinase subunits (IKKα and IKKβ) and a 
regulatory subunit called NEMO. IKKβ then 
phosphorylates IκB on two serines, which 
marks the protein for ubiquitylation and 
degradation in proteasomes. The released 
NFκB translocates into the nucleus, where, 
in collaboration with coactivator proteins, 
it stimulates the transcription of its target 
genes.
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ies of the responses, indicate that the negative feedback produces two types of 
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the two types of responses induce different patterns of gene expression (Figure 
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chemical structure (Figure 15–64) and function, they all act by a similar mech-
anism. They bind to their respective intracellular receptor proteins and alter the 
ability of these proteins to control the transcription of specific genes. Thus, these 
proteins serve both as intracellular receptors and as intracellular effectors for the 
signal.

The receptors are all structurally related, being part of the very large nuclear 
receptor superfamily. Many family members have been identified by DNA 
sequencing only, and their ligand is not yet known; they are therefore referred 
to as orphan nuclear receptors, and they make up large fractions of the nuclear 
receptors encoded in the genomes of humans, Drosophila, and the nematode 
C. elegans. Some mammalian nuclear receptors are regulated by intracellular 
metabolites rather than by secreted signal molecules; the peroxisome prolifera-
tion-activated receptors (PPARs), for example, bind intracellular lipid metabolites 
and regulate the transcription of genes involved in lipid metabolism and fat-cell 
differentiation. It seems likely that the nuclear receptors for hormones evolved 
from such receptors for intracellular metabolites, which would help explain their 
intracellular location.

Steroid hormones—which include cortisol, the steroid sex hormones, vita-
min D (in vertebrates), and the molting hormone ecdysone (in insects)—are all 
made from cholesterol. Cortisol is produced in the cortex of the adrenal glands 
and influences the metabolism of many types of cells. The steroid sex hormones 
are made in the testes and ovaries and are responsible for the secondary sex 
characteristics that distinguish males from females. Vitamin D is synthesized in 
the skin in response to sunlight; after it has been converted to its active form in 

ALTERNATIVE SIGNALING ROUTES IN GENE REGULATION

Figure 15–63 Negative feedback in the NFκB signaling pathway induces oscillations in NFκB activation. (A) Drawing 
showing how activated NFκB stimulates the transcription of the IκBα gene, the protein product of which acts back in 
the cytoplasm to sequester and inhibit NFκB there; if the stimulus is persistent, the newly made IκBα protein will then be 
ubiquitylated and degraded, liberating active NFκB again so that it can return to the nucleus and activate transcription (see 
Figure 15–62). (B) A short exposure to TNFα produces a single, short pulse of NFκB activation, beginning within minutes and 
ending by 1 hour. This response turns on the transcription of gene A but not gene B. (C) A sustained exposure to TNFα for 
the entire 6 hours of the experiment produces oscillations in NFκB activation that damp down over time. This response turns 
on the transcription of both genes; gene B turns on only after several hours, indicating that gene B transcription requires 
prolonged activation of NFκB, for reasons that are not understood. (D) These time-lapse confocal fluorescence micrographs 
from a different study of TNFα stimulation show the oscillations of NFκB in a cultured cell, as indicated by its periodic movement 
into the nucleus (N) of a fusion protein composed of NFκB fused to a red fluorescent protein. In the cell at the center of the 
micrographs, NFκB is active and in the nucleus at 6, 60, 210, 380, and 480 minutes, but it is exclusively in the cytoplasm at  
0, 120, 300, 410, and 510 minutes. (A–C, based on data from A. Hoffmann et al., Science 298:1241–1245, 2002, and adapted 
from A.Y. Ting and D. Endy, Science 298:1189–1190, 2002; D, from D.E. Nelson et al., Science 306:704–708, 2004. All with 
permission from AAAS.)
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Some signal molecules that bind to intracellular receptors 
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the liver or kidneys, it regulates Ca2+ metabolism, promoting Ca2+ uptake in the 
gut and reducing its excretion in the kidneys. The thyroid hormones, which are 
made from the amino acid tyrosine, act to increase the metabolic rate of many 
cell types, while the retinoids, such as retinoic acid, are made from vitamin A and 
have important roles as local mediators in vertebrate development. Although all 
of these signal molecules are relatively insoluble in water, they are made soluble 
for transport in the bloodstream and other extracellular fluids by binding to spe-
cific carrier proteins, from which they dissociate before entering a target cell (see 
Figure 15–3B).

The nuclear receptors bind to specific DNA sequences adjacent to the genes 
that the ligand regulates. Some of the receptors, such as those for cortisol, are 
located primarily in the cytosol and enter the nucleus only after ligand bind-
ing; others, such as the thyroid and retinoid receptors, are bound to DNA in the 
nucleus even in the absence of ligand. In either case, the inactive receptors are 
usually bound to inhibitory protein complexes. Ligand binding alters the con-
formation of the receptor protein, causing the inhibitory complex to dissociate, 
while also causing the receptor to bind coactivator proteins that stimulate gene 
transcription (Figure 15–65). In other cases, however, ligand binding to a nuclear 
receptor inhibits transcription: some thyroid hormone receptors, for example, act 
as transcriptional activators in the absence of their hormone and become tran-
scriptional repressors when hormone binds.

Thus far, we have focused on the control of gene expression by extracellular 
signal molecules produced by other cells. We now turn to gene regulation by a 
more global environmental signal: the cycle of light and darkness that results from 
the Earth’s rotation.

Circadian Clocks Contain Negative Feedback Loops That Control 
Gene Expression
Life on Earth evolved in the presence of a daily cycle of day and night, and many 
present-day organisms (ranging from archaea to plants and humans) possess an 
internal rhythm that dictates different behaviors at different times of day. These 
behaviors range from the cyclical change in metabolic enzyme activities of a bac-
terium to the elaborate sleep–wake cycles of humans. The internal oscillators that 
control such diurnal rhythms are called circadian clocks. 

Having a circadian clock enables an organism to anticipate the regular daily 
changes in its environment and take appropriate action in advance. Of course, 
the internal clock cannot be perfectly accurate, and so it must be capable of being 
reset by external cues such as the light of day. Thus, circadian clocks keep running 
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the liver or kidneys, it regulates Ca2+ metabolism, promoting Ca2+ uptake in the 
gut and reducing its excretion in the kidneys. The thyroid hormones, which are 
made from the amino acid tyrosine, act to increase the metabolic rate of many 
cell types, while the retinoids, such as retinoic acid, are made from vitamin A and 
have important roles as local mediators in vertebrate development. Although all 
of these signal molecules are relatively insoluble in water, they are made soluble 
for transport in the bloodstream and other extracellular fluids by binding to spe-
cific carrier proteins, from which they dissociate before entering a target cell (see 
Figure 15–3B).

The nuclear receptors bind to specific DNA sequences adjacent to the genes 
that the ligand regulates. Some of the receptors, such as those for cortisol, are 
located primarily in the cytosol and enter the nucleus only after ligand bind-
ing; others, such as the thyroid and retinoid receptors, are bound to DNA in the 
nucleus even in the absence of ligand. In either case, the inactive receptors are 
usually bound to inhibitory protein complexes. Ligand binding alters the con-
formation of the receptor protein, causing the inhibitory complex to dissociate, 
while also causing the receptor to bind coactivator proteins that stimulate gene 
transcription (Figure 15–65). In other cases, however, ligand binding to a nuclear 
receptor inhibits transcription: some thyroid hormone receptors, for example, act 
as transcriptional activators in the absence of their hormone and become tran-
scriptional repressors when hormone binds.

Thus far, we have focused on the control of gene expression by extracellular 
signal molecules produced by other cells. We now turn to gene regulation by a 
more global environmental signal: the cycle of light and darkness that results from 
the Earth’s rotation.

Circadian Clocks Contain Negative Feedback Loops That Control 
Gene Expression
Life on Earth evolved in the presence of a daily cycle of day and night, and many 
present-day organisms (ranging from archaea to plants and humans) possess an 
internal rhythm that dictates different behaviors at different times of day. These 
behaviors range from the cyclical change in metabolic enzyme activities of a bac-
terium to the elaborate sleep–wake cycles of humans. The internal oscillators that 
control such diurnal rhythms are called circadian clocks. 

Having a circadian clock enables an organism to anticipate the regular daily 
changes in its environment and take appropriate action in advance. Of course, 
the internal clock cannot be perfectly accurate, and so it must be capable of being 
reset by external cues such as the light of day. Thus, circadian clocks keep running 
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even when the environmental cues (changes in light and dark) are removed, but 
the period of this free-running rhythm is generally a little less or more than 24 
hours. External signals indicating the time of day cause small adjustments in 
the running of the clock, so as to keep the organism in synchrony with its envi-
ronment. Following more drastic shifts, circadian cycles become gradually reset 
(entrained) by the new cycle of light and dark, as anyone who has experienced jet 
lag can attest.

We might expect that the circadian clock would be a complex multicellular 
device, with different groups of cells responsible for different parts of the oscil-
lation mechanism. Remarkably, however, in almost all multicellular organisms, 
including humans, the timekeepers are individual cells. Thus, a clock that oper-
ates in each member of a specialized group of brain cells (the SCN cells in the 
suprachiasmatic nucleus of the hypothalamus) controls our diurnal cycles of 
sleeping and waking, body temperature, and hormone release. Even if these cells 
are removed from the brain and dispersed in a culture dish, they will continue to 
oscillate individually, showing a cyclic pattern of gene expression with a period of 
approximately 24 hours. In the intact body, the SCN cells receive neural cues from 
the retina, entraining the SCN cells to the daily cycle of light and dark; they also 
send information about the time of day to another brain area, the pineal gland, 
which relays the time signal to the rest of the body by releasing the hormone mela-
tonin in time with the clock.

Although the SCN cells have a central role as timekeepers in mammals, almost 
all the other cells in the mammalian body have an internal circadian rhythm, 
which has the ability to reset in response to light. Similarly, in Drosophila, many 
different types of cells have a similar circadian clock, which continues to cycle 
when they have been dissected away from the rest of the fly and can be reset by 
externally imposed light and dark cycles.

The working of circadian clocks, therefore, is a fundamental problem in cell 
biology. Although we do not yet understand all the details, studies in a wide vari-
ety of organisms have revealed the basic principles and molecular components. 
The key principle is that circadian clocks generally depend on negative feedback 
loops. As discussed earlier, oscillations in the activity of an intracellular signaling 
protein can occur if that protein inhibits its own activity with a long delay (see 
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AR signaling is reprogrammed in prostate cancer



AR is expressed in the luminal cells and mesenchyme of the 
prostate 



Signaling key points week 3

- Concept of short or long-distance communication
- Differences in the speed of cell response to a stimulus
- Mechanisms of signaling activation at the plasma membrane
- Comprehend the importance of protein domains in signal transduction
- Describe primary and secondary responses, and feedback mechanisms 
- GPCR signaling and downstream signaling events
- RTK signaling and downstream signaling events
- RTK-Associated and downstream signaling events
- Main signaling pathways with regulated proteolysis (Notch, WNT, Hedgehog, Nf-KB)
- Understand there is a lot of overlap in downstream signaling targets
- Understand how mutations can hyperactivate signaling


