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predicted targets. If these genes are miRNA
targets in the gonadal pathway, then their down-
regulation should restore longevity to mir-84; mir-
241,glp-1 triple mutants. RNAi treatment from
L4 onwards revealed that only /in-14RNAi restored
life-span extension to the triple mutants (Fig. 4A
and table S1).

lin-14 is an intriguing candidate because
Slack had previously shown that /in-14 loss of
function extends life span in a daf-16/FOXO—
dependent manner, and /in-14 gain-of-function
mutations shorten life span (20). During devel-
opment /in-14 governs L1-L2 transitions, but its
context in aging is unclear. We found that /in-
14RNAi extended life span in WT animals as
reported, but it did not further extend the life of
glp-1 mutants (Fig. 4A). To examine its relationship
with daf~16/FOXO0, we tested whether lin-14
knockdown influenced daf-16 target gene ex-
pression. Similar to aging experiments in which
longevity was restored, /in-14RNAi also signifi-
cantly restored daf-16 expression of sod-3 and
lipl-4 to mir-84,mir-241,glp-1 (Fig. 4F and
fig. S7F). Altogether, these observations suggest
that the miRNAs down-regulate /in-14 and
promote longevity via daf-16.

To test this hypothesis, we examined reg-
ulation of lin-14 by mir-84;mir-241. As above,
a luciferase reporter with the /in-14-3'UTR was
down-regulated by miRNAs (fig. S7B). Similar-
ly, a lin-14-3'UTR-DR construct was up-regulated
in mir-84;mir-241 double mutants relative to WT,
whereas the unc-1-3'UTR-DR controls were un-
changed (Fig. 4, B and C). Consistent with a
role in the gonadal pathway, the /in-14-3'UTR-DR
construct and full-length /in-14::gfp were down-
regulated in intestinal nuclei of germline-less
animals relative to gonad-intact controls (Fig. 4,
D and E, and fig. S7, D and E). Collectively, these
results reveal that /in-14, a core component of
the developmental clock, functions in the gonad-
al longevity circuit, where it is down-regulated
by miRNAs upon germline removal.

In this work, we show that components of an
carly life developmental timing switch (i.e., the
steroid receptor DAF-12; its ligands; its target
miRNAs of the let-7 family; and LIN-14, the
miRNAs’ target) are used to regulate adult life
span in response to signals from the gonad. We
propose a model in which they work as part of
a hormone-regulated switch between reproduc-
tive and survival modes at larval to adult stage
commitments (fig. S8). When GSC proliferation
is prevented, unknown signals up-regulate daf-36
and DA production by the L4/young adult stage,
subsequently activating DAF-12 and its miRNA
targets, mir-84 and mir-241. In turn, these
miRNAs down-regulate akt-1, lin-14, and possi-
bly other targets, which stimulate DAF-16/FOXO
transcriptional activity, extending survival and life
span. Because miRNA deletion does not fully
abolish DAF-16 activity, other signals from either
gonad or DAF-12 may also prompt gonadal lon-
gevity. Conversely, when GSC proliferation en-
sues, DA signaling is down-regulated, miRNA

expression is low, and /in-14 and akt-1 expression
are high, resulting in normal life span. This switch
could provide a critical link between develop-
ment and longevity, serving as a checkpoint mon-
itoring the state of the germ line. For example,
germline absence could mimic endogenous stress
signals induced by germline quiescence or pro-
liferative arrest in response to nutrient depriva-
tion, infection, or damage. As components of a
developmental timer, the hormone-miRNA axis
could ensure coordinate metabolism, matura-
tion, and the relative timing of events between
the reproductive system and the soma, with ul-
timate effects on life span. It will be interesting
to dissect the interaction of other miRNAs im-
plicated in longevity with this axis (20, 21). Fur-
thermore, these findings extend the role of let-7
family members beyond developmental timing
and differentiation to the regulation of insulin/IGF
signaling and metabolism, similar to recent studies
in mammals (22). Because /et-7 family mem-
bers and other components of this circuitry are
evolutionarily conserved, it will be interesting
to see if similar pathways affect longevity in
vertebrates.
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Hox Genes Regulate Digit Patterning
by Controlling the Wavelength of a
Turing-Type Mechanism

Rushikesh Sheth,**t Luciano Marcon,?3* M. Félix Bastida,* Marisa Junco,* Laura Quintana,>
Randall Dahn,® Marie Kmita,®+ James Sharpe,>>7 Maria A. Ros™*t

The formation of repetitive structures (such as stripes) in nature is often consistent with a
reaction-diffusion mechanism, or Turing model, of self-organizing systems. We used mouse
genetics to analyze how digit patterning (an iterative digit/nondigit pattern) is generated. We showed
that the progressive reduction in Hoxal3 and Hoxd11-Hoxd13 genes (hereafter referred to as
distal Hox genes) from the Gli3-null background results in progressively more severe polydactyly,
displaying thinner and densely packed digits. Combined with computer modeling, our results argue
for a Turing-type mechanism underlying digit patterning, in which the dose of distal Hox genes
modulates the digit period or wavelength. The phenotypic similarity with fish-fin endoskeleton
patterns suggests that the pentadactyl state has been achieved through modification of an

ancestral Turing-type mechanism.

igit patterning has commonly been in-
D terpreted in the context of a morphogen

gradient model (/, 2). The proposed

morphogen Sonic hedgehog (Shh) emanates
from the zone of polarizing activity (a cluster
of mesodermal cells in the posterior border of
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the limb bud) and establishes a gradient with
maximum levels posteriorly. Gli3 is the major
mediator of Shh signaling in limb develop-
ment and a genetic cause of polydactyly (2).
Because Shh prevents the processing of Gli3
to its repressor form (Gli3R), the Shh gra-
dient is translated into an inverse gradient of
Gli3R (3, 4). The surprising finding that mouse
Gli3 and Shh;Gli3 null mutants display identi-
cal polydactylous limb phenotypes demon-
strates that an iterative series of digits can
form in the absence of Shh (4, 5). Rather than
supporting a gradient model, this observation is
consistent with a Turing-type model for digit
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Fig. 1. (A) Expression of Sox9 in E12.5 limbs of the
Hoxa13;Gli3 allelic series. Note the delayed differen-
tiation in the anterior mesoderm in the absence of Gli3.
The curved white and yellow lines show the AP profiles
used for the analysis of Sox9. The red arrowhead
points to a digit bifurcation. WT, wild type. (B) Sox9
staining intensity along the yellow profile indicated by
the curved arrow. AP length and the period of each
digit (from minimum to minimum) are measured and
shown for Hoxa13*~;Gli3*"., (C) Chart showing the
average digit periods versus AP lengths for each
profile and limb. A linear relation is observed in
controls and in the Gli3*”*¥ background for either
the normal or heterozygous dose of Hoxal3, whereas
a flatter relation that correlates with bifurcations (red
arrowhead) is observed in the Hoxal3™:Gli3*"*¥
limbs (red line). The curved arrow marks the yellow
point corresponding to the profile in (B). (D and E)
Two simulations of the reaction-diffusion model
inside an E12.5 Gli3 mutant limb shape. (D) The
activator concentration obtained in the simulation
with a uniform modulation of wavelength ® (shown
in the graph) shows digit bifurcation (red arrowhead)
similar to the Hoxa13™Gli3*"* mutants. (E) The
simulation result when wavelength is modulated
according to a suitable PD gradient (in this case, a 2D
gradient of simulated FGF signaling activity) avoids
bifurcations, because the wavelength increases with
increasing AP length. Limbs shown in all figures are

patterning (6—17) in which dynamic interac-
tions between activator and inhibitor molecules
determine the wavelength of the specific pat-
tern and produce periodic patterns of spots or
stripes. This pattern has been hypothesized to
act as a molecular prepattern for chondrogenesis.
According to one of the specific predictions of
the model, the digit period or wavelength, de-
fined as the combined thickness of both digit
and interdigital region, should be subject to
modulation by perturbing the correct param-
eter of the gene network. This should lead to
autopods with digits varying in thickness and
number, which has never been clearly observed
to date.

Although the core molecules of a self-organizing
mechanism remain unknown, potential candi-
dates for molecular modulators of the system
include the Hox genes (10, 12). Distal Hoxa and
Hoxd genes have a well-documented impact
on digit number (/3), though their specific role
remains unclear, possibly due to their various
interactions with the Shh-Gli3 pathway. These
interactions include the mutual transcriptional
regulation between Hox genes and Shh and
the binding of Hoxd12 to Gli3R, resulting in a
blockage of Gli3R repressor activity (/4-16). In
general, gain- and loss-of-function experiments
suggest a positive relation between Hox genes
and digit number (/4, 17-22), which is also in-
dicated by the ectopic anterior up-regulation of
distal Hoxd genes in the Gli3-dependent poly-
dactyly (4, 5). However, we showed that the
combined deletion of Hoxd1I-13 and Gli3 exac-
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erbated the Gli3 polydactyly (23), suggesting in-
stead a negative relation between distal Hoxd
genes and digit number.

Hoxd11-13;Gli3 mutants displayed a gain of
Hoxal3 expression, similar to G/i3 mutants (23).
To address the relation between Hoxal3 and
digit number, we generated double Hoxal3;Gli3
mutants (see supplementary materials and meth-
ods). At embryonic day 12.5 (E12.5), Sox9 ex-
pression marked the five digital chondrogenic
condensations in control autopods and revealed
the delay in differentiation in the anterior meso-
derm and the polydactyly typical of the G/i3
deficiency (Fig. 1A) (24). Hoxal3™Gli3X"*¥
showed seven to eight digital condensations
in the posterior mesoderm plus a diffuse Sox9
expression in the anterior mesoderm, which
likely corresponded to presumptive digital con-
densations (Fig. 1A). Even though the number
of digits could not be precisely determined,
Sox9 expression suggested an increase in digit
number in Hoxal3™;Gli3*"* compared with
Gli3X " mutants, supporting a negative effect
of Hoxal3 on digit number, similar to distal Hoxd
genes (23).

Hoxal3";Gli3** limbs also displayed re-
duced digit wavelength and digit bifurcations (Fig.
1A). To quantify both features, we analyzed curved
anterior posterior (AP) profiles of Sox9 expression
at four equidistant positions along the proximal dis-
tal (PD) axis of the digit region of the Hoxal3;Gli3
mutants shown in Fig. 1A (Fig. 1B and supple-
mentary materials). We measured the average digit
period and AP length of each profile (shown in

forelimbs with distal to the right and anterior to the top.
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Fig. 1B for Hoxal3";Gli3*”*¥) and plotted re-
sults (Fig. 1C). In control, Hoxal3"";Gli3*”*¥,
and Hoxal3"";Gli3** mutants, the average

Fig. 2. Representative skeletal phenotypes of new-
borns of the Hoxal3;Hoxd11-13;Gli3 allelic series.
Digit number (indicated for the Gfi3*?*¥ condition)
increases as distal Hox dose is reduced. When only one
functional copy of Hoxa13 remains (right column), the
tip of the digits is connected by a continuous band of
ossified (red) and cartilaginous (blue) tissue rimming
the distal border of the limb and becoming more
conspicuous as Gli3 copies are removed.

Fig. 3. The phenotypes of triple mutants can be
replicated by the Turing model. (Top) The first three
rows show Sox9 expression at E12.5 and E13.5 for
different combinations of the triple Hoxal3;Hoxd11-
13;Gli3 allelic series. As more Hox are removed, the
general trend shows an increase in digit number and
a decrease in digit thickness. The trend is most
strongly evident in the complete absence of Gli3
(third row). (Bottom) A similar behavior is shown by
the reaction-diffusion simulations, where a decrease
of the PD gradient used to modulate wavelength is
correlated with reduced Hox dose (k). Additionally,
the model predicts a narrower digital region along
the PD axis, which eventually shrinks to zero, and no
pattern is formed.

digit period increased along the PD axis, where-
as the ratio between the average digit period and
the AP length was constant, suggesting that the
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the Hoxal3~";Gli3™*¥ limbs, where the aver-
age digit period flattened off distally, and, in
agreement with a Turing-type mechanism, digit
bifurcations occurred as the AP length increased
(Fig. 1A). Our quantification suggested that
normal digit patterning involves an effective PD
increase of the digit wavelength, which we hy-
pothesized must be carefully controlled if bi-
furcations are to be avoided.

To test this hypothesis, we built a two-
dimensional (2D) finite-element model based
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Hoxd11-13 +/+ +/- -/
Fig. 4. (A) Schematic representation of the net-
work of a general activator-inhibitor Turing
model. The four reaction kinetic parameters are
shown: f,, f., 9. and g,. Fgf promotes a PD-
graded distribution of the parameter f, to drive
stripe orientation (gray dashed arrow). Hox and
Fgf inhibit the parameter g, to increase the wave-
length in a PD-graded manner (bold line). U,
activator; V, inhibitor. (B) Graphs of the average
digit period of the triple mutants with Gli3™~
background at four equidistant positions along
the PD axis of the digital region. With the excep-
tion of Hoxa13+/—;H0XdDell1-13/D9111-13I.G[i3Xt]/Xt]'
a clear trend is observed: The PD gradient of
wavelength is generally shallower as distal
Hox genes are removed. (C) Graphs of average
digit period (wavelength) versus distal Hox
gene dose in the three different Gli3 back-
grounds. A smooth positive correlation between
Hox gene dose and wavelength is observed in all
three cases.
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on the shape of the Gli3*”*¥ handplate at
E12.5 and simulated a reaction-diffusion sys-
tem by scaling the wavelength in either a uni-
form (remaining constant) or a graded manner
along the PD axis of the digital region (Fig. 1,
D and E , and supplementary text). We used a
generic activator-inhibitor reaction-diffusion
system, employing the minimal conditions to
satisfy Turing instability (see supplementary
text) (25). We determined whether a single
reaction parameter of the model could be an
effective target for wavelength modulation (figs.
S4 and S5) and chose the effect of activator
on inhibitor production (g,) as the most suitable
(see supplementary text). Our simulations showed
that digit bifurcations occurred in the uniform
case (red arrowhead Fig. 1D), whereas no bi-
furcations were shown when we used graded
wavelength scaling (Fig. 1E), reproducing the
observed mutant patterns. Our model suggests
that, in the absence of G/i3, the genetic reduc-
tion of Hoxal3 produces a global reduction in
wavelength (o), thereby increasing digit num-
ber, but also causes a shallower PD gradient of
, which explains the observed digit bifurcations.
Because there is no evidence for a PD-graded

Chondrichthyans

(cartilaginous fish)

I Ciiinic )

Gnathostomes ol

(jawed vertebrates)

Osteichthyans 7 Actinopterygians
(bony fish) (ray-finned fishes)
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(lobe-finned fishes)
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(extinct)

Tetrapods)'

Fig. 5. Vertebrate limb evo-
lution and distal Hox gene
function. A phylogenetic tree
of representative taxa and ap-
pendage skeletal patterns is
shown, as well as corresponding
distal Hox expression [in actinop-
terygians shown for Polyodon
spathula (28)] and GLi3R gradi-
ent (when known). Genetically abro-
gating Shh signaling and reducing
distal Hox function in mouse autopods
(Hoxal3*'";HoxgPet1-13/0ell1-15, G i3XiXt) - reyeals
ancestral skeletal characteristics shared with the pec-
toral fins of sharks (Chiloscyllium punctatum) and

Amniota

REPO

Hox expression, the simplest interpretation of
the model is that @ is modulated by both the
Hoxal3 gene (explaining the global reduction
in wavelength) and fibroblast growth factor (FGF)
signaling (explaining the PD gradient), possibly
by co-regulating the same target genes (see sup-
plementary text).

Because Hoxal3 " :Gli3*** double mu-
tants display ectopic anterior expression of
Hoxdl2 and Hoxdl3, similar to G/i3 mutants
(fig. S1), it remained possible that the increased
polydactyly was due to the gain of HoxdI2
and Hoxd13. To challenge such functional com-
pensation and test whether the cumulative sum
of distal functional Hox genes controls digit
number by modulating the digit period, we gen-
erated triple mutants carrying the Hoxal3,
Hoxd”*""3 and Gli3*™ alleles (Fig. 2). Skeletal
preparations of neonates of the triple-mutant al-
lelic series showed a variety of patterning defects,
including syndactyly (fused digits), brachydactyly
(shortened digits), absence of joints, ventral
bending of digits, and delayed ossification. Most
salient, however, was the clear trend toward in-
creased digit number as progressively more al-
leles of distal Hox genes were removed in the

Hoxd Hoxa Gli3R

DT

| |4canthostega| |P.senegalus| |C.punctatum|

Mus musculus

=209

primitive ray-finned fishes (Polypterus senegalus): numerous, densely packed, and iterative elements,
with a distal cartilaginous band corresponding to the distal radials of fish fins (arrows). The periodic
pattern of skeletal elements evident in fins and mutant limbs strongly suggests that a self-organizing
Turing-type mechanism of chondrogenesis is deeply conserved in vertebrate phylogeny. Our results
further indicate that distal Hox gene dose regulates the number and spacing of skeletal elements
formed, implicating distal Hox gene regulatory networks as critical drivers of the evolution of the

pentadactyl limb.
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absence of G/i3 (Fig. 2). The number of digits
increased from 7 to 9 (typical of Gli3*”*%)
to 8 to 9 when one functional allele of both
Hoxal3 and Hoxd11-13 was removed; further,
to 9 to 11 when both Hoxd!1-13 alleles were re-
moved (23); and, finally, to at least 12 to 14
digits when only one copy of Hoxal3 remained
(Hoxal3"HoxdPe!!1-13Delll-13, G 35Xy (Fig 2y,
The midgestational lethality of Hoxal3 homozy-
gous mutants precluded their analysis at this
stage. The increase in digit number as distal Hox
genes were removed did not rely on increased
AP handplate size, as in G/i3 single mutants
(26), but rather on a reduced wavelength as dig-
its were thinner and had narrower gaps between
them, while remaining regularly spaced (Figs.
1A and 2). These phenotypes cannot be ex-
plained by a model of positional information
based on a morphogen gradient.

To compare the principal phenotypes of
the triple allelic series with our computational
model, we analyzed Sox9 expression at E12.5,
when the condensations are being laid down
and the Turing mechanism should be opera-
tive. Quantification of these mutants confirmed
that there was no strict correlation between the
progressive increase in digit number and hand-
plate size, which instead coincided with thin-
ner, more densely packed digits (Fig. 3). In our
computer model, both Hox levels and FGF
signaling contribute to wavelength modulation
(Fig. 4A). Thus, by progressively reducing the
global contribution from the Hox genes (kjy),
the resulting « gradient became lower, but also
shallower (fig. S6), reflecting the shallower wave-
length gradients quantified from the mutants
(Fig. 4B). In this way, the model was able to re-
produce the observed smooth series of Sox9
phenotypes in the G/i3*”* background—both
the increased number of digits and the greater
tendency for bifurcations (Fig. 3 and supple-
mentary text). Although the observed reduction
in wavelength was strongest in the absence of
Gli3, the same trend was clearly apparent in
the Gli3™" and Gli3""* backgrounds (Fig. 4C
and supplementary materials). In these cases,
a reduced wavelength does not always produce
a higher number of digits, because the AP width
also decreases.

Our study highlighted a developmental de-
lay in the appearance of the Sox9 pattern (fig.
S2) and a reduction in the PD width of the digit-
forming region (fig. S3). Theoretical analysis
revealed that both features are naturally pre-
dicted by modulating g, in the model. The de-
layed patterning also supports the possible role
of FGF signaling as a Turing modulator, as FGF4
treatment of micromass-cultured mesenchyme
from limb buds sped up the appearance of the
pattern (25). The simulated PD gradient of FGF
signaling thus translates into a gradient of pat-
terning speed, and further theoretical analysis
revealed that this naturally predicts the pro-
gressive PD narrowing of the digital zone (fig.
S6 and supplementary test). Below a certain

Hox dose, the digital zone disappears entirely.
Indeed, in triple mutants, no distinct digital con-
densations were scored, even at E13.5 (Fig. 3
and fig. S6).

In conclusion, our combination of genet-
ics, quantitative analysis, and computer mod-
eling reveals a missing piece of evidence for
a Turing-type mechanism in digit patterning.
Whereas numerous previous mutants have
shown an abnormal digit number, evidence was
lacking for a parameter that could smoothly
tune digit wavelength. Our discovery and anal-
ysis of the smooth correlation between distal
Hox gene number and digit wavelength pro-
vides this evidence. Additionally, the link be-
tween wavelength deregulation and the appearance
of digit bifurcations also strongly supports the
role of distal Hox genes as wavelength modu-
lators of an intrinsic self-organizing Turing-type
mechanism responsible for digit patterning. Our
model predicts that overexpression of Hox genes
should increase the digit wavelength, although
this may require careful temporal examination
at the time the Turing mechanism is operating
and may have a subtle effect if Hox genes are
normally expressed at saturating levels (22). The
model makes no prediction about the tempo-
ral sequence of digit condensations along the
AP axis. Also, the probability of bifurcations may
be reduced in more extreme mutants (such as
Hoxal3"";HoxdPe!!13/Pelll-13, G3XuXy que o
the narrower digital region. Additionally, our
analysis suggests a role for G/i3 in tuning the
wavelength, but this observation is not as nota-
ble as the smooth trend seen in our distal Hox
allelic series (Figs. 3 and 4C and supplementary
materials).

Our results also permit a reassessment of
distal Hox gene function in one of the most
important vertebrate innovations: the fin-to-
limb transition. The emerging consensus sug-
gests that the genetic toolkit patterning fins
and limbs is largely conserved, and the evolution
of digits was driven by accumulated regulatory
changes controlling the spatial and temporal
deployment of that common toolkit (27-32).
The reduction of the distal Hox gene number
in the absence of G/i3, which renders Shh sig-
naling irrelevant, resulted in mouse digits losing
defining characteristics (pentadactyl constraint
and segmented morphologies) and exhibiting
patterns reminiscent of the endoskeleton pat-
terns in chondrichthyan and basal actinopte-
rygian fins (numerous, iterative, densely packed,
infrequently segmented elements) (Fig. 5). Thus,
our data provide evidence that an ancestral
Turing-like mechanism patterning fins has been
conserved in tetrapods and modified by the
implementation of regulatory changes in the
evolution of digits. In particular, our data sug-
gest that the equilibrium resulting from the
cross-regulation between Shh-Gli3 and distal
Hox genes may have led to the stabilization of
the pentadactyl state more than 360 million
years ago.
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