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that showed a reversal potential corresponding to
the Nemnst potential of the applied gradient of
formate, and the resulting reversal potential with
identical amounts of formate on both sides of the
bilayer was zero (Fig. 3, A and C). Formate
gradients were chosen so that the cis side of the
lipid bilayer had a higher (200 mM) concentra-
tion than the trans side (19.6 mM), in order to
emulate the cytoplasmic release of formate in
high amounts by PFL. In subsequent experi-
ments, the pH on the trans side (the “periplasmic
side”) was acidified by a stepwise addition of
HCI. A strong effect occurred at pH 5.1, when the
formate current abruptly ceased. This effect was
reversible (fig. S3) and constitutes a direct ob-
servation of pH-dependent gating in FocA. Al-
though the transition point is still far above the
pH of 4.0 in the crystallization condition for
StFocA, it falls clearly below the pH of 6.8 de-
termined as the switch point for the growth me-
dium (72). The difference might be explained
by the influence of the charged membrane sur-
face on the ion concentration and thus the pH
value in its immediate surroundings, as com-
monly described with Gouy-Chapman theory
(21, 22).

This study confirms that FocA acts as a
specific channel for anionic formate at higher pH
and is gated in a pH-dependent manner. Gating is
mediated through the N termini of the peptide
chains that order and reorient in a concerted
fashion, and one might speculate that protona-
tion of a histidine might be the basis for pH sens-
ing. Earlier functional studies in vivo proposed

that FocA operates as a H'/formate symporter
at low pH (8). Although our electrophysiolog-
ical studies cannot address this electroneutral
process directly, we note that the observed gat-
ing leaves the transmembrane formate channel
within FocA unobstructed. Formate in the peri-
plasm can still cross the membrane to reach a
vestibule that is sealed off from the cytoplasm
only by the N-terminal helix (fig. S2). A possi-
ble mechanism for active uptake could thus
involve a cycling of the individual protomers
through the three conformational states, where-
by a transient opening of the cytoplasmic ves-
tibule would release a formate anion trapped
there while export would be hindered by the
transport-rate-limiting selectivity filter (fig.
S2). Active transport would result if the confor-
mational changes were triggered by proton
translocation.
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Specificity of Drosophila Cytonemes
for Distinct Signaling Pathways

Sougata Roy, Frank Hsiung,* Thomas B. Kornbergt

Cytonemes are types of filopodia in the Drosophila wing imaginal disc that are proposed to
serve as conduits in which morphogen signaling proteins move between producing and target cells.
We investigated the specificity of cytonemes that are made by target cells. Cells in wing discs
made cytonemes that responded specifically to Decapentaplegic (Dpp) and cells in eye discs
made cytonemes that responded specifically to Spitz (the Drosophila epidermal growth factor
protein). Tracheal cells had at least two types: one made in response to Branchless

(a Drosophila fibroblast growth factor protein, Bnl), to which they segregate the Bnl receptor,
and another to which they segregate the Dpp receptor. We conclude that cells can make

several types of cytonemes, each of which responds specifically to a signaling pathway by means
of the selective presence of a particular signaling protein receptor that has been localized to

that cytoneme.

ells in developing tissues are influenced
‘ by multiple signals that they process and

integrate to control cell fate, proliferation,
and patterning. An example is in the Drosophila
wing imaginal disc, where cells depend on sev-
eral signaling systems that are intrinsic to the disc.
Decapentaplegic (Dpp), Wingless (Wg), Hedgehog
(Hh), and epidermal growth factor (EGF) are
produced and released by different sets of disc
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cells, and receipt of these signaling proteins pro-
grams their neighbors to develop and grow. The
mechanisms by which morphogen signaling pro-
teins influence target cells must ensure both spe-
cificity and accuracy, and one possibility is that
these proteins transfer at points of direct contact
(7). Imaginal discs are flattened sacs that have a
monolayer of columnar cells on one side and squa-
mous peripodial cells on the other (Fig. 1, A and B).

Many cells in wing discs make filopodial exten-
sions that lie along the surfaces of the monolayers,
oriented toward morphogen-producing cells (2).
These extensions have been termed cytonemes
to denote their appearance as cytoplasmic threads
and to distinguish them as specialized structures
that polarize toward morphogen-producing
regions.

In wing discs dissected from third instar lar-
vae, cytonemes can be seen as filaments extend-
ing from randomly generated somatic clones (3)
(fig. S1) engineered to express a fluorescent protein
such as soluble, cytoplasmic green fluorescent
protein (GFP) (2, 4) or a membrane-bound form
such as mCD8:GFP (the extracellular and trans-
membrane domains of the mouse lymphocyte
protein CD§ fused to GFP) (5). To image disc
cytonemes, we placed unfixed discs peripodial
side down on a coverslip, covered them with a
I-mm-square glass, and mounted them over a
depression slide with the disc hanging from the
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coverslip [details in (5)]. Because fluores-
cence levels in cytonemes were low relative to
background, recorded images were processed
to increase intensity and were subjected to de-
convolution (3). Expression of CD8:GFP in wing
disc clones revealed cytonemes emanating from
both the apical and basal surfaces of columnar
cells, as well as from peripodial cells (whose
apical and basal surfaces could not be distin-
guished) (Fig. 1, A and B; fig. S1, A to C; and
table S1). Most cytonemes were perpendicular
to the anterior/posterior (A/P) axis of the disc
and oriented toward the cells that produce Dpp
at the A/P compartment border; others were ori-
ented toward the cells that produce Wingless
at the dorsal/ventral (D/V) compartment border
(5). Disc-associated myoblasts also had filopodia
(fig. SID).

In the eye disc, cells in the columnar layer
organize into ommatidial clusters as a wave of
differentiation [the morphogenetic furrow (MF)]
passes from posterior to anterior (Fig. 1C) [re-
viewed in (6)]. A second axis, centered at the
equator, is orthogonal to the MF and defines a
line of mirror-image symmetry where dorsal and
ventral ommatidia are juxtaposed [reviewed in
(7)]. The columnar cells divide during the third
instar period but stop or divide only once after the
MF passes. We induced CD8:GFP expression in
somatic clones and examined the columnar cells.
Whereas clones of six to eight cells were present
on both sides of the MF, only cells anterior to the
MF had visible cytonemes. Cytonemes emanat-
ing from these clones oriented either toward the
axis defined by the MF or toward the axis defined
by the equator (Fig. 1, D and E). Single clones
with cytonemes oriented both toward the MF and
toward the equator were not observed, and there
was no apparent correlation between clone po-
sition and cytoneme orientation or cytoneme
length (Fig. 1C). Cells in the peripodial layer of
the eye disc also had cytonemes (fig. S1E).

The EGF pathway is a key signaling system
for eye development [(8); reviewed in (9)], and
cells in the MF express the EGF protein Spitz
[Spi (10)]. Because one of the two types of an-
terior cell cytonemes extended toward the MF
(Fig. 1D) and to explore the distribution of
membrane-bound receptor proteins, we induced
clones that expressed an epidermal growth fac-
tor receptor:GFP [EGFR:GFP (/1)] fusion pro-
tein. Anterior cells expressing EGFR:GFP had
cytonemes that oriented toward the MF, and
most of these cytonemes had fluorescent punc-
ta (Fig. 1F); no cytonemes that were marked by
EGFR:GFP oriented toward the equator (n = 125
clones). Other than their “furrow-only” orienta-
tion, the cytonemes marked by EGFR:GFP were
similar to those marked by CD8:GFP. In contrast,
co-expression of CD8:GFP with (nonfluorescent)
EGFR marked both furrow-directed and equator-
directed cytonemes (fig. S1, G and H). Thus,
expression of EGFR:GFP does not eliminate the
equator-directed cytonemes, suggesting that the
specific localization of EGFR:GFP to furrow-
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directed cytonemes is not a consequence of ec-
topic (over)expression of this fusion protein.

Evidence that the furrow-directed cytonemes
depend on Spi/EGF signaling was obtained by
expressing a dominant negative form of EGFR
(12). Although EGFR is required for cell pro-
liferation in the disc, small clones expressing
EGFRPN (12) were recovered that co-expressed
EGFRPN and CD8:GFP; in these clones, only
cytonemes that appeared to be randomly oriented
were present (Fig. 1G), indicating that the long,
furrow-directed cytonemes (Fig. 1, D and F) may
require EGFR signal transduction in the cytoneme-
producing cells.

Wing disc-associated tracheal cells also make
cytonemes (13, 14). The transverse connective
(TC) is a tracheal tube that nestles against the
basal surface of the wing disc columnar epithe-
lium and that sprouts a new branch [the air sac
primordium (ASP)] during the third instar period

REPORTS I

in response to Branchless (Bnl) expressed by the
wing disc (Fig. 1, A and B, and fig. S1, I to K)
(14). Tracheal tubes are composed of a mono-
layer of polarized cells whose apical surfaces line
a lumen. Expression of CD8:GFP throughout the
trachea (btl-Gal4 UAS-CDS8:GFP) made it pos-
sible for us to detect GFP fluorescence in several
types of cytonemes emanating from the basal
surfaces of the TC and ASP. Cytonemes at the tip
of the ASP (Fig. 1A and fig. S1K) (length range, 12
to 50 um; average length of 23 um) contained the
Breathless (Btl); the Drosophila fibrobast growth
factor receptor (FGFR) and appeared to contact
disc cells that express Bnl (/4). Short cytonemes
(length range, 2 to 15 pm,; average length of 8.5 pum)
extended from the TC cells in the vicinity of the
ASP (fig. S1J and table S1).

We tested whether Dpp, Spi, Bnl, and Hh af-
fected wing disc, eye disc, and tracheal cytonemes
differentially. Ubiquitous expression of Spi, Bnl,
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Fig. 1. Oriented cytonemes in the wing and eye discs. (A) Representation of cytonemes on the apical
surface of the columnar layer of the wing disc (left) and of cytonemes at the basal surface of the wing disc
emanating from the ASP (right). bnl- and dpp-expressing regions are in red and brown, respectively; the
disc-associated Tr2 TC is partly external to the disc basal lamina (dark green) and partly within the disc
basal lamina [light green (12)]; ASP is shown in light green; myoblasts, blue. (B) Drawings of third instar
wing discs viewed from the columnar epithelial side (left), viewed through to the basal side (right), and
viewed in cross section (middle). Positions of CD8:GFP-expressing clones cross-referenced (in parentheses)
to supporting online material (SOM) figure panels. (C) Drawing of third instar eye—antennal disc with eye
primordium to left, antenna primordium to right; equator, Eq; area posterior to MF, P; area anterior to MF,
A. Approximate locations of CD8:GFP-expressing clones are shown [cross-referenced in parentheses to (D)
to (H) and SOM figure panels] in the columnar layer with cytonemes directed toward the morphogenetic
furrow (green), toward the equator (red), or in the peripodial layer (purple). Clones in overexpression
genetic backgrounds are shown with small circles. (D and E) Cytonemes oriented toward the MF (D) or
toward the equator (E) extended from anterior clones in the columnar layer. (F) An EGFR:GFP-expressing
clone in the columnar layer illuminated puncta in cytonemes oriented to the MF. (G) A clone expressing
CD8:GFP and EGFR™" extended short cytonemes. (H) EGFR:GFP-containing cytonemes radiate in many
directions after ubiquitous expression of cSpi. In (D), and (F) to (H), MF is to left as indicated by arrows,
and equator is down, as indicated by arrow in (E). Scale bars, 5 um.
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or Hh [induced by heat shock (Fig. 2, A and C
to E) (3)] did not alter the A/P-oriented apical
cytonemes in the wing disc, and, in the eye disc,
the long cytonemes of the columnar layer were
unaltered after ubiquitous expression of Dpp, Bnl,
or Hh (Fig. 2, F, G, 1, and J, and table S2). In
contrast, long oriented cytonemes were absent in
wing discs after ubiquitous expression of Dpp,
and only short cytonemes that appeared to be
randomly oriented were observed (Fig. 2B). Sim-
ilarly, 0.5 to 3 hours after cSpi, a constitutively
active form of EGF (/5), was expressed ectop-
ically by heat shock induction, clones express-
ing CD8:GFP in the eye disc had many short
cytonemes that lacked apparent directional bias
(Fig. 2H); in contrast to controls (Fig. 2F), no
long cytonemes oriented toward the MF were
observed. Cytonemes with normal orientation
and length (including MF-directed cytonemes)
were present in eye discs that were examined
later, 8 hours after a pulse of cSpi expression
(fig. S1F). To monitor EGFR-containing cyto-
nemes for sensitivity and responsiveness to Spi,
we expressed cSpi by heat shock induction and
examined cells in clones expressing EGFR:GFP.
After a pulse of cSpi expression, the extensions
oriented outward without apparent directional
bias, and the EGFR:GFP puncta were present in
all cytonemes (Fig. 1, F and H).

To examine responses of the ASP tip cytonemes,
we overexpressed Hh, Spi, Dpp, and Bnl by heat
shock and examined GFP-marked cytonemes at
the ASP tip (Fig. 2, K to P; tables S2 and S3; and
fig. S2). No differences in number of cytonemes
were detected until about 3 hours after heat shock.
Four to 5 hours after heat shock, expression of
Bnl increased the number of tip cytonemes by
~2.6 times, and although most of the cytonemes
were <30 um, the cytonemes >30 pum also in-
creased (~3.2 times). Most of the long cytonemes
in these preparations were oriented in directions
other than toward the cells that normally express
Bnl. The number of long cytonemes >30 pm did
not change after overexpression of Hh, Spi, and
Dpp (0.6 to 0.8 times); the number of short
cytonemes increased after Dpp overexpression
(~1.7 times) but not after overexpression of Hh
or Spi.

Thus, the responses of apical wing disc cy-
tonemes to overexpressed Dpp (Fig. 2, A and B),
of eye disc cytonemes to ubiquitous Spi (Fig. 2,
F and H), and of ASP tip cytonemes to exog-
enous Bnl (Drosophila FGF) (Fig. 2, K and N)
(14) are similar. These results suggest that the
cytonemes we detected in the wing discs and eye
discs may have orientations and lengths that are
dependent specifically on the respective sources
of Dpp and Spi, whereas the ASP may extend
cytonemes in response to more than one sig-
naling protein. These results are, however, com-
plicated by the heat shock mode of induction
because both the cells that expressed GFP (and
extended marked cytonemes) as well as the sur-
rounding cells expressed the signaling proteins.
To overcome this problem, we developed a meth-
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od to induce two types of somatic clones in the
same tissue, one that expressed GFP and another
that expressed Dpp.

We used the GALA4 system to label cytonemes
with CD8:GFP. Clones of GAL4-expressing cells
were generated with heat shock—induced flippase
(FLP recombinase). The second type of clone
expressed a Dpp:Cherry fusion and was gener-
ated with a variant Cre-progesterone receptor
recombinase that could be activated with a regime
of heat shock and RU486 (3). By adjusting the
timing and strength of induction, we produced
wing discs with small, independent, and relative-
ly infrequent clones. In discs with clones that
expressed ectopic Dpp as well as clones that
expressed CD8:GFP, apical cytonemes tagged with
GFP were detected that oriented toward nearby
Dpp:Cherry-expressing cells and not toward ei-
ther the A/P or D/V signaling centers (Fig. 2,
Q and R) (n = 5). Such “abnormally directed”
cytonemes were never observed in control discs
(n > 200). The abnormally oriented cytonemes
suggest that apical cytonemes in the wing blade
respond directly to sources of Dpp and that their
orientation reflects extant sources of signaling
protein.

control HS

A

To characterize the relationship between tra-
cheal ASP tip cytonemes and FGF signaling from
the wing disc, we examined the distribution of Btl
(FGFR) in ASP cells and in ASP cytonemes. In
preparations from larvae with tracheal expres-
sion of both CD8:GFP and Btl:Cherry (btl-GAL4
UAS-CDS:GFP; UAS-Btl:Cherry), cytonemes were
marked by CDS8:GFP, some of which had fluo-
rescent Btl:Cherry puncta (Fig. 3A). Each ASP
had only a few long (>30 um) cytonemes, most
of which contained Btl:Cherry puncta. Few of
the more numerous short cytonemes (<30 pm)
contained Btl:Cherry puncta. To characterize
Btl:Cherry after overexpression of Bnl, we fo-
cused on preparations obtained 1 to 2 hours post-
induction (genotype btl-GAL4 UAS-CDS:GFP/
HS-Bnl; UAS-Btl:Cherry/Gal80"), because during
this time interval the ASP morphology was close
to normal but cytonemes had changed (Fig. 3, D
to J, and table S4). We did not focus on ASPs
after longer postinduction intervals because of
major malformations to ASP morphology after
3 to 4 hours [fig. S3 and SOM,; in contrast, changes
to ASP cytonemes were not observed until 3 to
5 hours after overexpression of Bnl and CD8:GFP,
and ASP morphology was normal at this time

HS-Bnl

Fig. 2. Ligand-specificity of cytonemes. Dpp, Spi, Bnl, and Hh were expressed ubiquitously by heat
shock 1/2 to 2 hours before imaging CD8:GFP in columnar cell clones in the wing disc (B to E), in
columnar cell clones in the eye disc (G to J), or 3 to 5 hours before imaging CD8:GFP in ASPs in
which expression was driven by btl-Gal4 (K to 0). CD8:GFP larvae heat-shocked although lacking
the respective heat shock (HS) expression transgenes served as controls [(A), (F), and (K)]. (P) Chart
tabulating number of long (>30 um, red) and short (<30 um, blue) cytonemes at the ASP tip (100-um
circumferential arc at the tip, average of five specimens, error bars represent SD). (Q and R)
Images from wing discs with independent clones that express Dpp:Cherry (*) or CD8:GFP (green).
Arrows point toward A/P signaling center [(A) to (E), (Q), and (R)], toward the MF [(F) to (])], or to
long cytonemes at the ASP tip [(K) to (O)]. Scale bars for (A) to (]), (Q), and (R), 5 um; for (K) to

(0), 30 um.
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interval for this genotype (Fig. 2)]. Long cyto-
nemes with Btl:Cherry puncta were present 1 hour
after a pulse of Bnl expression (Fig. 3E); but 2 hours
after the pulse, most ASPs had no long cyto-
nemes (Fig. 3F), and the number of short puncta-
containing cytonemes increased at the tip (Fig.
3F) and along the shaft of the ASPs (Fig. 3G).
After control heat shock or heat shock—induced
expression of Dpp, the distribution of Btl:Cherry
puncta in the ASP tip cytonemes was similar to
normal controls: Long cytonemes had Btl:Cherry
puncta, but most short cytonemes did not (Fig. 3,
A to C, and table S4).

We also documented the distribution of
Btl:Cherry in response to ectopic Bnl by imaging
the entire ASP at lower magnification (Fig. 3, H
to J). These views show Btl-containing puncta in
the ASP cells and reveal an increase in number of
puncta after induction of Bnl expression (per 20
ASP cells, the approximate number of Btl:Cherry
puncta at the tip were 80 at time =0, 435 at 7 =

A CD8:GFP;Btl:Cherry =] HS control (2 hr)

HS-Bnl (O hr)

-

1 hour, and 710 at = 2 hours; in the middle region
of the ASP numbers were 61 att=0, 415 at 1=
1 hour, and 750 at = 2 hours). Two hours after
Bnl expression was induced, the number of cyto-
nemes increased all around the ASP periphery,
and these cytonemes were densely populated
with Btl:Cherry puncta (Fig. 3, H to J).

Because we found that the number of small
cytonemes at the ASP tip may have increased
after ectopic Dpp expression (fig. S2 and table S3),
we investigated whether the thickveins (tkv) gene
(16), which encodes a subunit of the Dpp recep-
tor, is expressed in the ASP. We detected expression
of the tkv reporter, thv-lacZ (P{lacW }tkv'®”"), in
the ASP (fig. S4A). When we expressed Tkv:GFP
and Btl:Cherry together, Tkv:GFP and Btl:Cherry
segregated to separate tip cytonemes at the ASP
tip (Fig. 3, K to M, and fig. S4, B to K). Whereas
Tkv-containing cytonemes were short (<30 um),
most of the Btl-containing cytonemes were lon-
ger (three of four of the Btl:Cherry-containing

HS-Bnl (© hr) F® HS-Bnl (2 hr)

— HS-Bnl 2 hr)
\|

—— HS-Bnl (1 hr)

Tkv:GFP;Btl:Cherry

Fig. 3. Dpp and FGF receptors segregate to separate locations in the ASP. (A to J) Expression of Btl:Cherry
and CD8:GFP driven by btl-Gal4 mark ASP cytonemes (green) with Btl-containing puncta (red). [(A) and
(B)] ASP tips from larvae lacking a HS transgene with (B) or without (A) heat shock. (C) Btl:Cherry puncta in
ASP tip cytonemes after ectopic expression of Dpp. [(D) to (F) and (H) to (])] Expression of Btl:Cherry and
CD8:GFP released from Gal80" repression by temperature elevation (3) and subjected to heat shock for
the indicated times. (E) Image of ASP tip 1 hour after heat shock. (F) Image of ASP tip 2 hours after heat
shock [also see table S4 and (3)]. (G) Image of one side of the ASP tube between the TC and tip of (F).
Arrowheads in (F) and (G) indicate short cytonemes containing Btl:Cherry puncta. [(H) to (])] Low-
resolution (40x) images showing distribution of Btl:Cherry after overexpression of Bnl. (F), (G), and (]) are
images of the same preparation. (K to N) Tip of ASPs expressing Tkv:GFP and Btl:Cherry driven by btl-Gal4.
(K) Two focal planes from z-sections in which Tkv:GFP-containing cytonemes were in a focal plane (top)
less proximal to the disc than those with Btl:Cherry (bottom). [(L) and (M)] Projection images show distinct
Tkv:GFP and Btl:Cherry—containing cytonemes at ASP tip. (N) Image of mid-distal ASP. Arrows in (A) to (D)
and (K) to (M) indicate long cytonemes containing Btl:Cherry puncta. All images oriented ASP tip to right.

Scale bars, 30 um.
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cytonemes were longer than 30 um), and they
lay in focal planes closer to the disc (Fig. 3K, fig.
S4H, and table S5). These properties were con-
sistent in all preparations we examined in which
both green Tkv and red Btl cytonemes were intact
(n=29). Imaging these marked ASPs revealed
that overexpressed Tkv:GFP and Btl:Cherry
were present not only in the plasma membranes
(as expected) but also in separate puncta in the
cell bodies (Fig. 3N and fig. S4, L to N). This
shows that Tkv and Btl receptors also segregated
to separate locations in the ASP cell bodies.
Our findings suggest that the ASP has long
cytonemes that are specific to Bnl and specifi-
cally harbor Btl-containing puncta and that the
ASP also has cytonemes that are specific to
Dpp and specifically harbor Tkv. Similarly in the
eye disc, the presence of EGFR:GFP in furrow-
oriented cytonemes and not in equator-oriented
cytonemes suggests that cytonemes in the eye
disc also selectively localize receptors (Fig. 1F).
And as we previously showed, apical cytonemes
in the wing disc selectively localize Tkv (5). The
apparent ligand specificities and contrasting make-
up of these cytonemes suggest a diversity of func-
tionally distinct subtypes: Cells appear to make
cytonemes that respond specifically to the Dpp,
EGF, or Bnl signaling proteins. [The basal filopo-
dia implicated in Delta-Notch signaling in the
wing disc (/7) may represent yet another type.]
The mechanism that endows cytonemes with
specificity for a particular signaling protein can-
not be based solely on tissue-specific expression
of a receptor. Spi, Dpp, and Hh are active in eye
discs, but only changes in Spi signaling affected
the furrow-directed cytonemes. And in the wing
disc, both the Hh and EGF signal transduction
pathways are active in cells at the A/P compart-
ment border, but the apical cytonemes only re-
sponded to overexpressed Dpp. Our findings that
tracheal cells in the ASP respond to both Dpp and
Bnl and that the Tkv and Btl receptors are present
in different cytonemes that the ASP cells extend
suggest that specificity may be a consequence of
the constitution of the cytoneme, not on which
receptors the cells make. The mechanism that
localizes receptors to different cytonemes is not
known, but because the marked receptors we ex-
pressed also segregated to different intracellular
puncta, the processes that concentrate these re-
ceptors in separate locations may not be exclusive
to cytonemes. There is a precedent for segregation
of proteins to different cellular extensions, neu-
rons segregate proteins to dendrites or axons, so
extending projections with specific and distinct
attributes may be a general property of cells.
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Noncanonical TGFf Signaling
Contributes to Aortic Aneurysm
Progression in Marfan Syndrome Mice

Tammy M. Holm,** Jennifer P. Habashi,'?* Jefferson ]. Doyle,'* Djahida Bedja,’

YiChun Chen,” Christel van Erp,* Mark E. Lindsay,™? David Kim," Florian Schoenhoff,*
Ronald D. Cohn,*? Bart L. Loeys,” Craig ]. Thomas,® Samarjit Patnaik,® Juan ]. Marugan,’
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Transforming growth factor—p (TGFB) signaling drives aneurysm progression in multiple disorders,
including Marfan syndrome (MFS), and therapies that inhibit this signaling cascade are in
clinical trials. TGFB can stimulate multiple intracellular signaling pathways, but it is unclear
which of these pathways drives aortic disease and, when inhibited, which result in disease
amelioration. Here we show that extracellular signal-regulated kinase (ERK) 1 and 2 and Smad2
are activated in a mouse model of MFS, and both are inhibited by therapies directed against
TGFB. Whereas selective inhibition of ERK1/2 activation ameliorated aortic growth, Smad4
deficiency exacerbated aortic disease and caused premature death in MFS mice. Smad4-deficient
MFS mice uniquely showed activation of Jun N-terminal kinase—1 (JNK1), and a JNK antagonist
ameliorated aortic growth in MFS mice that lacked or retained full Smad4 expression. Thus,
noncanonical (Smad-independent) TGFp signaling is a prominent driver of aortic disease in MFS
mice, and inhibition of the ERK1/2 or JNK1 pathways is a potential therapeutic strategy for the

disease.

ligands belong to a family of cytokines

that regulates diverse cellular functions,
including proliferation, differentiation, and syn-
thetic repertoire. TGFP is secreted from cells as
part of a large latent complex that binds to extracel-
lular matrix (ECM) proteins including fibrillin-1 (7),
the deficient gene product in Marfan syndrome
(MFS). Current models posit that ECM seques-
tration of TGFp inhibits its activation, thereby
limiting its ability to stimulate cell surface re-
ceptors, TPRI and TRRII (2, 3). In canonical

The transforming growth factor—f (TGFp)
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signaling, the TBRI/Il complex phosphorylates
receptor-activated Smad2 and/or Smad3 (to pSmad2
and pSmad3, respectively), which leads to re-
cruitment of Smad4, translocation to the nucleus,
and the transcription of Smad-dependent genes
(4). Recent work has shown that TGFp also in-
duces other (noncanonical) pathways, including
the RhoA and mitogen-activated protein kinase
(MAPK) cascades, the latter of which includes
extracellular signal-regulated kinase (ERK), Jun
N-terminal kinase (JNK), and p38 (5—7). TGFB
activates these by phosphorylation to pERK,
pINK, and pp38, respectively. In light of these
findings, the exclusive focus on Smad signaling
in TGFp-related pathogenetic models needs to be
reconsidered.

Increased Smad2/3 activation and increased
expression of Smad-responsive genes (e.g., con-
nective tissue growth factor and plasminogen-
activator inhibitor—1, PAI-1) have been observed
in the lung, skeletal muscle, mitral valve, and aor-
tic wall in humans and a mouse model of MFS
(8-11). Treatment of MFS mice with TGFp-
neutralizing antibody (TGFBNAD) ameliorates
the phenotype in all of these tissues, in associa-
tion with attenuated pSmad2/3 signaling (§-17). A

similar rescue is achieved by using the angioten-
sin Il type 1 receptor—blocker losartan (8—17), which
is known to reduce the expression of TGFf lig-
ands, receptors, and activators (/2—74). It has also
been shown that mutations in TBRI or I, which
lead to a paradoxical increase in pSmad2 signal-
ing in the aortic wall, cause Loeys-Dietz syndrome,
a condition that has considerable phenotypic over-
lap with MFS, including aortic aneurysm (75, 16).
Together, these earlier observations suggested that
canonical TGFp signaling drives disease patho-
genesis in MFS. We have now explored the rel-
ative contributions of canonical and noncanonical
TGFp signaling cascades in MFS mice, by either
genetically or pharmacologically inhibiting each
cascade and analyzing the resultant phenotypic
consequences.

We performed Western blot analysis on the
proximal ascending aorta of 12-month-old mice
heterozygous for a missense mutation in Fbnl
(Fbni€'%%S™) a validated animal model of
MEFS (17). Compared with wild-type (WT) lit-
termates, Fhn 1'% mice showed a significant
increase in activation of Smad2, ERK1/2, and
MAPK kinase 1 (MEK1), the upstream activator
of ERK1/2 (P < 0.05, P < 0.001, and P < 0.05,
respectively) (Fig. 1A). In contrast, there was no
difference in the activation of Smad3; JINK1; p38;
ERKS; Rho-associated coiled-coil containing pro-
tein kinase—1 (ROCK1); or LIMK 1, a downstream
target of ROCK1 (Fig. 1A and fig. S1) (18). Fur-
thermore, an in vivo trial of fasudil, a well-
established inhibitor of the RhoA/ROCK pathway
[details discussed in (/8)] failed to attenuate aortic
root growth in Fbnl€'%%" mice (fig. S2).

Because TGFBNAb and losartan attenuate
aortic root growth in Fhnl<'*%* mice (fig. S3)
(10), if Smad2 or ERK1/2 are important media-
tors of aortic disease in MFS, one would expect
their activation to be reduced by these agents.
Prior work demonstrated that Smad2 activation is
decreased by both therapies (/0). We now find
that compared with placebo-treated littermates,
FbnI€'%%°%" mice treated with either TGFBNAb
or losartan also show a significant reduction in
ERK1/2 activation (P < 0.01 for both) (Fig. 1B).

To confirm that ERK1/2 is a driver, rather
than simply a marker, of aortic aneurysm pro-
gression, 2-month-old FbnI€'9%" mice were
treated for 2 months with the selective MEK1/2
inhibitor RDEA119 (79). Aortic root size was
measured by echocardiography at 2 months (base-
line before treatment) and 4 months of age (Fig.
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