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In this issue of the JCI, Niedermaier and colleagues demonstrate that a chromosomal inversion in mice results in
dysregulation of Sonic hedgehog (Shh), such that Shhis ectopically expressed in a skeletogenic domain typically
occupied by Indian hedgehog (lhh). This molecular reversal eliminates phalangeal joint spaces, and consequently, Short
digits (Dsh) heterozygotes (Dsh/+) have brachydactyly (shortened digits). /hh is normally downregulated in regions that
will become the joint space, but in Dsh/+ mice, Shh bypasses this regulatory control and persists; accordingly, cells
maintain their chondrogenic fate and the developed digits are shorter than normal. The significance of these data extends
far beyond the field of skeletal biology: they hint at the very real possibility that the endogenous Shh regulatory region
contains a repressor designed to segregate the activity of Shh from lhh. The existence of such a repressor provides a
window into the distant past, revealing that Shh and Ihh must once have shared responsibilities in establishing tissue
boundaries and orchestrating vertebrate tissue morphogenesis.
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The fickle finger of fate
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In this issue of the JCI, Niedermaier and colleagues demonstrate that a
chromosomal inversion in mice results in dysregulation of Sonic hedgehog
(Shh), such that Shh is ectopically expressed in a skeletogenic domain typi-
cally occupied by Indian hedgehog (Ihh) (see the related article beginning
on page 900). This molecular reversal eliminates phalangeal joint spaces,
and consequently, Short digits (Dsh) heterozygotes (Dsh/+) have brachydac-
tyly (shortened digits). Ibb is normally downregulated in regions that will
become the joint space, but in Dsh/+ mice, Shh bypasses this regulatory con-
trol and persists; accordingly, cells maintain their chondrogenic fate and
the developed digits are shorter than normal. The significance of these data
extends far beyond the field of skeletal biology: they hint at the very real
possibility that the endogenous Shh regulatory region contains a repressor
designed to segregate the activity of Shh from Ihh. The existence of such a
repressor provides a window into the distant past, revealing that Shh and
Thh must once have shared responsibilities in establishing tissue boundaries
and orchestrating vertebrate tissue morphogenesis.

Ancient physicians viewed the skeleton as
“the foundation of the rest of the parts of
the body and all the members rest upon
them and are supported, as proceed-
ing from a primary base” (1). Defects in
this structural foundation also serve as
portholes through which the process of

Nonstandard abbreviations used: Bmp, bone mor-
phogenic protein; Dsh, Short digits; Dsh/+, Dsh heterozy-
gote; Thh, Indian hedgehog; Shh, Sonic hedgehog.
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fetal skeletogenesis can be analyzed. For
example, studies of genetic perturbations
that result in distal limb truncations have
shown that the morphogen Sonic hedge-
hog (Shh) establishes precisely where skel-
etogenic condensations will form in the
tips of the hand- and footplates (2, 3). This
spatial patterning information is further
refined by bone morphogenetic protein
(Bmp) signaling, as shown by the fact that
disruptions in the Bmp signaling pathway
lead to fusions, or syndactyly, of the digits
(4). Once the spatial pattern of the skeleto-
genic condensations is achieved, a closely
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related cousin, Indian hedgehog (Ihh),
takes over and plays an instrumental role
in segregating inner chondrogenic cells
from the flattened, elongated perichondrial
cells at the periphery (5). Ihh secreted from
chondrocytes stimulates the differentiation
of perichondrial cells into osteoblasts (5-7),
mesodermal cells that give rise to bone.

Another critical feature of limb skel-
etogenesis is the creation of the articula-
tions, or joint spaces, between the skeletal
elements. In the fingers, joint spaces are
created when a single, larger skeletogenic
condensation cleaves into 2 or 3 smaller
segments, each of which will give rise to
a phalange (8). Wnt14 is critical in deter-
mining where a joint space will form (9),
but precisely how the cleavage event is
controlled remains uncertain. One thing
is clear, however: when a separation fails
to take place, the phenotypic consequence
is brachydactyly (shortened digits). Thus,
while we have a fairly complete picture of
the range of skeletal malformations that
can occur, how these disruptions are relat-
ed to one another and to the basic program
of skeletogenesis remains unknown.

Reading the bones
In this issue of the JCI, Niedermaier et al.
provide new insights into the process of
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Figure 1

A chromosomal inversion causes Shh relocation. Schematic representation of the inversion
event leading to development of Dsh mutant mice; the Shh gene, normally influenced by
distal enhancer sequences (blue circles), is moved nearer to other regulatory sequences

(pink triangles).

skeletal morphogenesis, describing the
phenotypic consequences of a chromosom-
al inversion that disrupts both temporal
and spatial regulation of Shh (10). Chromo-
somal inversions are genetic mishaps that
take place when a region of the chromo-
some breaks and rejoins in a new orienta-
tion (Figure 1). This structural aberration
can serve as a window into embryogenesis,
especially when genes within the inverted
region are subjected to new regulation as
a result of enhancers or promoters located
on the other side of the breakpoint.

In the current study Niedermaier and
colleagues examined heterozygous mice in
which an inversion caused foreshortening
of the distal limb skeletal elements, hence
their nom de plume, Short digits (Dsh) (10). In
the homozygous state, the Dsh phenotype
is far more severe; in fact, Dsh/Dsh embryos
bear a striking resemblance to Shh~~ embry-
os in that both exhibit cyclopia and incom-
plete cleavage of the embryonic forebrain.
But the emphasis in this study was on the
skeletal anomalies of the limb; Dsh/Dsh
embryos showed an absence of all distal
limb skeletal elements. Because Dsh/+;Shh*/-
mice had a phenotype nearly identical to
that of Shh~/- and Dsh/Dsh mice, the authors
concluded that Dsh and Shh were allelic.

It’s about time; it’s about space

Perhaps the most unexpected finding came
from studying the Dsh/+ phenotype: here,
the authors found that the chromosomal

Figure 2

The chromosomal inversion causes Shh to
be expressed ectopically in the phalanges. (A
and B) In WT embryos (A), Ihh is expressed in
mesenchymal aggregates of cells called car-
tilage condensations, up to the cartilage-peri-
chondrium boundary (dotted lines); whereas
in Dsh/+ embryos (B), lhh is lost from the pha-
langeal condensations. (C and D) Whereas in
WT embryos (C), Shh is never expressed in
skeletal condensations, in Dsh/+ embryos (D),
Shh expression replaces lhh, albeit in a larger
domain that extends past the cartilage-peri-
chondrium boundary. u, ulna; r, radius.
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inversion functionally removed Shh activ-
ity from a number of its endogenous sites
of activity, but also directed ectopic Shh
expression to — of all places — the region
where Ihh is normally expressed, the limb
skeletogenic condensations (Figure 2) (10).
Ectopic expression of Shh occurred simulta-
neously with the loss of Ihh in the digit con-
densations. While the 2 events — induction
of Shh and loss of Ihh — might be controlled
by separate mechanisms, a more plausible
explanation is that the loss of normal Ihh
expression is a secondary consequence
of ectopic Shh expression, since previous
investigators have shown that a negative
feedback loop controls Hedgehog signal-
ing in the skeleton (11).

Another phenotypic peculiarity was that
the molecular substitution of Shh for Ihh
only took place in the digits, while more
proximal skeletal elements (i.e., humerus,
radius, and ulna) were spared. Here, the
answer may lie in the timing: the limb
skeleton develops in a proximal-to-distal
direction, and the inversion disrupted Shh
expression relatively late in gestation, per-
haps after the proximal skeletal elements
were specified. But what remains a puzzle
— and a very exciting one at that — is just
how this inversion resulted in ectopic Shh

expression in the digits. In other words,
where did the instructions driving Shh
expression in the digits originate? The
chromosomal rearrangement appears to
have created a new, chimeric regulatory
domain for the Shh gene, composed par-
tially of resident enhancer sequences and
partially of enhancer sequences that were
translocated along with the Shh gene.

Another perplexing question arises: how
was the information in this chimeric regu-
latory domain derived? One possibility is
that the inversion positioned the Shh cod-
ing sequence so that it was adjacent to a
new enhancer that drives the expression of
one or more genes in the digits. This pos-
sibility seems unlikely, however, as none
of the genes near the insert point were
expressed in the digits (10). A more plau-
sible and attention-grabbing possibility
is that the instructions for driving spatio-
temporal expression of Shh are contained
within the normal Shh regulatory region
but are somehow masked. If this is the case,
then the inversion event may have resulted
in the loss of a repressor activity that nor-
mally restricts Shh from being expressed in
skeletogenic condensations.

The implications of this finding are far
reaching: if a repressor sequence was dis-
rupted by chromosomal rearrangement,
then the ectopic Shh represents part of a
more ancient pattern of expression. Fur-
thermore, these data suggest that the nor-
mal Shh regulatory sequence may have bur-
ied within it instructions for targeting Shh
expression to skeletogenic condensations.
That Shh and Ihh might have shared expres-
sion patterns sometime in the distant past
is not a large stretch, since gene duplication

A WT

thh

B Dsh/+
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Disrupted expression boundaries in Dsh/+ animals lead to perichondrial and
joint defects (1). A transverse schematic of the phalangeal skeletal conden-
sation, showing expression domains corresponding to a specific Hedgehog
gene (lhh in WT, Shh in Dsh/+), the Hedgehog target Ptch, and the Hedge-
hog repressor Gli3. Dotted lines indicate the normal cartilage-perichondrium
boundary. In WT phalanges, lhh (purple) is initially expressed (E12.5) in a
small domain that expands over time to encompass the skeletal condensa-
tion. At E12.5 in Dsh/+ phalanges, Shh expression (blue) encompasses the
normal lhh domain and over time extends beyond what would normally be the
cartilage-perichondrium boundary. Ptch (orange), an indicator of Hedgehog
responsiveness, is first expressed in WT phalanges coincident with /hh; even-
tually, Ptch is downregulated in cells expressing /hh and upregulated in cells
adjacent to the Ihh domain, where it functions to limit the spread of Hedgehog
expression. Note the absence of color within the element, which shows the
relative lack of Ptch in this domain (10). In Dsh/+ phalanges, Ptch is expressed
coincident with the broader domain of Shh; however, in contrast to what occurs
in WT tissues, Ptch does not become downregulated in chondrocytes. Gli3
(green), a repressor of Hedgehog signaling, is initially expressed in WT pha-
langes in a domain overlapping with /hh; over time, this domain is restricted to
the perichondrium, where GIi3 limits the activity of the Hedgehog protein. In
Dsh/+ phalanges the Gli3 expression domain is initially broader, and only after

E12.5 E13.5 E14.5 Figure 3
Ml owr » .
Shh | Dshi+ . .
" y _— S
L
\
Dsh/+
WT
limb structures (15). The
. Niedermaier study (10)
- suggests one possible
molecular mechanism
Dshi+ for this clinical observa-
tion: if the same regula-
tory region controls Shh

is thought to be one of the chief mecha-
nisms responsible for the diversification of
gene function.

Limbs and faces

The precise regulatory region perturbed
by the chromosomal translocation in
Dsh/+ mice is unknown, but it appears to
be responsible for controlling ectopic Shh
expression in both the limbs and the facial
prominences. Niedermaier and colleagues
report that Shh is ectopically expressed in
the Dsh/+ frontonasal prominence, which
leads to flaws in craniofacial patterning
(10). In this anatomical locale, Shh regulates
proximodistal outgrowth and mediolateral
expansion of the neural crest cell popula-
tion that resides in the facial midline (12).
Eventually these cells will produce the skel-
etal elements of the middle and upper face,
a developmental step that is also depen-
dent upon Hedgehog signaling (13, 14).
Clinicians and researchers have long been
aware of the connection between facial and
limb malformations, and a surprisingly
large number of syndromes are character-
ized by anomalies in both craniofacial and
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expression in the digits
and in the face, then both
tissues will necessarily
be affected by any perturbations, be they
genetic or environmental, in that regula-
tory domain.

A molecular switcheroo
Niedermaier et al.’s molecular dissection
of the Dsh/+ phenotype has provided addi-
tional insights into the molecular under-
pinning of brachydactyly. Specifically,
the investigators show that Shh does not
simply replace Ihh in Dsh/+ chondrocytes;
rather, Shh is more widely distributed in
the cartilage and perichondrium of the dig-
its, and it is active in this larger domain, as
illustrated by the expansion of Hedgehog
target genes Glil and Ptch (Figure 3) (10).
The consequences of ectopic Hedgehog
expression are delayed chondrocyte differ-
entiation, retardation of the maturation of
perichondrium into periosteum, and loss of
distal joint spaces. Given that all 3 defects
occur simultaneously, one cannot help but
wonder if they are interrelated features, all
initially dependent upon a single precipi-
tating event. We speculate that this event is
the establishment of a boundary that seg-
regates chondrocytes and osteoblasts into
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an extended period of time does it become restricted to the perichondrium.

adjacent but immiscible cell populations.
This boundary is, to some extent, a conse-
quence of local Hedgehog signaling.

Around the same time that the cartilage-
perichondrium boundary is being specified,
some cells within the Ihh-positive skeletal
condensation are faced with another deci-
sion: whether to progress along a chondro-
genic pathway and undergo hypertrophy
or to differentiate into a specialized type
of perichondrial cell that will line the joint
space (16). This cell fate decision, along
with formation of a proper perichondrium,
is disrupted in the digits of Dsh/+ mice as a
consequence of ectopic Hedgehog activity
(10). Just how does this imbalance between
Hedgehog responsiveness and repression
cause cells to alter their fate? Organisms
use boundaries, the juxtaposition of like
and unlike cells, in a myriad of ways: to
define compartments, convey positional
information, and even establish new tissues
and signaling centers that can only form at
the interface between 2 populations. In a
wide variety of other developmental con-
texts, Hedgehog proteins play a critical role
in specifying boundaries and thus defining
cell and tissue compartments (17-19); the
same may be true during skeletogenesis,
but data to support this hypothesis are still
sparse. What the Niedermaier et al. study
reveals, however, is that removal or expan-
sion of one of the factors that contributes
to the establishment of a boundary can
cause a multitude of processes, including
those that shape and control development
of the skeleton, to go awry.
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Altered regulation of IL-2 production in systemic
lupus erythematosus: an evolving paradigm

Gary M. Kammer

Arthritis Associates Inc., Willoughby, Ohio, USA.

In systemic lupus erythematosus (SLE), IL-2 production by T lymphocytes
in vitro is impaired. Deficient IL-2 production may be an outcome of a
primary SLE T cell disorder that is due to impaired signal transduction.
In this issue of the JCI, evidence is presented that an anti-TCR/CD3 com-
plex autoantibody present in SLE sera can bind to T cells and activate
the Ca?*-calmodulin kinase IV (CaMKIV) signaling cascade, resulting in
downregulation of IL-2 transcription and IL-2 production (see the related
article beginning on page 996). Because IL-2 may contribute to the mainte-
nance of T cell tolerance, deficient IL-2 production could promote a breach
of T cell tolerance that results in autoantibody production in SLE.

Recently, it has been recognized that diverse
autoantibodies directed against intra- and
extracellular autoantigens exist in patients
with systemic lupus erythematosus (SLE) for
years before the clinical diagnosis is made (1);
this suggests that physiologic mechanisms

Nonstandard abbreviations used: CaMKIV, Ca?'-
calmodulin kinase IV; CRE, cAMP response element;
CREB, CRE-binding protein; CREM, CRE modulator;
IL-2R, IL-2 receptor; pCREB, phosphorylated CREB;
PCREM, phosphorylated CREM; PKA-II, type IIff PKA;
PRIIP, phosphorylated RIIB; RIIP, B type I regulatory
subunit; SLE, systemic lupus erythematosus.
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that maintain tolerance to self antigens have
been breached. Tolerance to self antigens is
established and preserved by a subpopula-
tion of T lymphocytes known as Tregs (2),
and the loss of tolerance is a pathologic pro-
cess giving rise to autoimmunity. This cir-
cumstance raises the possibility of the exis-
tence of abnormal T cell clones that mediate
defective helper and suppressor effector
functions, which result in autoantibody
generation by forbidden B cell clones. In
SLE, defective signaling cascades are believed
to give rise to a primary T cell disorder that
is characterized by impaired effector func-
tions (3). These effector dysfunctions are, at
least in part, a result of skewed expression of
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various effector molecules, including CD40
ligand (e.g., CD154) and multiple cytokines,
and may reflect an imbalance of gene expres-
sion. An extracellular factor(s) in the micro-
environment that interacts with T cells and
exacerbates these dysfunctions has not been
previously identified.

Tregs, skewed cytokine production,
and loss of tolerance

Impaired effector T cell functions due to
skewed cytokine production may create a
microenvironment that promotes a strong
Th2 immune response relative to Thl and
Tregactivity. Relative overproduction of IL-4,
IL-6, and IL-10 by Th2 cells and underpro-
duction of IL-2, IL-12, TGF-f, and IFN-y by
Th1 cells and Tregs can result in imbalanced
autocrine and paracrine effects on T and B
cells in the microenvironment. Because of
the reduced numbers of CD4*CD25" Tregs
(4) as well as the diminished generation of
IL-2 and TGF-f, there may be insufficient
suppressor activity in SLE to counterbalance
the enhanced Th2 effect on B cell antibody
production. Taken together, these conditions
create a microenvironment that promotes a
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