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Hedgehogs tryst with the cell cycle
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Summary

Hedgehog proteins play an essential role during pattern pathway with cell cycle regulators at multiple points within
formation in animal development and, increasingly, much the cell cycle. These new findings have profound
of our appreciation of their modes of action is emanating implications in the context of clinical conditions — especially
from studies of their signalling mechanisms at the cellular cancers — that arise from de-regulated cell proliferation in
level. Recent work has provided insights into how response to aberrant Hedgehog signalling activity.
Hedgehog controls the cell cycle in a variety of

circumstances. The data suggest that this influence may be Key words: Sonic Hedgehog, Patched, Cyclin, Proliferation, Cell
direct and operates through interaction of the signalling cycle

Introduction morphogenesis in mammals, loss of SHH, which is normally
Controlled cell proliferation is a predominant theme in normagxpressed at the tip of the developing epidermal placode,
embryonic and post-embryonic development, and, in mangramatically reduces cell proliferation in the follicular
instances, cell-type specification and cell proliferation aréudiment (Bitgood and McMahon, 1995; Chiang et al., 1999;
intimately coupled. Several secreted intercellular signallindt-Jacques et al., 1998). Furthermore, another vertebrate Hh
proteins that behave as morphogens during pattern formatig@ralogue, Indian HH (IHH), has a central role in cartilage
have also been implicated in the regulation of the cell cycldormation (St-Jacques et al., 1999), and recent investigations
Hedgehogs (HHs) are one such class of morphogen that ha#éggest that the signalling pathway is required autonomously
attracted a great deal of attention in recent years (see Fig. 1 forthe precursor chondrocytes for their proliferation (Long et
a summary of the signalling pathway) (for a review, see Ingharl., 2001).
and McMahon, 2001). Although the requirement for these In Drosophilg as in vertebrates, HH plays an important
proteins in diverse events of early embryonic patterningfole in patterning the appendage primordia. During wing
organogenesis, as well as post-embryonic development ag@velopment, HH induces the expression of a another
physiology in a variety of organisms has now been extensivelporphogen, a transforming growth factf (TGF3)
described, our understanding of how they influence thedaomologue, Decapentaplegic (DPP), and is believed to regulate
processes remains fragmentary. A primary effect in th@attern as well as cell proliferation largely through the activity
multitude of functions that HH activity fulfils during of this secondary signal (Burke and Basler, 1996; Martin-
development is the specification of cell fate either through shorastellanos and Edgar, 2002; Nellen et al., 1996). DPP is also
or long-range inductive signalling. In the ventral epidermis ofa critical proliferative cue for cell division in the germ line of
the developingDrosophila embryo for instance, where the the Drosophilaovary (Xie and Spradling, 1998), a process in
function of HH was first discovered and has been moswvhich the role, if any, of HH is unclear. By contrast, several
extensively investigated, cells that respond to the signal are thises of evidence indicate that HH signalling is essential for the
immediate neighbours of those that secrete it. In the vertebrgeeoliferation of the ovarian somatic stem cells and, as in the
neural tube, however, induction of a variety of ventral neuronatase of CGNPs and chondrocytes in vertebrates, this effect
cell types appears to occur through the concentration-depend@auld indeed be direct (Forbes et al., 1996; Zhang and
effects of Sonic HH (SHH), the founding member of theKalderon, 2001).
vertebrate family of HH proteins, acting over a distance. Despite the prospect that, at least in certain circumstances,
Apart from its influence on the fate of cells, in manyHH can directly trigger cell proliferation, the underlying
developmental contexts, HH signalling has been associatedechanism had remained enigmatic. Recent discoveries using
with proliferative responses in target cells. For example, SHHholecular and biochemical approaches in cultured vertebrate
has been implicated as a crucial regulator of growth andells, in conjunction with genetic analysisbmnosophila have
patterning of the cerebellum (Dahmane and Ruiz-i-Altabanow provided evidence that the activities of HH signalling
1999; Wallace, 1999; Wechsler-Reya and Scott, 1999). Herepmponents can indeed interface with core cell cycle regulators
the signal is produced and secreted by the Purkinje neurons agnld modulate their expression and/or activity. We discuss
appears to have a definitive mitogenic influence on theew findings from disparate lines of investigation and their
proliferation of cerebellar granule neuron precursors (CGNPsjignificance in extending our perception of the association
in the outer granule cell layer. Similarly, during hair follicle between HH signalling and the cell cycle.
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HH signalling controls the expression

cell cycle regulators

The first clear indication that HH signalling ¢
somehow directly act at the heart of the
cycle machinery comes from studies on
effects of SHH on the proliferative capacity
cultures of human keratinocytes (Fan
Khavari, 1999). These showed that exposu
SHH can not only promote proliferati
responses in keratinocytes but also abrc
their cell cycle arrest induced
overexpression of the cyclin-dependent kir
(CDK) inhibitor p21. In a more systema
study, the molecular details of the prolifera
role of SHH were analysed in primary cultu
of CGNPs (Kenney and Rowitch, 200
Aspects of the influence of SHH on CGNPs
be recapitulated in culture on exogen
administration of the protein (Dahmane
Ruiz-i-Altaba, 1999; Wechsler-Reya and Sc
1999). In line with previous reports, Kenny ¢
Rowitch observed significantly increased
proliferation, which was concomitant with t
induction of canonical targets of vertebr
HHs (see Fig. 1).

A hallmark of classic mitogens is that tt
are capable of eliciting a proliferative respo
even from mitotically quiescent cells that
arrested in GO phase. Interestingly, in
above experiments, SHH was unable to n
quiescent granule cell precursors re-entei
cell cycle. Thus, at least in this context, S
activity cannot be equated entirely with t
of a typical mitogen. Thus, in normr
development, SHH signalling might

HH

PTGC—SMO

“OFF” “ON”

Fig. 1. A highly simplified schematic illustrating the central components and the
general mechanism of HH signal transduction. In cells not responding to HH (the
“OFF” state), PTC — a twelve-transmembrane-domain-containing protein and the
receptor for HH ligands — represses the activity of SMO, a G-protein-coupled
receptor-like seven-transmembrane-domain-containing protein. The intracellular
consequence of this repression is the PKA-mediated inactivation or conversion of the
GLI family of transcription factors (Cl iBrosophilg into repressors (GBFP and
constitutive repression of HH target genes. On reception of HH through its binding
with PTC (the “ON” state), SMO inhibition is somehow relieved and this results in
the nuclear accumulation of activated forms of GLIs @S Ithat induce HH target
gene transcription. A conserved targeptisitself, as upregulation of PTC by HH
serves to restrict its signalling range. In vertebrag, like ptc, also appears to be
transcriptionally regulated by HH through the activities of other GLI proteins. For
further details and modulations of the pathway see Ingham and McMahon (Ingham
and McMahon, 2001).

necessary to maintain rather than initiate CGNP proliferatiothe D-type cyclins are functionally redundant, it is striking that
in the cerebellum. It is also notable that this effect of SHH omnimals lacking cyclin D2 (but not cyclin D1) are characterised
CGNP proliferation appears to occur independently of théy reduced numbers of granule cells in their cerebella (Fantl
mitogen-activated protein (MAP) kinase activation. et al., 1995; Huard et al., 1999; Sicinski et al., 1995). Such a
Examination of the status of D-type cyclins, centraldiscrepancy between the in vivo effects and the in vitro
regulators of G1 phase progression, revealed that, upgmroperties of mutant cells may indicate an additional role for
incubation with SHH, the CGNPs preferentially upregulatecyclin D2 that is distinct from its promotion of G1 phase
cyclin D1andD2 RNA and cyclin D1 protein. The induction progression. However, the non-physiological conditions of cell
of cyclin D2 protein seemed to be much more restricted in thisulture systems should perhaps also be taken into account. In
situation, possibly owing to some kind of post-transcriptionathis context, analysis of the effects of SHHayelin D1 D2
regulation. A similar upregulation of cyclin D1 has also beerdouble-mutant CGNP cells, as well as exploration of the
attributed to IHH activity in proliferating chondrocytes during proliferative responses of controlled SHH misexpression in the
cartilage development (Long et al., 2001). Complexes oferebella of intactyclin D2mutant mice, may be particularly
D-type cyclins with their cognate CDKs regulate therevealing.
activity of the retinoblastoma (RB) protein, such that An independent line of evidence for the transcriptional
hyperphosphorylated RB is no longer able to antagonise ttedfects of HH signalling on D-type cyclins has come from gene
E2F transcription factors, which results in the expression of Sexpression profiling using microarrays to probe a rat kidney
phase-promoting factors, such as cyclin E. Consistent with theell line stably transformed with human GLI1 (Yoon et al.,
observation that SHH promotes upregulation of D-type cyclin002), a transcriptional activator of HH target genes in
is the accumulation of hyperphosphorylated RB under theseertebrates (Fig. 1). Under these conditions, there was specific
conditions, an effect that can be specifically blocked bypregulation ofcyclin D2 RNA, an effect that was further
activating protein kinase A (PKA), a potent intracellularconfirmed through northern hybridisations. Scanning of the
inhibitor of HH signal transduction (see Fig. 1). Notably,genomic region upstream of the humayclin D2 gene
however, primary cultures of CGNPs derived from micerevealed a consensus binding site for GLI1 within the core
lacking D1 or D2 cyclins show wild-type proliferative promoter that can be retarded in gel shift assays in the presence
responses to SHH stimulation. While this would suggest thaif recombinant human GLI1. GLI1 is itself a direct target of
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HH signalling and is induced by the activities of other GLI
proteins (see Fig. 1). This could partly explain the requiremer
of protein synthesis for SHH-mediateyclin gene expression
in cultured CGNPs (Kenny and Rowitch, 2000). Clearly,
further work will be required to provide a better understanding
of whether HH influencesyclin gene transcription only
through GLI1 or additional modes of regulation, through othe
GLls or intermediate steps.

Control of cell proliferation and cellular growth by
HH in Drosophila : insights from genetic analysis

While the studies alluded to above begin to provide ¢
reasonable framework for the molecular mechanisms that lin
HH and the cell cycle, more direct evidence comes from studie
by Duman-Scheel et al. (Duman-Scheel et al., 2002) usin
genetic analysis iDrosophila The compound eyes of flies are
highly organised fields of specialised neurons and accessc
cells, the assembly of which requires coordinated cel
proliferation and HH signalling. One of the targets of HH in
the developing eye, as in the wing primordium, disp
Although in the eye, cell proliferation is also affected by DPP
it seems less clear whether it exerts a stimulatory or inhibitor
influence in this context (e.g. Horsfield et al., 1998; Penton ¢
al., 1997). Notwithstanding this uncertainty, there is a striking
juxtaposition of differentiating photoreceptors that express Ht
with a distinct group of eye precursor cells that undergo
highly synchronous S phase; this hints at a role of HHjg. 2. The developingrosophilaeye primordium: A paradigm for
signalling in instigating this event (Fig. 2). Inhibition of this studying how HH controls the cell cycle? Differentiating
so-called ‘second mitotic wave’' limits the numbers ofphotoreceptor cells, labelled with antibodies that recognise a neuron-
progenitors available for generating all of the differentiated cekpecific protein (BLUE), express and secrete HH (GREEN), as
types in the eye (de Nooij and Hariharan, 1995). Given thigvealed by GFP expression frorhfareporter transgene. Cells
intimate association between HH secreting and proliferatin medlat_ely anterior to these dlfferen_tlat!ng photoreceptoqs enter a
cel, it s unsurprsing tht a screen fo genes neracing wify Y7052 S Fhase Iower oY mloss (ol rous) 1 esponse
RB function in eye development ShOL."d uncopex, Wh'.Ch . antibodies to phospho-histone (RED), which also labels randomly
anodes the receptorfor HH and negatively regulates s'gna"'r}ﬁ/iding cells anteriorly in the developing primordium (long arrows).
in its absence (see Fig. 1).

Duman-Scheel and colleagues showed that overexpression
of the Drosophila RB homologue in these proliferating eye
cells delays their entry into S phase and that the effect can B2F targets such asyclin E), but also directly stimulates
suppressed by loss of one copy of the wild-tgfmegene. This  transcription ofcyclin E itself through Cubitus interruptus
link between HH signalling and a primary cell cycle regulator(Cl), the GLI family protein that activates HH target genes in
is reinforced by observations that photoreceptor precursors fhes.
the eye primordium that lacdmoothene¢smqg gene function Cell proliferation and cell growth are important determinants
and are therefore incapable of transducing the HH signal (se@é the size and shape of developing embryos, organs and
Fig. 1) fail to enter the second mitotic wave. In addition tissues. The extent to which these two processes are connected
ectopic activation of HH signalling can induce cells normallyand coordinated is one of the central focuses in developmental
arrested in G1 to enter S phase precociously. These effectslblogy (for a review, see Tapon et al., 2001). Evidence for
modulated HH signalling on the proliferation patterns of eyesuch a link comes from the finding that cyclin D has the
cells are mirrored by corresponding alterations in the levels afapacity to drive both cell division and cellular growth (Datar
cyclin D and cyclin E transcripts and proteins. Thus, the et al., 2000; Meyer et al., 2000). Likewise, HH signalling is
control of cell cycle in the eye by HH must be mediated irknown to shape growth and pattern of a variety of tissues
part through its regulation of these cell cycle mediators and @uring development. Consistent with this scenario is the fact
consistent with previous reports describing the ability ofthat clones of cells in the proliferating wing primordium
ectopic cyclin E to drive premature S phase entry in this tissuexhibit enhanced growth in the presence of unabated HH
(Crack et al., 2002; Richardson et al., 1995). Intriguinglysignalling, as opposed to decreased growth when the pathway
Duman-Scheel et al. provide further evidence that, in thiss constitutively repressed (Duman-Scheel et al., 2002).
instance, HH in fact induces cell proliferation through twoFurthermore, in line with the ability of HH signalling to induce
independent influences on the levels of cyclins. HH signallingyclin D expression, these effects of HH on the growth of
not only promotes S phase entry through the induction adeveloping wing cells are critically dependent on the activity
cyclin D, which suppresses RB function (and thereby activatesf this cyclin and its associated kinase, CDK4.
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PTC1 binds the M-phase promoting factor (MPF) and caveat that even conserved regions of the PTC molecule can
regulates its activity have distinct behaviours in different species (Johnson et al.,
A fascinating twist to the cyclin-HH connection comes from2002), it will be important to determine the integrity of this
biochemical analyses that suggest a direct physical interactiamteraction in other systems.
between a vertebrate PTC paralogue, PTC1, and regulators of
the cell cycle (Barnes et al., 2001). Cylin B1 and the associated )
kinase CDK1/CDC?2 are central components of the MPF whoseonclusion: HH, cell cycle and cancer
function is thought to be critical for the G2/M transition of theMuch of the current interest and excitement that centres on the
cell cycle. In fact, nuclear-cytoplasmic shuttling of cyclin Bl biology of HH signalling largely concerns its proven
appears to be a pivotal event controlling its activity and i€onnection with several congenital abnormalities and disease
thought to be regulated by phosphorylation-dependertonditions in humans. Perhaps the most menacing of these
modulation of its nuclear export signal (NES) (Yang andksituations, and those that dramatically underscore the essential
Kornbluth, 1999). Thus, phosphorylation of a set of serineole that HH plays in controlling cell proliferation, are some of
residues, beginning in late G2, inactivates the NES, allowinthe commonest forms of cancer. For instance, mutations in
nuclear accumulation of cyclin B1 and consequently M-phasBTC that abrogate its function or those in SMO that render it
progression. In a yeast two-hybrid screen for proteins thatonstitutively active, in combination with GLI1 and GLI2, have
participate in trafficking and localisation of cyclin B1, Barnesbeen abundantly implicated in the genesis of basal cell
and colleagues unexpectedly identified PTC1 amongst pregarcinomas (BCCs) of the skin as well as medulloblastomas of
that associate with a bait mimicking phosphorylated cyclin Blthe cerebellum (Ruiz i Altaba et al., 2002). In addition, the fact
The relevance of this interaction, which is mediated by thé¢hat HH acts as a stem cell factor in various situations, such as
large intracellular loop linking the two extracellular domainsin the Drosophila ovary (Zhang and Kalderon, 2001) and
of PTC1, was substantiated by further experiments that showeldiring haematopoiesis in vertebrates (Bhardwaj et al., 2001),
productive interactions between PTC1 and cyclin Bl in cellepens up the possibility that erratically behaving stem cell
grown in culture. Indeed, PTC1 can associate with an activeopulations contribute to the generation and growth of HH-
MPF complex and also sequester a nuclear-targeted variantsignalling-induced tumours. Even though all these findings
cyclin Bl that resembles its phosphorylated state angrovide a firm genetic association between anomalous HH
predominantly retains it in the cytoplasm or plasma membrarggnalling and the incidence of cancer, we currently have very
— an interaction, which Barnes et al. go on to show, is mitigateldtle cell biological perception of the underlying mechanisms
by exposure to SHH. Furthermore, they found thathat actually link these two processes. It is highly likely that
overexpression of PTC1 in cultured cells, as in developintghe effects of HH in these circumstances, as in situations of
tissues of the fly, prevents cellular growth and proliferation andevelopmental cell proliferation, are mediated through its
that this effect can be specifically suppressed by a form ohultiple effects directly on the cell cycle machinery or indirect
cyclin B1 mutated to mimic its dephosphorylated state. consequences of the misregulation of intermediate mitogenic
Taken together, this study suggests that apart from regulatirsignals and growth factors.
the expression of cyclins, HH may have a more
immediate influence on the cell cycle thro
regulation of the PTC-mediated subcell PTC — HH
localisation of the MPF. Although the d HH?
supporting this idea are biochemically robust,

are based to a large extent on overexpre: G -

studies in cell culture and not only L Cyclin A-CDK1 Cyclin B-CDK1
corroboration in an in vivo developmental con

but also provoke further challenging questi

about the cellular basis of this interaction. Perl
the most perplexing of them involves S M

subcellular compartment in which the interactic
likely to occur, especially given the mixed opin
in the literature about the distribution of P
within the cell. Studies dDrosophilaPTC in vivo,
as well as in cultured cells that express G,

endogenous protein, haye _reve_aled th_at i_t h Cyclin E—Cyclin E-CDK2—RB
largely intracellular localisation in multivesicu T

bodies (Capdevila et al., 1994; Denef et al., 2 fn

Strutt et al.,, 2001). On the other ha p21  Cyclin D-CDK4/6

overexpression of mammalian PTC1 in cell cult > Cyclin D
including the data presented by Barnes \ /
colleagues, have shown that PTC1 ‘atypic: 0

decorates the plasma membrane (Carpenter

1998; Stone et al., 1996) or, in common \  gjg 3. HH influences the expression and activity of core cell cycle components at
DrosophilaPTC, is present in cytoplasmic VESIC  multiple points within the cell cycle. This figure summarises our current
(Incardona et al., 2002). Furthermore, given  understanding of this regulation.
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Clearly, these are the beginnings of our appreciation of how (1998).decapentaplegiis required for arrest in G1 phase duriigsophila
HH influences the cell cycle and cell growth, and the studies eye developmenDevelopmeni25 5069-5078.

discussed here should serve to reinforce how little we knoWuad: J- M., Forster, C. C., Carter, M. L., Sicinski, P. and Ross, M. E.
(1999). Cerebellar histogenesis is disturbed in mice lacking cyclin D2.

about this important aspect of HH function. Nevertheless, peyeiopment26 1927-1935.
ta}klng '|nto consideration the morblc_i effects qf u_n_restralned Hhhcardona, J. P., Gruenberg, J. and Roelink, H(2002). Sonic hedgehog
signalling, these new data are particularly significant. We have induces the segregation of Patched and Smoothened in endohmes.
to wait with eager anticipation for the emergence of a more BAO'- 1% ?/?/3_99(15M Mahon, A. P.(2001). Hedgehog signalling in animal
H H H . H am, P. W. an cilanon, A. F. . Aedgenog signalling In anima
!umd picture that integrates all these; recent findings and for tHB% evelopment: paradigms and principléenes Devi5, 3059-3087.
identification of other ways by which HH can control suchjonnson, R. L., Zhou, L. and Bailey, E. C(2002). Distinct consequences of
processes and contribute to carcinogenesis in situations Ofsterol sensor mutations Brosophilaand mouse Patched homologugsy.
inappropriate signalling activity. Biol. 242 224-235.
Kenney, A. M. and Rowitch, D. H.(2000). Sonic hedgehog promotes G(1)
The authors’ work on HH signalling is supported by the Institute cyclin expression and sustamed cell cycle progression in mammalian
of Molecular and Cell Biology (S.R.) and the Wellcome Trust (P.W.I.), neuronal precursordfol, Cell. Biol. 20, 9055-9067.

- . . ong, F., Zhang, X. M., Karp, S., Yang, Y. and McMahon, A. P(2001).
We thank G. Morata for theh-GAL4flies used for making Fig. 2. Genetic manipulation of Hedgehog signalling in the endochondral skeleton

reveals a direct role in the regulation of chondrocyte proliferation.
Developmenfi28 5099-5108.
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