






not sufficient to drive anagen reentry. When sev-
eral DPs adopt aWNT-active status simultaneously,
they reenforce each other, and C� P activation
occurs stochastically. Indeed, WNT signaling in
DPs was recently shown to be critical for their
anagen-inducing effect, likelymediated by second-
ary FGF signaling (14). Alternatively, in regen-
erativewaves thewave front carriesmany activators
that induce all C-phase HFs to enter anagen.

Comparedwithmice, rabbits havemore robust
hair growth. They have compoundHFs (fig. S12)
(15), each containing multiple tightly packed SC
clusters and DPs (Fig. 3, B to E, and fig. S11).
The skin surface area of rabbits is also 30 times
larger than in mice. We wanted to examine re-
generative patterns in rabbits and see how our
CA model fares against experimental data. We
observed that C� P activations in all SC clusters
within one compound HF are closely coupled,
and in the context of our CA model they behave
as one “supercluster” (one automaton) of SCs.
Rabbits display complex, fractal-like regenera-
tive patterns (Fig. 3, A and F, and figs. S9 and
S10) closely reminiscent of patterns generated by
our model (fig. S4A). By exploring their fractal
geometry, we show that large pieces of regener-
ative patterns in rabbits remain geometrically
similar to much smaller pieces of themselves
(fig. S14). Thus, the same CA principles are
effective in managing regeneration of hair SCs
regardless of their total number, arrangement, or
organ size. Notably, pattern-forming signaling cues
are likely conserved between mice and rabbits,
because activation events readily spread from
rabbit to mouse HFs in the cross-species grafting
system, resulting in hybrid patterns (fig. S13).

Ourmodeling predicts that substantial increases
in inhibiting signals or decreases in activating
signals would reduce and eventually prevent cou-
pling among HFs (Figs. 1B and 4). We see this
in humans, where regenerative waves are ob-
served in fetal scalp during the first two cycles
(16) but disappear in the adult, when all HFs
cycle independently and randomly (17). In adults,
the lack of SC coupling makes hair regeneration
depend solely on intrinsic activation mechanisms,
making it particularly vulnerable to any decreases
in intrinsic SC activation.Without coupling, such
decreases can ultimately lead to baldness as seen
in androgenic alopecia and “short anagen syn-
drome” (figs. S15 and S16A) (18).

We have shown how organ-wide SC man-
agement can be achieved.We speculate that during
evolution integration of signals from single to
multiple HFs across skin likely facilitated the
formation of new mechanisms of regeneration.
SC clusters can now be regulated as one entity,
allowing organ regeneration to occur episodically
with an intrinsic rate (fig. S16B, y axis). Cooption
of key WNT and BMP signaling pathways from
HFs by the skin macroenvironment allows for
coupling between the SCclusters (fig. S16B, x axis).
We conjecture that such a mechanism provides
animalswith a simple, yet robust and effective, way
to coordinate the regeneration of very large SC pop-

Fig. 2. WNT signaling plays an activating role in the coordinated regeneration of hair SCs in a follicle
population. (A) Wnt7a overexpression in K14-Wnt7amice results in regenerative patterns with shortened R
phase, multiple spontaneous initiation centers, fast wave spreading, and lack of border stabilization (figs.
S6 and S10). (B) Differential expression of key activators and inhibitors in the skinmacroenvironment (data
in fig. S5). (C and D) In bead implantation experiments, Wnt3a induces a new regenerative wave (D),
whereas Dkk1 disrupts spreading of the existing regenerative wave (C) and control bovine serum albumin
(BSA) has no effect (D, inset) (fig. S7). White arrows show directions of anagen spreading waves; red
outlines mark anagen-telogen boundaries. (Eand F) In cond-lacZ WNT reporter mice, spontaneous WNT
activity (blue dots) occurs in DPs in C-phase but not R-phase telogen HFs. Large clusters of WNT-active DPs
are very rare (table S3). In cond-lacZ;K14-Wnt7a mice, 100% of DPs become WNT-active throughout
telogen, which induces many new anagen initiation events (white arrows) during C phase (fig. S8).

Fig. 3. Conservation of the model is tested in
rabbits. (A and F) Rabbits exhibit elaborate and
rapid regenerative patterns (A) that continuously
evolve in time (F). (B to E) Rabbits have com-
pound HFs, each containing many separate clus-
ters of K15+ bulge SCs (C) and CD200+ hair
germ cells (D). Activation of individual SC clusters
within one compound HF is closely coupled [(B)
and (E)] (figs. S10 and S11).

Fig. 4. A unifying model of coor-
dinated regeneration of hair SCs.
The CA model predicts how simple
changes in the relative levels of ac-
tivators and inhibitors change SC
coupling efficiency and modulate
duration of P� A� R� C phases (colors
are based on Fig. 1A). This produces
versatile hair regenerative patterns
that help animals adapt to different
physiological conditions. See fig. S16.
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ulations,whichwould otherwise be impossiblewith
an intrinsic activationmechanismalone.Weobserve
that regenerative hair patterns can differ in the same
animal under different physiological conditions,
allowing organisms to adapt to the environment
(e.g., pregnancy in mice) (12). At the evolution-
ary scale, macroenvironmental regulation makes
hair growth a trait that has high modulability.
Lastly, beyond HFs, the experimental accessibil-
ity of this system offers a model for analyzing the
fundamental principles of self-organizing behav-
iors in biological systems composed of coupled
cycling elements.
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Conserved Eukaryotic Fusogens Can
Fuse Viral Envelopes to Cells
Ori Avinoam,1 Karen Fridman,1 Clari Valansi,1 Inbal Abutbul,2 Tzviya Zeev-Ben-Mordehai,3

Ulrike E. Maurer,4 Amir Sapir,1* Dganit Danino,2 Kay Grünewald,3,4

Judith M. White,5 Benjamin Podbilewicz1†

Caenorhabditis elegans proteins AFF-1 and EFF-1 [C. elegans fusion family (CeFF) proteins] are
essential for developmental cell-to-cell fusion and can merge insect cells. To study the structure
and function of AFF-1, we constructed vesicular stomatitis virus (VSV) displaying AFF-1 on the
viral envelope, substituting the native fusogen VSV glycoprotein. Electron microscopy and
tomography revealed that AFF-1 formed distinct supercomplexes resembling pentameric and
hexameric “flowers” on pseudoviruses. Viruses carrying AFF-1 infected mammalian cells only
when CeFFs were on the target cell surface. Furthermore, we identified fusion family (FF) proteins
within and beyond nematodes, and divergent members from the human parasitic nematode
Trichinella spiralis and the chordate Branchiostoma floridae could also fuse mammalian cells.
Thus, FF proteins are part of an ancient family of cellular fusogens that can promote fusion
when expressed on a viral particle.

Membrane fusion is critical for many bio-
logical processes such as fertilization,
development, intracellular trafficking,

and viral infection (1–6 ). Current models of the
molecular mechanisms of membrane fusion rely
on experimental and biophysical analyses per-
formed on viral and intracellular, minimal, fusion-
mediating machineries. Yet, how well these
models correspond to the mechanisms of cell-cell

fusion is unknown (4, 5).Caenorhabditis elegans
fusion family (CeFF) proteins were identified
as C. elegans fusogens that are expressed at
the time and place of cell fusion in vivo (7, 8).
Expression of CeFF proteins is essential for de-
velopmental cell fusion via hemifusion and suf-
ficient to fuse cells in vivo and in insect cell
cultures (8–10).

To identify putative fusion family (FF) mem-
bers in other species, we conducted sequence
comparisons (4, 11). These comparisons yielded
putative members in 35 nematodes, two arthro-
pods (Calanus finmarchicus and Lepeophtheirus
salmonis), a ctenophore (Pleurobrachia pileus), a
chordate (Branchiostoma floridae), and a protist
(Naegleria gruberi) (Fig. 1A). FF proteins are pu-
tativemembers of the “mostly b sheet super family”
and share a pattern of cysteines, implying that they
are conserved at the level of structure (fig. S1).

To determine whether divergent FF proteins
maintained their function as fusogens through
evolution, we expressed FF proteins from the
human parasitic nematode Trichinella spiralis

(Tsp-ff-1) and the chordateB. floridae (Bfl-ff-1) in
baby hamster kidney (BHK) cells and compared
their fusogenic activity to AFF-1 (Fig. 1, B to F).
These orthologs share 26 and 22% sequence iden-
tity with AFF-1, respectively. We observed, by
immunofluorescence, 28 T 4% and 37 T 7%mul-
tinucleation in cells transfected with Tsp-ff-1 and
Bfl-ff-1, compared with 26 T 2% and 4 T 3%
multinucleation in controls transfected with aff-1
and empty vector, respectively (Fig. 1F) (11).
In addition, when we expressed the EFF-1 para-
log from the nematode Pristionchus pacificus in
C. elegans embryos, we detected ectopic fusion of
cells that normally do not fuse (fig. S2). Thus, FF
proteins represent a conserved family of cellular
fusogens.

To explore whether FF proteins can function-
ally substitute for viral fusogens, we comple-
mentedVSV∆GpseudoviruseswithAFF-1 (Fig. 2
and fig. S3). We initially used a recombinant
vesicular stomatitis virus (VSV) called VSV∆G,
in which the glycoprotein G (VSVG) gene was
replaced by a green fluorescent protein (GFP) re-
porter, to infect BHK cells overexpressingVSVG
(11–16). The resulting VSV∆G-G viruses were
capable of only a single round of infection, mani-
fested by the production of GFP. We achieved
complementation with AFF-1 by VSV∆G-G infec-
tion ofBHKcells expressingAFF-1 (BHK–AFF-1),
which generated pseudotyped particles carrying
the nematode fusogen (VSV∆G–AFF-1). We bio-
chemically validated incorporation of AFF-1 in-
to VSV∆Gpseudotypes by SDS–polyacrylamide
gel electrophoresis, Coomassie staining, silver stain-
ing, immunoblotting, and mass spectrometry (11).
We found that the major proteins on VSV∆G–
AFF-1were theviral proteinsN,P,L,M, andAFF-1.
For comparison, we also analyzed VSVDG-G
and VSVDG (fig. S4 and table S5). Infection of
BHK–AFF-1 cells with VSV∆G–AFF-1 showed
a 600-fold increase compared with infection of
BHK control cells not expressing AFF-1 (Fig.
2A). Although infection due to residual VSVG-
complemented VSV∆G (VSV∆G-G) was negli-
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