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EVOLUTION

Evolutionary transitions from camouflage to
aposematism: Hidden signals play a pivotal role

Karl Loeffler-Henry't, Changku Kang?*t, Thomas N. Sherratt'

The initial evolution of warning signals in unprofitable prey, termed aposematism, is often seen as
a paradox because any new conspicuous mutant would be easier to detect than its cryptic
conspecifics and not readily recognized by naive predators as defended. One possibility is that
permanent aposematism first evolved through species using hidden warning signals, which are
only exposed to would-be predators on encounter. Here, we present a large-scale analysis of
evolutionary transitions in amphibian antipredation coloration and demonstrate that the
evolutionary transition from camouflage to aposematism is rarely direct but tends to involve an
intermediary stage, namely cryptic species that facultatively reveal conspicuous coloration.
Accounting for this intermediate step can resolve the paradox and thereby advance our

understanding of the evolution of aposematism.

election to avoid being Kkilled by pred-
ators has contributed to the diversity of
animal color patterns (). These color
adaptations include crypsis and disrup-
tive coloration to avoid being detected
and/or recognized (2), conspicuous warning
signals in defended species to indicate un-
profitability to would-be predators [an associa-
tion known as aposematism (3)], and mimetic
signals that share or exploit the aposematic
signals of other organisms (4). Although our
understanding of the genetics, development,
perception, and function of these color signals
has substantially progressed in recent years
(5), we still know little about the macroevolu-
tionary patterns of color pattern evolution. Spe-
cifically, large-scale macroevolutionary studies
on animal color defense are surprisingly scarce,
and even these have tended to consider sim-
ple binary classifications of species color, no-
tably whether they are cryptic or conspicuous
(6-8). Although this binary classification cap-
tures some well-known antipredator strategies
of animals (crypsis and potential aposematism
or mimicry), this may not be enough to ex-
plain how diverse color defense strategies have
evolved in nature. For example, some species
are cryptic at rest but have bright color signals
hidden on body surfaces that are only exposed
when signaling to conspecifics, fleeing, or as
part of a defensive posture (9-14). These flex-
ible signaling strategies could represent inter-
mediate stages and therefore might play a
pivotal role in evolutionary processes gener-
ating different antipredator defenses (15).
Amphibians are an excellent group to ex-
plore the evolutionary transitions among dif-
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ferent antipredator strategies. Their phylogeny
is available in nearly all extant taxa (76), and
their color patterns have been strongly shaped
by predators through natural selection (17). A
previous study examining macroevolutionary
patterns of amphibian antipredator adapta-
tions found that rates of speciation, extinc-
tion, and transition vary among species with
different defensive traits (6). Although this
large-scale study revealed important evolu-
tionary pathways from camouflage to aposem-
atism, the inference was based largely on a
simple two-color state classification scheme
(cryptic and conspicuous) of each species’ dor-
sal coloration. However, many amphibian spe-
cies show a more complex set of color patterns,
such as having a cryptic dorsum yet conspic-
uous patches on normally hidden body parts
(18-21). These hidden color signals are tax-
onomically widespread in the animal kingdom
yet have seldom been considered in macro-
evolutionary studies (13, 14).

The hidden color signals of amphibians
tend to occur in one of two different forms:
conspicuous color present on (i) the whole
venter (lower surface), such as those in the
genus Bombina, or (i) part of the concealed
body surface, such as ventral shanks or hind-
limbs commonly found in the family Hylidae.
These hidden signals are often exposed through
behavioral displays [e.g., via an unken reflex
toward approaching predators, or foot flag-
ging for intraspecific signaling (14, 22-24)].
In addition, amphibians may sometimes use
flashing signals during escape: These colors
would be visible only when the prey is mobile
and may mislead a predator into assuming
that the prey’s flash color is its resting color
and in so doing hinder subsequent search (25).
Hidden conspicuous color signals may have
evolved from typical aposematic signals to off-
set the costs of conspicuousness while sta-
tionary. Alternatively, they may serve as an
intermediate state from camouflage to apo-

sematism because this strategy can gain the
advantages of both by only signaling when
discovered (15, 26, 27).

Here, using discrete character evolution
models, we investigate the role of hidden con-
spicuous color signals during the evolutionary
transitions between camouflage and aposema-
tism. Specifically, we examine the transitions
between different antipredator strategies based
on a five-category color classification scheme,
accounting for crypsis, conspicuousness, two
different types of hidden signals [PV; partially
conspicuous venter: cryptic dorsum with con-
spicuous color present as small patches on
normally hidden body parts and FV; fully
conspicuous venter: cryptic dorsum with con-
spicuous colors that fully cover the venter
(28)], and polymorphism (Poly; defined here
as a species having both cryptic and conspic-
uous forms regardless of whether they are
regional variants or coexist in the same pop-
ulation; see Fig. 1 for example species and
materials and methods for details). We iden-
tified two classes of hidden signals because
(i) the classes are distinguishable morpholog-
ically and (ii) their putative functions differ in
that FV coloration is likely to solely function as
an aposematic signal to attacking or approach-
ing predators, whereas PV coloration may also
serve as a flashing signal or territorial display
(14). We analyzed two datasets: color (1106
species with color information available) and
color+chem (315 species with both color and
chemical defense information available).

Results and discussion
Main evolutionary transitions in the color model

We tested nine different models: three models
that allowed transitions between almost all
states (with two exceptions, see below) at
equal or differing rates [All rates different
(ARD), Symmetric (SYM), Equal rates (ER)
models], and six models that restricted certain
transitional pathways (Intermediate, FV inter-
mediate, Stepwise, PV/FV secondary, FV cost-
offset PV secondary, Cost-offset) (table S1 and
fig. 1A). Transitions between the FV and Poly
states and between the PV and Poly states
were not allowed (see materials and methods
for details). An intermediate model that did
not allow the direct transition of species be-
tween the cryptic and conspicuous states was
the best-supported (lowest Akaike informa-
tion criterion) model (Fig. 1A and tables S1 and
S2 for descriptions and full results), while the
estimated transition rates were qualitatively
equivalent among the three best-supported
models [the Intermediate, ARD, and a modi-
fied Intermediate model in which the PV state
cannot evolve directly to the conspicuous state
but only through the FV state (FV interme-
diate); fig. S1]. The parameter estimates from
fitting the Intermediate model revealed sev-
eral major patterns of evolutionary pathways
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(Fig. 1B). First, although species in the cryptic
state can evolve directly toward all other states
with the exception of the conspicuous state
(which is precluded in the best-supported mod-
el), the cryptic state is stable (i.e., the transition
rates from all other states to the cryptic state
are at least three times higher than the rates
away from it) and the most likely basal ances-
tral state (support probability = 69%; Fig. 2).
Second, the PV state is most strongly asso-
ciated with the cryptic state: Species with
the PV color mainly evolve from cryptic color-
ation and tend to transit back to it. However,
although the transition rate is low, the PV
state is also the most likely state leading to
the FV state, which could facilitate the sub-
sequent transition toward the conspicuous
state. Third, species in the conspicuous state
largely evolve from the FV or polymorphic
state, and other routes are less likely. How-
ever, because species in the polymorphic state
evolve almost exclusively from the conspicu-
ous state, the major pathway to the initial
evolution of conspicuous coloration is likely
through the FV state. Fourth, the polymorphic
state appears unstable and transits rapidly to
the cryptic or conspicuous state.

Main evolutionary transitions in the
color+chem model

In the color+chem model, the evolutionary
pathways among the states are substantially
more complex than the color-only models (Fig.
1C). As with the color model, the cryptic state
was found to be the most likely basal ancestral
color state in the subset of species considered
in the color+chem model (support probabil-
ity = 60%; Fig. 3). Although there was slightly
stronger support for the hypothesis that the
basal defensive state of frogs and salaman-
ders involved chemical defense, the data were
more equivocal (Fig. 3; 58% support proba-
bility for chemical defense versus 42% for no
chemical defense). Chemical defense frequent-
ly coincides with conspicuous coloration: In-
deed, the majority of species classified as either
conspicuous, FV color, or polymorphic have
chemical defense (more than 90% in all three
groups; table S3). However, chemical defense
also occurs in less-conspicuous species as well
(65% in species with PV color, 51% in the cryp-
tic species; table S3). This is not surprising, as
chemical defense is known to provide survival
advantages to both conspicuous and cryptic
species through aposematic signaling and taste
rejection, respectively (29-31). On average, the
transition rates toward the acquisition of de-
fense are higher than the transition rates away
from this defensive state, but the only color
state that is more likely to lose than acquire
chemical defense is crypsis (Fig. 1C). This is
consistent with previous findings that the ac-
quisition of alkaloid sequestration is favored
over losing it in poison frogs (32). One expla-
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Fig. 1. Diagrammatical representations of the models that we compared and the parameter estimates
of the best-supported models. No arrows in the fitted transition models (A) indicate that the transition rates
were constrained to be zero. See table S1 for the descriptions of the models. Panels (B) and (C) show the
estimated transition rates among different states from the best-supported models using color dataset [(B);
species with color information available; N = 1106] and color+chem dataset [(C); species with both color and
chemical defense information available; N = 315 species]. Species that were classified as uncertain color (N = 47)
were excluded. Arrow thickness reflects the estimated transition rates, which are also given by the values

listed next to each arrow (those transitions that are possible but not depicted have estimated rates less than
0.00001). The radius of circles is proportional to the log-transformed number of species in each state.

Gray arrows indicate that the strength of evidence is weak because the estimated transition rates were
inconsistent between different functions (“fitMk" and “corHMM") (28), most likely because they were
estimated from very few changes in the tree or they were estimated from only one extant species
(undefended Poly). Cry: cryptic; PV (partially conspicuous venter): cryptic dorsum with conspicuous color
present as small patches on normally hidden body parts; FV (fully conspicuous venter): cryptic dorsum
with conspicuous colors fully covered on the venter; Con: conspicuous; Poly: a species showing multiple
distinct morphs that include both cryptic and conspicuous forms. ARD: All rates different model; SYM:
symmetric model; ER: equal rates model (see table S1 for details). The photos show sample species from
each color category that we used. From left to right, Theloderma corticale (Dan Rosenberg), Hyla andersonii
(Troy Hibbitts), Paramesotriton hongkongensis (Dan Rosenberg), Dendrobates tinctorius (Michael Gabler).

nation for the loss of chemical defense in cryp-
tic amphibians is that they experience less risk
of detection by predators and therefore less
selective pressure for the maintenance of
postdetection defense (33). Considering that
chemical defense may pose a cost to its bearer
(34, 35), this may make deterrent toxins less
favored in some cryptic lineages. Another non-
mutually exclusive reason for the differential
in acquisition or loss of chemical defenses in
the different types of signaler may be that
species with any form of conspicuous sig-

nals can potentially benefit from “go slow”
signaling that makes predators cautiously
sample the prey to determine the presence
of chemical defense (36). By contrast, preda-
tors may sample cryptic prey without caution,
possibly making selection for chemical de-
fense to reduce injury after capture weaker
in cryptic species.

After accounting for chemical defense, the
evolutionary transition from crypsis to apo-
sematism (chemically defended conspicuous
state) is not simple but is instead composed
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of multiple pathways that involve intermediate
states (Fig. 1C; see fig. S2 for the visual com-
parisons of how accounting for chemical de-
fenses modifies the transition rates among the
color states from the color model results).
Whereas the transition from the undefended
conspicuous state to the defended conspicu-
ous state is high, the transition rates toward
the undefended conspicuous state from any
other states are either zero or very low. This is
reasonable because any mutations that make
an individual conspicuous without having
chemical defense would be detrimental and
as such would be selected against unless other
defensive strategies, such as Batesian mimicry,
are involved (37, 38). Thus, a more stable route
to aposematism is via the chemically defended
FV state. There are multiple pathways to
evolve the chemically defended FV state, but
the main routes appear through the defended
PV state or undefended FV state, which also
mainly evolve from the undefended PV state.
These observations collectively suggest that at
least the FV state (but often involving the PV
state) is likely to be involved in transitions
from camouflage to aposematism. Once apo-

sematism has evolved, it goes back to neither
the PV nor FV state but instead either evolves
back to the cryptic state directly or becomes
cryptic/conspicuous-mixed polymorphic.

Hidden signals and their implications for
amphibian color evolution

We hypothesized that the PV signals poten-
tially function as a secondary defense (flash
displays or postdetection warning) or are used
for intraspecific signaling in normally cryptic
species (14, 25); thus, the PV signals are mainly
associated with cryptic coloration. Our results
of both color and color+chem models support
this view in that the PV state is primarily as-
sociated with the cryptic state with a stronger
tendency to go back to the cryptic state (Fig. 1,
B and C). Also, the PV state is the most likely
state that can lead to the evolution of the FV
state, which is a major precursory state toward
conspicuous coloration. The presence of PV
signals implies that a species has managed to
express bright (e.g., carotenoid or pteridine
pigments based) colors potentially acquired
through diet and/or manufactured de novo
and presumably evolved for antipredator or
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Fig. 2. Ancestral state estimation of each color state (N = 1106 species) in frogs and salamanders.
Pie charts at each node show the probabilities of ancestral states. The ancestral state of frogs and
salamanders is likely to be cryptic coloration. The hidden color signals (PV and FV) are widespread and have
evolved multiple times in different lineages. PV: cryptic dorsum with conspicuous color present as small
patches on normally hidden body parts; FV: cryptic dorsum with conspicuous colors fully covered on the

venter. See table S11 for photo credits.
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conspecific signaling (14, 39, 40). This could
further facilitate the expression of conspicuous
colors on other parts of the body, resulting in
the evolution of the FV states.

In both color and color+chem models, spe-
cies having FV color evolve from either the
cryptic or PV color, but not from the conspic-
uous color (Fig. 1, B and C). Thus, the con-
jecture that the FV color evolves from the
conspicuous color to offset the cost of being
continuously conspicuous is not supported (15).
Instead, the FV state is the most likely inter-
mediate stage that is required for the transi-
tion from crypsis to aposematism. About 91%
of species with FV color have chemical defense
(table S3), suggesting that their ventral warn-
ing coloration is likely an honest signal of their
defense, rather than a bluff. Theoretically, the
FV state can have a selective advantage over
the conspicuous state when a species has no
chemical defense: Having a conspicuous dor-
sum without defense should be highly detri-
mental to individuals, leaving less opportunity
to evolve chemical defense subsequently. How-
ever, because the FV strategy does not involve
the loss of crypsis, this strategy may be able to
persist until the evolution of chemical defense
follows. Indeed, the results of the color+chem
model suggest that the nonchemically de-
fended conspicuous state rarely evolves from
any other nonchemically defended states, but
the FV state could evolve from the PV state in
the absence of chemical defense (Fig. 1C).

Transitional patterns of the cryptic/
conspicuous-mixed polymorphic state

Only 2.3% of all species in our dataset were
considered to exhibit both cryptic and con-
spicuous morphs, i.e., were classified as poly-
morphic. Despite its relative rarity, our results
suggest that this cryptic/conspicuous-mixed
polymorphism has evolved multiple times in
different lineages independently (Fig. 2). Most
of these polymorphic species have chemical
defense (10 out of 11 species) and have evolved
mainly from the conspicuous states (Fig. 1, B
and C). Both the color and color+chem models
suggest that once the cryptic/conspicuous-
mixed polymorphic state is reached, it tends to
rapidly evolve toward either the cryptic or con-
spicuous state with a stronger tendency toward
the cryptic state (Fig. 1, B and C). The low
number of species in the mixed-polymorphic
state may reflect this evolutionary instability.

Conclusion

Our study highlights the importance of hidden
color signals for the evolutionary processes
that generate diverse antipredator colora-
tion in amphibians. Our results suggest that
(i) species with hidden color signals, especially
those with conspicuous colors that cover the
whole venter, represent a key stage in the evo-
lution of aposematic species from cryptic
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Fig. 3. Ancestral state estima-
tion of each combination

of color and chemical defense
in frogs and salamanders @
(N = 315 species). Pie charts
at each node show the proba-
bilities of ancestral states. The
ancestral state of frogs and
salamanders is likely to be
cryptic coloration, but the
evidence of whether the basal
state was chemically defended
or not was equivocal. Most
states have evolved multiple
times in different lineages.
Transitions from cryptic to
aposematic (chemically
defended conspicuous) states
have usually occurred via
intermediate states.
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species; (ii) cryptic/conspicuous-mixed poly-
morphism plays a pivotal role in transitions
from aposematism back to crypsis; and (iii) the
transition rates toward acquisition of chem-
ical defense are higher than those to its loss
in most color states, with the exception of
the cryptic state. A number of complementary
models confirmed the robustness of these
conclusions (see materials and methods for
details and figs. S3 to S9 and tables S4 to S10
for the results).

Biologists have long wondered how rare
conspicuous mutants of a cryptic defended
species can spread in a population when they
have a higher predation risk before predators
learn to avoid them (41, 42). The fact that apo-
sematic species appear to seldom derive directly
from cryptic species confirms the long-standing
intuition that the evolution of aposematism
from crypsis is challenging. Here we show
macroevolutionary evidence for an impor-
tant yet unrecognized solution in which the
problem is effectively side-stepped: Rather
than evolve from cryptic species, aposematic
mutants appear to derive largely from species
with hidden signals. One intuitive way that
this might work is if would-be predators that
are already exposed to a species with hidden
warning signals continue to treat permanently
aposematic mutants of this species with cau-
tion. The initial evolution of hidden color sig-
nals might be facilitated by predatory pressure
that promotes the evolution of secondary
defenses such as flash or warning displays
(15, 24, 25), or via sexual selection that results
in the expression of conspicuous signals in
body parts that are only visible during behav-
ioral displays (74). These complex transitional

SCIENCE science.org

PR
-

®

routes from crypsis to aposematism would not
be revealed if traditional dichotomous clas-
sifications of animal antipredator coloration
(either cryptic or conspicuous) are applied (see
fig. S10 for the results when the binary clas-
sification was used). Thus, macroevolutionary
studies on animal coloration should take into
account these underappreciated hidden sig-
nals, which are both common and widespread
across the animal kingdom (13, 43, 44), to ad-
vance our understanding of the evolution of
antipredator defenses. Indeed, many animal
taxa such as snakes, fishes, and a variety of
arthropods (see fig. S12 for example groups)
include species that are cryptic, are aposematic,
and have hidden conspicuous signals. We
therefore encourage follow-up studies in other
taxa to evaluate the generality of the stepping-
stone hypothesis as a route to aposematism.

REFERENCES AND NOTES

1 H. B. Cott, Adaptive Coloration in Animals (Methuen, 1940).

2. M. Stevens, S. Merilaita, Animal Camouflage: Mechanisms and
Function (Cambridge Univ. Press, 2011).

3. E. B. Poulton, The Colours of Animals: Their Meaning and Use,
Especially Considered in the Case of Insects (D. Appleton,
1890).

4. G.D. Ruxton, A. L. William, T. N. Sherratt, M. P. Speed,
Avoiding Attack: The Evolutionary Ecology of Crypsis, Warning
Signals, and Mimicry (Oxford Univ. Press, ed. 2, 2018).

5. . C. Cuthill et al., Science 357, eaan0221 (2017).

6. K. Arbuckle, M. P. Speed, Proc. Natl. Acad. Sci. U.S.A. 112,
13597-13602 (2015).

7. B. B. Blaimer, J. R. Mawdsley, S. G. Brady, Evolution 72,
1874-1889 (2018).

8. K. Przeczek, C. Mueller, S. M. Vamosi, Integr. Zool. 3, 149-156
(2008).

9. M. Vidal-Garcfa, J. C. O'Hanlon, G. J. Svenson, K. D. L. Umbers,
Proc. Biol. Sci. 287, 20201016 (2020).

10. M. Edmunds, Zool. J. Linn. Soc. 51, 1-32 (1972).

11 T. Caro, T. N. Sherratt, M. Stevens, Evol. Ecol. 30, 797-809
(2016).

Undefended.
Defended| |

12. W. Hodl, A. Amézquita, in Anuran Communication, M. J. Ryan,
Ed. (Smithsonian Institution Press, 2001), pp. 121-141.

13. K. Loeffler-Henry, C. Kang, T. N. Sherratt, Am. Nat. 194, 28-37
(2019).

14. 1. Starnberger, D. Preininger, W. Hodl, J. Comp. Physiol. A
Neuroethol. Sens. Neural Behav. Physiol. 200, 777-787 (2014).

15. K. D. L. Umbers et al., Biol. Lett. 13, 20160936 (2017).

16. W. Jetz, R. A. Pyron, Nat. Ecol. Evol. 2, 850-858 (2018).

17. B. Rojas, Biol. Rev. Camb. Philos. Soc. 92, 1059-1080 (2017).

18. J. Bajger, Herpetologica 36, 133-137 (1980).

19. A. Rudh, A. Quarnstrom, Semin. Cell Dev. Biol. 24, 553-561

(2013).

M. Martins, J. Herpetol. 23, 305-307 (1989).

. L.F. Toledo, C. F. B. Haddad, Int. J. Zool. 2009, 910892 (2009).

L. F. Toledo, I. Sazima, C. F. B. Haddad, Ethol. Ecol. Evol. 23,

1-25 (2011).

D. P. Ferraro, M. O. Pereyra, P. E. Topa, J. Faivovich, Zool. J.

Linn. Soc. 193, 388-412 (2020).

24. R. B. Ferreira et al., Behav. Ecol. Sociobiol. 73, 69 (2019).

25. K. Loeffler-Henry, C. Kang, Y. Yip, T. Caro, T. N. Sherratt,
Behav. Ecol. 29, 528-533 (2018).

26. T. Guilford, Am. Nat. 131, S7-S21 (1988).

27. M. P. Speed, G. D. Ruxton, Proc. Biol. Sci. 272, 431-438(2005).

28. Materials and methods are available as supplementary materials.

29. J. Mappes, N. Marples, J. A. Endler, Trends Ecol. Evol. 20,
598-603 (2005).

30. Y. Yoshimura, E. Kasuya, PLOS ONE 8, e81280 (2013).

31 J. Skelhorn, C. Rowe, Behav. Ecol. Sociobiol. 60, 550-555

(2006).

J. D. Carvajal-Castro, F. Vargas-Salinas, S. Casas-Cardona,

B. Rojas, J. C. Santos, Sci. Rep. 11, 19047 (2021).

33. L. Wang, G. D. Ruxton, S. J. Cornell, M. P. Speed, M. Broom,
J. Theor. Biol. 473, 9-19 (2019).

34. M. D. Bowers, in Insect Chemical Ecology: An Evolutionary
Approach, B. D. Roitberg, M. B. Isman, Eds. (Chapman and Hall
New York, 1992), pp. 216-244.

35. R. A. Blennerhassett, K. Bell-Anderson, R. Shine, G. P. Brown,
Proc. Biol. Sci. 286, 20190867 (2019).

36. T. Guilford, J. Theor. Biol. 170, 311-316 (1994).

37. C. R. Darst, M. E. Cummings, Nature 440, 208-211 (2006).

38. L. Lindstrom, R. V. Alatalo, A. Lyytinen, J. Mappes, Proc. Natl.
Acad. Sci. U.S.A. 98, 9181-9184 (2001).

39. K. D. L. Umbers, A. J. Silla, J. A. Bailey, A. K. Shaw,

P. G. Byrne, Biol. J. Linn. Soc. Lond. 119, 436-444 (2016).

40. T. Goodwin, The Biochemistry of the Carotenoids, Volume I,
Plants (Springer Science & Business Media, 2012).

41. R. A. Fisher, The Genetical Theory of Natural Selection:

A Complete Variorum Edition (Oxford Univ. Press, 1930).

42. R. V. Alatalo, J. Mappes, Nature 382, 708-710 (1996).

NN
)

2

N

2

w

3

~

17 MARCH 2023 « VOL 379 ISSUE 6637 1139



RESEARCH | RESEARCH ARTICLES

43. T. Caro, H. Raees, T. Stankowich, Behav. Ecol. Sociobiol. 74, 44
(2020).

44. K. Loeffler-Henry, C. Kang, T. N. Sherratt, Proc. Biol. Sci. 288,
20210866 (2021).

45, K. Loeffler-Henry, C. Kang, T. N. Sherratt, Amphibian color
paper data and analysis code. figshare. Dataset.
https://doi.org/10.6084/m9.figshare.19890313 (2023).

ACKNOWLEDGMENTS

We are grateful to three anonymous reviewers who provided a
plethora of insightful feedback during the peer review process for
this manuscript. We thank E. Kerr and J. Butler from the Canadian
Herpetological Society for assistance in classifying each species.

Funding: C.K. is supported by the National Research Foundation of
Korea (grant no. NRF-2019R1C1C1002466) and the New Faculty
Startup From Seoul National University. T.N.S. and K.L-H. are
supported by the Natural Sciences and Engineering Research
Council of Canada (NSERC, Discovery Grant to T.N.S.). Author
contributions: C.K. conceived the study. K.L-H. conducted the
image collecting and classifications. C.K. conducted the
phylogenetic analysis with input from K.L-H. and T.N.S. All authors
contributed to discussions and interpretations of the data. All
authors contributed to formulating the initial draft of the
manuscript and subsequent revisioning. Competing interests: The
authors declare no competing interests. Data and material
availability: All data and analysis codes have been deposited at
Figshare (45). License information: Copyright © 2023 the

authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science. No claim to original
US government works. https://www.sciencemag.org/about/
science-licenses-journal-article-reuse

SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/science.ade5156
Materials and Methods

Figs. S1 to S12

Tables Sl to S12

References (46-70)

Submitted 23 August 2022; accepted 21 February 2023
10.1126/science.ade5156

NEURODEGENERATION

Mechanism of STMNZ2 cryptic splice-polyadenylation
and its correction for TDP-43 proteinopathies

Michael W. Baughn'?t, Ze'ev Melamed?3#+, Jone Lépez-Erauskin®?, Melinda S. Beccari'?,
Karen Ling®, Aamir Zuberi®, Maximilliano Presa®, Elena Gonzalo-Gil®, Roy Maimon®?,

Sonia Vazquez-Sanchez"?, Som Chaturvedi?, Mariana Bravo-Hernandez?, Vanessa Taupin?,
Stephen Moore?, Jonathan W. Artates'?, Eitan Acks™?, I. Sandra Ndayambaje®,

Ana R. Agra de Almeida Quadros®, Paayman Jafar-nejad*, Frank Rigo*, C. Frank Bennett*,
Cathleen Lutz®, Clotilde Lagier-Tourenne®’*, Don W. Cleveland®?*

Loss of nuclear TDP-43 is a hallmark of neurodegeneration in TDP-43 proteinopathies, including
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). TDP-43 mislocalization results
in cryptic splicing and polyadenylation of pre-messenger RNAs (pre-mRNAs) encoding stathmin-2
(also known as SCG10), a protein that is required for axonal regeneration. We found that TDP-43 binding to a
GU-rich region sterically blocked recognition of the cryptic 3' splice site in STMNZ2 pre-mRNA. Targeting
dCasRx or antisense oligonucleotides (ASOs) suppressed cryptic splicing, which restored axonal regeneration
and stathmin-2—dependent lysosome trafficking in TDP-43-deficient human motor neurons. In mice that
were gene-edited to contain human STMN2 cryptic splice-polyadenylation sequences, ASO injection into
cerebral spinal fluid successfully corrected Stmn2 pre-mRNA misprocessing and restored stathmin-2

expression levels independently of TDP-43 binding.

n the human nervous system, the ability
to maintain proper RNA metabolism is
thought to decline during aging (7). Dis-
ruption of RNA metabolism is a common
feature of many human neurodegenera-
tive disorders, including the fatal paralytic dis-
ease amyotrophic lateral sclerosis (ALS) and
the two most common dementias: Alzheimer’s
disease (AD) and frontotemporal dementia
(FTD) (1-5). Although the exact gene expres-
sion profiles and affected neuronal popula-
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tions vary among the dementias and other
neurodegenerative disorders, there is grow-
ing evidence supporting common molecular
mechanisms (6, 7).

TDP-43 proteinopathy describes a set of neu-
rological disorders that are characterized by
mislocalization of the RNA-binding protein
TDP-43 [encoded by the TARDBP (TAR DNA-
binding protein) gene]. TDP-43 relocates from
its typically nuclear location and accumulates
in the cytoplasm of affected neurons in the
form of aggregates. TDP-43 mislocalization and
aggregation is found in 97% of ALS patients,
about half of FTD patients, and 30 to 50% of
AD patients (8-11). TDP-43 pathology has also
been reported in a growing number of brain
disorders (2), including Huntington’s disease
(12), Perry syndrome (13), and chronic trau-
matic encephalopathy (CTE) (74). Recently, a
subset of aged Alzheimer’s patients has been
reclassified as limbic-predominant age-related
TDP-43 encephalopathy (LATE disease) (15)
because their post mortem brain samples
show aberrant TDP-43 instead of the expected
amyloid beta (AB). Although cytoplasmic ac-

cumulation of TDP-43 has been reported in
ALS and FTD, nuclear clearance of TDP-43 is
often observed even without apparent aggre-
gation(s) (16, 17). Loss of nuclear TDP-43 af-
fects expression and processing of multiple
mRNA targets across different cell types and
tissues (18-24).

TDP-43 closely regulates maturation of the
pre-mRNA encoding stathmin-2 (also known
as SCGI10, encoded by the STMN2 gene) (25, 26).
Stathmin-2 is a neuronally enriched protein
that plays a crucial role in axonal outgrowth
during development (27) and regeneration
(25, 26, 28). Developmental deletion of mouse
Stmn2 causes motor deficits with denervation
of neuromuscular junctions (29, 30). Among
the four members of the stathmin gene fam-
ily, stathmin-2 has the highest expression in
mouse and human motor neurons (25); STMN2
is among the top 20 most enriched mRNAs
in the ALS-vulnerable motor neurons of the
anterior gray column of the spinal cord (25, 31).
In post mortem FTD and ALS patient brain
and spinal cord tissues, loss of nuclear TDP-43
results in the use of cryptic splice (25, 26, 32)
and polyadenylation sites (25) within the first
intron of the STMN2 pre-mRNA (25, 26). This
leads to inclusion of a cryptic exon 2a and
the production of an mRNA encoding only a
truncated open reading frame (17 codons) (25)
and suppression of the full-length 179-amino
acid stathmin-2 protein (25, 26, 32).

Stathmin-2 is a tubulin-binding protein that
is thought to affect microtubule dynamic in-
stability (33, 34), although its mechanism of
action in axons and axonal growth cones is
unclear (35-38). Lowering stathmin-2 in in-
duced pluripotent stem cell (iPSC)-derived
human motor neurons inhibits the regener-
ative capacity of injured axons (25, 26). Dimin-
ished regeneration capacity of injured motor
neurons when TDP-43 function is reduced can
be rescued by restoring stathmin-2 expression
levels (25), which suggests that restoration of
stathmin-2 expression in TDP-43 proteino-
pathies may provide a therapeutic strategy.

In this work, we determined the regulatory
elements through which TDP-43 regulates
STMNZ2 pre-mRNA processing and identified
steric binding antisense oligonucleotides (ASOs)
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