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Abstract

The signals that initiate cell invasion are not well understood, but there is increasing evidence that extracellular physical
signals play an important role. Here we show that epithelial cell invasion in the intestine of zebrafish meltdown (mlt)
mutants arises in response to unregulated contractile tone in the surrounding smooth muscle cell layer. Physical signaling in
mlt drives formation of membrane protrusions within the epithelium that resemble invadopodia, matrix-degrading
protrusions present in invasive cancer cells. Knockdown of Tks5, a Src substrate that is required for invadopodia formation in
mammalian cells blocked formation of the protrusions and rescued invasion in mlt. Activation of Src-signaling induced
invadopodia-like protrusions in wild type epithelial cells, however the cells did not migrate into the tissue stroma, thus
indicating that the protrusions were required but not sufficient for invasion in this in vivo model. Transcriptional profiling
experiments showed that genes responsive to reactive oxygen species (ROS) were upregulated in mlt larvae. ROS
generators induced invadopodia-like protrusions and invasion in heterozygous mlt larvae but had no effect in wild type
larvae. Co-activation of oncogenic Ras and Wnt signaling enhanced the responsiveness of mlt heterozygotes to the ROS
generators. These findings present the first direct evidence that invadopodia play a role in tissue cell invasion in vivo. In
addition, they identify an inducible physical signaling pathway sensitive to redox and oncogenic signaling that can drive
this process.
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Introduction

Physical signaling mechanisms are increasingly recognized as

playing an important role in regulating the growth, differentiation,

and morphology of vertebrate tissues [1,2]. In vitro studies have

shown that the polarization, shape, and three-dimensional arrange-

ment of cells in culture can be altered by changing the mechanical

properties of their underlying substrate [3,4]. Tissue remodeling in

vivo can also be initiated by physical signals. In the vasculature,

forces arising from changes in intraluminal pressure can activate

membrane-bound ion channels or signaling molecules within

endothelial cells [5,6]. This leads to changes in the architecture of

endothelial cells themselves, as well as the surrounding smooth

muscle and adventitial cells in the vessel wall. Physical signaling has

also been shown to be important in tumor progression. Matrix

stiffening promotes tumor cell invasion in breast cancer models and

neoplastic transformation of benign papillomas to skin cancers [7,8].

Mechanical strain induces an oncogene expression profile in

intestinal explants derived from tumor prone mice [9]. Cell

proliferation within a tumor can alter vascular permeability. This

increases interstitial pressure within the tumor itself [10,11], which

promotes tumor progression in animal models [12].

Invasion of cancer cells through their basement membrane is an

early event during tumor progression and is a histological feature

that distinguishes cancers from benign tumors. In vitro models

suggest cancer cell invasion requires the formation of invadopodia,

actin-rich membrane protrusions that provide a localized source of

matrix degrading proteases [13–14]. Invadopodia and structurally

related podosomes were first discovered in cells transformed with

the Rous Sarcoma Virus oncogene v-SRC (reviewed in [14]). High

levels of endogenous SRC are thought to promote invadopodia

that form spontaneously in invasive cancer cells or following

activation of growth factor signaling pathways [14]. Changes in

substrate rigidity were recently shown to alter the number and

activity of invadopodia that form spontaneously in invasive breast

cancer cells [15,16], thus providing a potential mechanistic link

between invasion and physical signaling. Although invadopodia

have been studied extensively in cell culture models, their precise

role in cell invasion in vivo has not yet been determined [14].

In previous work, we showed that cell invasion can be modeled

in a zebrafish mutant, meltdown (mlt), in which intestinal architec-

ture is disrupted by a mutation in myosin heavy chain 11 (myh11), the

gene encoding the principle myosin present in smooth muscle

[17]. Biochemical and in vitro analyses showed that the mutant
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myosin had non-regulated ATPase activity but lacked motor

activity. Metalloproteases linked to cancer invasion (Mmp14

(MT1-Mmp); Mmp2) and regulators of epithelial mesenchymal

transition were upregulated in mlt, and their inhibition rescued the

mutant phenotype, thus linking mlt to established models of cell

invasion. Here we present in vivo evidence that the mlt mutation

transforms Myh11 into a constitutively active contractile protein,

and that unregulated actomyosin interactions increase the basal

level of smooth muscle contractile tone in the larval intestine. The

physical signal arising from increased contractile tone activates a

feed forward redox signaling loop that induces invadopodia-like

protrusions in the epithelium, and we show that this requires Tks5,

a Src substrate that is a component of the ROS generating Nox

complex and is required for formation of invadopodia and

podosomes in mammalian cells [18–20]. Heterozygous mlt

mutants normally have no detectable phenotype, however

treatment with ROS generators induced both the protrusions

and cell invasion. Together, these findings identify a novel

inducible in vivo signaling mechanism that non-cell autonomously

drives formation of invadopodia-like protrusions and cell invasion.

Results

Unregulated Myh11 in mlt Drives Formation of
Invadopodia-Like Protrusions That Are Required for
Invasive Tissue Remodeling

The mlt invasive phenotype is first visible at 74 h post-

fertilization (hpf), shortly after the onset of myh11 expression in

the developing intestinal circular smooth muscle layer surrounding

the epithelium [17]. At this stage, the wild type intestinal

epithelium is comprised of a single layer of cells that have formed

an apical brush border (Figure 1A and 1D) and are joined to one

another by apical tight junctions, adherens junctions, and

desmosomes. The cells have a progenitor phenotype as they are

still in a phase of proliferative growth and do not express lineage-

specific markers [21]. In mlt, the intestinal tube has an irregular

contour in comparison to the wild type intestine (Figure 1B and

1A). Histological analyses at this stage showed focal regions of

basement membrane degradation with invasion of epithelial cells

into the surrounding tissue or epithelial stratification (collectively

referred to as invasive remodeling) (Figure 1E–1G; n = 15 mlt and

15 wild type larvae; see also [17]). This initial phase of tissue

remodeling is followed by expansive growth of the epithelium and

the formation of fluid filled cysts (Figure 1C and 1H).

In tissue culture models, degradation of the basement mem-

brane by invasive cells is driven by metalloproteinases associated

with invadopodia, plasma membrane protrusions that are

enriched in actin, and the actin binding protein Cortactin

[14,22]. In previous work, we showed that invasion in mlt required

Mmp-14 (also known as MT1-Mmp), a metalloproteinase

associated with invadopodia, as well as Mmp2, a metalloproteinase

that is activated by Mmp-14 [17]. To determine whether

invadopodia-like protrusions were present in the mlt intestinal

epithelium, we derived a zebrafish transgenic line, Tg(miR194:Li-

feact-GFP), in which a GFP-labeled peptide that binds F-actin

(Lifeact-GFP, [23]) is expressed in the intestine. In vivo imaging

showed that mlt epithelial cells form actin rich protrusions at their

basal membrane at the stage when matrix degradation and

Author Summary

The epithelial cells lining the digestive tract are separated
from the connective tissue stroma by a thin layer of
extracellular matrix called the basement membrane.
During cell invasion, as occurs during cancer metastasis,
epithelial cells breach the basement membrane and
invade the tissue stroma. The proteases used by invasive
cells to degrade basement membrane in vitro are localized
in specialized plasma membrane protrusions known as
invadopodia. It is not known, however, whether invado-
podia are required for cell invasion in vivo or what triggers
their formation. Here, we show that epithelial cells in the
intestine of the zebrafish mutant meltdown form invado-
podia-like protrusions and invade the tissue stroma in
response to unregulated contractile tone in the surround-
ing smooth muscle layer. The invadopodia-like protrusions
that form in response to this physical signal are required
for epithelial cell invasion in this in vivo model, and they
can be induced when unregulated smooth muscle
contraction is induced by oxidative stress. These findings
provide the first direct evidence that invadopodia play a
role in tissue cell invasion in vivo and identify a novel
inducible physical signaling mechanism that can drive this
process.

Figure 1. Intestinal epithelial invasion in mlt larvae. (A–C) Live images of wild type (WT) and mlt larvae. In WT (A) the posterior intestine forms a
smooth cylindrical tube (box), whereas in mlt at 74 hpf the intestinal contour is irregular (B). Cystic expansion of the intestine is evident in 86 hpf mlt
larvae (C). (D–H) Histological cross-sections through the posterior intestine of larvae immunostained for laminin (green) and cytokeratin (red). The WT
intestine is comprised of a simple epithelial sheet consisting of a single layer of cells, whereas in mlt epithelial stratification (asterisks) and invasive
cells that have breached the basement membrane are evident (E–G arrowheads). The initial invasive behavior is followed by expansive growth and
loss of epithelial architecture (H).
doi:10.1371/journal.pbio.1001386.g001

Tension-Induced Tissue Remodeling
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invasion are first detected (Figure 2A and 2B; n = 12 mlt and 10

wild type larvae; Movies S1 and S2). Time-lapse imaging showed

that the protrusions formed before the onset of epithelial cell

invasion (Figure 2C; Movies S3, S4, S5, S6) and that they persisted

for several hours, thus distinguishing them from other actin-rich

protrusions, such as lamellipodia and filopodia [14]. Cross-sections

of larvae immunostained with antibodies against laminin and GFP

showed that the protrusions localize to sites of extracellular matrix

degradation and that epithelial cells invade the surrounding

stroma through segments of degraded basement membrane

(Figure 2D–F; n = 20 mlt and 20 wild type larvae analyzed).

Immunostainings confirmed that Cortactin, a protein present

within invadopodia and that is required for their formation, was

present in the actin-rich mlt protrusions (Figure 3A–3C; n = 18 of

19 cells with protrusions). These findings argue that the

protrusions present in the mlt intestinal epithelial cells are

invadopodia homologs.

MMP-14 localizes to invadopodia, where it drives degradation

of the extracellular matrix. To test whether Mmp-14 was present

in the mlt protrusions we compared the cellular localization of an

ectopically expressed Mmp14a-mCherry fusion protein in mlt and

wild type intestinal epithelial cells. This approach was necessary

because none of the antibodies we tested in immunostainings

detected endogenous Mmp-14 protein in the intestine. Confocal

analyses showed that the Mmp14a-mCherry fusion protein

preferentially localized to the basal portion of mlt epithelial cells

with protrusions (Figure 3D–F), whereas in wild type larvae,

Mmp14a-mCherry was evenly distributed within the epithelial

cells. Fluorescence quantification showed a 1.5-fold increase in

basal Mmp14a-mCherry in mlt (Figure 3G). In many mlt cells the

Mmp14-mCherry fusion protein was nearly exclusively present

within or adjacent to the actin-rich protrusions in the basal cell

membrane, whereas this pattern was not detected in wild type

cells.

To further characterize the mlt membrane protrusions, we next

asked whether they could form in mutant larvae that were

deficient in the Src substrate Tks5, a scaffolding protein that is

required for invadopodia and podosome formation in mammalian

cells [18–20,24]. Knockdown of zebrafish Tks5 disrupts migration

of developing neural crest cells, however it is not known whether

these cells form matrix-degrading protrusions similar to mlt [25].

Injection of the Tks5 morpholino into newly fertilized wild type

and mlt embryos caused severe developmental delay in most

embryos, as previously reported [25]. However, in the mlt embryos

that developed normally Tks5 knockdown blocked formation of

the protrusions and rescued the invasive phenotype (Figures 3H,

Figure 2. Actin-rich protrusions in invasive epithelial cells of the mlt intestine. (A, B) Full thickness 3-D rendering of sagittal confocal
sections through the intestine of 78 hpf wild type (WT) (A) and mlt (B) larvae. Actin is labeled by transgenic Lifeact-GFP expression (green). (A) In WT,
the majority of the label is present in the epithelial cell apical brush border (bracket). (B) In mlt, actin-rich invadopodia-like protrusions of the basal
epithelial cell membrane are detected (arrows), in addition to brush border actin (bracket). (C) Time lapse analysis of protrusion development. Single
sagittal confocal scans through the intestine of a mlt larva beginning at 74 hpf. Basal invadopodia-like protrusions (arrowheads) precede cell invasion,
which is first detected at 135 min. Asterisks mark invasive cells at 270 min (see also B). (D–F) Histological cross-sections through the intestine of
74 hpf immunostained mlt larvae. Basement membrane is labeled red (laminin immunostain) and actin labeled green (GFP immunostain in Lifeact-
GFP transgenics). Nuclei stained blue with DAPI. Actin rich protrusions in mlt co-localize with sites of basal lamina degradation (arrowheads and insets
E, F). During progression of the phenotype epithelial cells invade the tissue stroma through degraded regions of the basal lamina (asterisks in F). ap,
apical epithelial cell border; ba, basal cell epithelial cell border.
doi:10.1371/journal.pbio.1001386.g002
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3I, and S1; n = 5 independent experiments; confirmed by

genotyping in six rescued mlt homozygotes).

Together, these findings argue that the membrane protrusions

present in mlt epithelial cells are closely related, if not identical to

invadopodia and or podosomes, and furthermore, that the

protrusions are required for invasion. Because podosomes have

not been described in epithelial cells and are associated with cell

migration rather than invasion, hereafter we refer to the mlt

protrusions as invadopodia-like protrusions.

Constitutively Active src Induces Formation of
Invadopodia-Like Protrusions and Basement Membrane
Degradation but Not Cell Invasion

Invadopodia have first been described in cells transformed with

the Rous Sarcoma Virus oncogene, v-src [26,27]. SRC is a major

organizing protein of invadopodia and is present within invado-

podia [28]. To localize Src in mlt intestinal epithelial cells, we

expressed a fusion construct encoding Src with C-terminal

mCherry in the epithelium. Confocal microscopy showed that

Src-mCherry was present at the apical and lateral membrane of

WT epithelial cells (Figure 4A; n = 40 cells examined in eight

larvae), but was concentrated at the basal cell membrane of

invasive mlt epithelial cells that formed invadopodia-like protru-

sions (Figure 4B; n = 25 single cells in five larvae).

To test whether Src was sufficient to induce formation of the

invadopodia-like protrusions in the absence of the mutant Myh11,

we expressed an activated form of zebrafish Src in which the

conserved inhibitory Tyrosine phosphorylation site was replaced

with a Phenylalanine (Src-Y528F; hereafter caSrc). This mutant

form of Src induces invadopodia formation in non-transformed

cells [14]. Similar to wild type Src, a caSrc-mCherry fusion protein

Figure 3. Actin rich protrusions in mlt are invadopodia homologs. (A–C) Histological cross-sections through the posterior intestine of 74 hpf
mlt mutant larvae immunostained with antibodies against GFP (green) (labeling Lifeact-GFP) and Cortactin (red). DAPI-stained nuclei, blue. Lifeact-
GFP and Cortactin co-localize in actin rich basal membrane protrusions (arrowheads) and in the apical brush border (ap). (D–G) Sagittal confocal scans
through the intestine of 74 hpf Lifeact-GFP transgenic wild type (WT) and mlt larvae. Lifeact-GFP binds actin in the apical brush border (ap) of WT (D)
and mlt (E, F) epithelial cells, as well as basal (ba) invadopodia-like protrusions in mlt (E, F, arrows). In WT, the Mmp14a-mCherry fusion protein (red) is
distributed throughout the epithelial cells. In mlt, Mmp14a-mCherry is preferentially localized to the basal region of the epithelial cells. (n = 33 WT and
33 mlt cells examined; 6 larvae each genotype). (G) Ratio of basal to apical Mmp14a-mCherry in WT versus mlt epithelial cells (error bars, standard
deviation. * p,.001). (H–I) Sagittal confocal scans through the intestines of 84 hpf Lifeact-GFP transgenic mlt larvae. Invadopodia (arrowheads I) and
invasive cells (asterisks I) are present in the mlt larvae injected with a control morpholino (I), but are not detected in the larvae injected with the tks5
morpholino (H).
doi:10.1371/journal.pbio.1001386.g003
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localized to basal protrusions in the intestinal epithelium of mlt

mutant larvae (Figure 4C; n = 40 cells in eight larvae). caSrc-

mCherry (or caSrc-GFP) induced formation of actin-rich protru-

sions at the basal surface of the wild type epithelial cells by 78 hpf

(Figure 4D). Anti-laminin and anti-GFP immunostaining showed

that the Src-induced protrusions were present at sites of basement

membrane degradation (Figure 4E–4E0; n = 53 cells examined: 40

with basal protrusions, of which 27 breached the basement

Figure 4. Src induces formation of invadopodia-like protrusions in the intestine of wild type zebrafish larvae. (A–D) Sagittal confocal
scans through the intestine of 74 hpf wild type and mlt larvae that express Src-mCherry (red) and Lifeact-GFP (green) in the intestinal epithelium. (A)
In WT, Src (red) is localized at the apical (ap) and lateral epithelial cell membrane. (B) In mlt, Src also localizes to sites of actin-rich (green) invadopodia-
like protrusions (arrowheads B) arising from the basal epithelial cell membrane (ba). (C) Constitutively active Src (caSrc; red) localizes to invadopodia-
like protrusions (green) in mlt (arrowheads). (D) caSrc induces formation of the protrusions in WT (arrowheads). (E) Histological cross-sections through
the intestine of a 74 hpf wild type larva showing caSrc-rich protrusions (green) protruding through small degraded regions of the basal lamina
(laminin immunostain, red). Additional examples are shown in high power images (E, E9, and E0).
doi:10.1371/journal.pbio.1001386.g004
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membrane). However, none of the cells with protrusions were

invasive in either 74 hpf larvae, or larvae followed to 5 d post-

fertilization. The 5 d post-fertilization (dpf) transgenic larvae also

had far fewer protrusions than the 74 hpf larvae (Figure S2),

indicating a higher capability of protrusion induction at earlier

time points, when the epithelial cells are highly proliferative and

not fully differentiated [20].

Src Is Required for Epithelial Cell Invasion in mlt
We next tested whether Src contributed to invasion in mlt.

Mutant larvae and larvae expressing the caSrc transgene were

treated with three established mammalian Src inhibitors: SU6656,

PP2, and Src-I1 (Figure 5) [29]. SU6656 blocks cell migration

during gastrulation and neural crest development in zebrafish

embryos [25,30], however it had no effect in mlt, nor did it block

formation of the invadopodia-like protrusions that form in

response to caSrc (n = 21 larvae). PP2 blocked formation of the

invadopodia-like protrusions induced by caSrc (n = 0 protrusions

detected in 34 larvae), but it had no effect in mlt (n = 20 larvae). In

contrast, the Src-I1 inhibitor had a pronounced effect on both the

formation of the invadopodia-like protrusions in response to caSrc

(0 protrusions detected in 33 larvae) and on invasion in mlt (n = 21

mlt larvae). The effect of Src-I1 was comparable to the Tks-5

knockdown (compare Figures 5 and S1). Although Src-I1

treatment had a profound effect on invasion in mlt, it did not

block formation of the invadopodia-like protrusions (Figure 5F,

5G). The response of mlt to Src-I1 is similar to the effect of Src

knockdown in invasive breast cancer cells [24]. Actin-rich

invadopodia precursors form in the Src-deficient cancer cells,

but invasion and to a lesser extent matrix degradation are both

inhibited.

The mlt Mutation Causes an Increase in the Basal Level of
Intestinal Smooth Muscle Contractile Tone

Mechanical signaling modulates the formation and activity of

invadopodia [15,16]. This suggests the mlt protrusions formed in

response to mechanical cues from the unregulated mutant Myh11.

To test this idea, we derived transgenic mlt larvae expressing

fluorescent reporters in smooth muscle [31] and the intestinal

epithelium (Tg(miR194:mCherry; sm22a:GFP)) and recorded intesti-

nal peristalsis using time-lapse confocal microscopy. Contractile

force in smooth muscle arises from the interaction of Smooth

muscle actin (Sma) and myosin (Myh11) filaments that are

anchored to the cortical cytoskeleton [32]. In zebrafish larvae,

intestinal smooth muscle contraction begins around 76 hpf [33],

several hours after Sma and Myh11 are first detected. We detected

rhythmic peristaltic contractions of the circular smooth muscle

layer surrounding the epithelium in wild type larvae at this stage

(Figure 6A–6C and Movie S7; n = 6 larvae examined). By contrast,

slow tonic smooth muscle contraction that distorted tissue

architecture was evident in 76 hpf mlt mutants (Figure 6D–6F

and Movie S8; n = 6 larvae examined). These findings indicated

that the mutant myosin had non-regulated contractile activity that

was not detected in our original in vitro motility assays [17],

presumably because of the slow rate of contraction.

Invasive cells are already present in mlt larvae at 72 hpf

(Figure 1E and 1F), however at this stage we could not detect tonic

or peristaltic smooth muscle contraction in either mutant or wild

type intestines (Movies S9 and S10; Figure 6G and 6H; n = 6 mlt

and 6 wild type larvae), as previously reported [33]. This led us to

hypothesize that the mutant myosin increased the resting or basal

level of smooth muscle contractile tone in the intestine, and that

increased tone triggered formation of the invadopodia-like

protrusions.

To further characterize smooth muscle contractility in mlt we

examined levels of smooth muscle regulatory proteins in the

mutant and wild type intestine using Western blot analyses. The

enteric nervous system regulates intestinal peristalsis by controlling

levels of the phosphorylated form of the smooth muscle regulatory

Myosin light chain (p-Mlc) that binds Myh11 [34,35]. Mlc

phosphorylation activates the Myh11 ATPase, which in turn

drives crossbridge cycling of the actomyosin complex (and hence

contraction). We have previously identified an antibody that

detected a p-Mlc isoform whose expression is restricted to the

smooth muscle layer of the larval intestine [34]. Western blot

analyses using this antibody showed that p-Mlc levels were low in

wild type larvae before the onset of peristalsis (72 hpf) and were

significantly higher 6 h later (78 hpf), when circular smooth

muscle contractions are evident (Figure 6I). p-Mlc levels in mlt

were similar to wild type at both time points (Figure 6I). These

findings are consistent with previous work showing that the

ATPase activity of the mutant Myh11 is independent of Mlc

phosphorylation (i.e., unregulated) [17].

We next examined levels of the high molecular weight isoform

of Caldesmon (h-CaD), a smooth muscle–specific actin binding

protein that regulates contractile tone independently of p-Mlc [36–

39]. h-CaD is expressed exclusively in the smooth muscle of the

zebrafish larval intestine, where it binds Myh11and Sma, but not

Actb (beta-Actin), the predominant actin in the cytoskeleton

[34,39]. In its non-phosphorylated state, h-CaD inhibits Sma-

Myh11 interactions, most likely by acting as a brake on

actomyosin crossbridges [38]. When h-CaD is phosphorylated,

its interactions with Sma are weakened. This enhances contractile

force. Western blots showed that h-CaD was prematurely

phosphorylated in the mlt intestine before the onset of active

peristaltic contraction (72 hpf), when invasion is first detected

(Figure 6I; n = 6 independent experiments). Premature h-CaD

phosphorylation in mlt is consistent with the idea that resting

smooth muscle tone is increased in the intestine of the mutant

larvae.

Modulation of Smooth Muscle Tone Can Induce or
Suppress Invasive Remodeling in mlt

To directly examine whether smooth muscle contractile tone

initiated epithelial invasion in mlt we inhibited translation of the

mRNA encoding zebrafish Sma [34,40]. The morpholino used

to target Sma does not target Actb, the cytoskeletal actin

isoform that also is present in smooth muscle but does not

interact with Myh11 [32,34]. Knockdown of Sma rescued the

early mlt invasive phenotype at 74 hpf (Figure 7A–7F; no

invasion in 120 larvae from a mlt/+ intercross; confirmed

histologically in 5 mlt homozygotes) as well as epithelial

expansion and cysts that occur at later stages. Western blots

confirmed the efficacy of the Sma knockdown and that it did not

alter levels of Myh11 (Figure S3). Together, these findings show

that smooth muscle contraction is required for the mutant

phenotype and that the constitutive ATPase activity of the

mutant Myh11, which is independent of the presence of Sma

[17], is not sufficient to trigger invasion.

We next asked whether enhancing contractile tone was

sufficient to induce invasion in heterozygous mlt mutants. To

test this idea, we inhibited translation of the h-CaD mRNA using

a splice blocking morpholino that specifically targets this smooth

muscle–specific CaD isoform [38]. We chose this approach

because levels of phospho-h-CaD in heterozygous larvae are low

at the stage when invasion is first detected in mlt homozygotes

(72 hpf; Figure 6I). h-CaD knockdown was therefore predicted

to increase smooth muscle contractile tone (as reported in

Tension-Induced Tissue Remodeling
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vascular smooth muscle [38,41]), similar to the effect of

premature h-CaD phosphorylation in homozygous mutants.

Indeed, h-CaD knockdown caused epithelial invasion and

stratification in mlt heterozygotes, but had no effect in wild type

larvae besides increasing the rate of intestinal transit (Figures 7G,

7H, and S4; invasion detected in 69% larvae from a mlt/+
intercross (n = 240) of which 66% were predicted to be mlt/+; 12

of 12 genotyped larvae were mlt/+) [39]. A similar epithelial

response was seen in the heterozygotes treated with L-NAME, a

nitric oxide synthase (Nos) inhibitor that increases intestinal

Figure 5. Src inhibition rescues invasion but not formation of invadopodia-like protrusions in mlt. (A–C) Lateral views of live 5 dpf WT
(A) and mlt (B, C) larvae. Treatment with the Src-I1 inhibitor rescues invasion in mlt (C). The size of the intestinal epithelium in the treated mlt larva (C)
is reduced compared with the untreated mlt larva (B). (D–G) Histological cross-sections of 4 dpf WT (D) and mlt (E–G) Tg(miR194:Lifeact-GFP) larvae
immunostained with antibodies against laminin (red) and GFP (green). Nuclei stained blue with DAPI. Arrows point to invadopodia-like protrusions
arising from the basal epithelial cell membrane of Src-I1 treated mlt larvae (F, G). Pronounced invasion with distortion of intestinal architecture is
evident in the untreated mlt larva (E). Note that invasion is markedly reduced in the Src-I1 treated mlt larvae despite the presence of the invadopodia-
like protrusions (white arrows in F, G).
doi:10.1371/journal.pbio.1001386.g005

Tension-Induced Tissue Remodeling
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smooth muscle contraction in zebrafish larvae (Figure 7I;

invasion was histologically confirmed in 11 genotyped mlt/+
larvae) [42]. Unlike homozygous mlt mutants, neither h-CaD-

deficient nor L-NAME-treated heterozygotes developed epithe-

lial cysts or other features of the advanced homozygous mlt

phenotype, thus indicating that these phenotypic features require

sustained smooth muscle contraction.

Distinct Mechanosensory Mechanisms Are Activated in
Invasive Cells by Smooth Muscle Tension and Matrix
Stiffening

Matrix stiffening promotes cell invasion in breast cancer models,

in part through activation of Focal Adhesion Kinase (FAK) [3,7].

To determine whether a comparable mechanotransductive

signaling mechanism was activated in mlt we measured tissue

elasticity in intestines isolated from wild type and mutant larvae

using a force displacement assay [43]. Before invasive remodeling

is detected (70 hpf), compliance was nearly identical in mlt larvae

and their wild type siblings throughout the range of indentations

tested (Figure 7J; n = 6 mlt and 21 wild type larvae). When

remodeling is first detected (74 hpf), compliance was slightly

increased at the surface of the intestine but comparable at greater

depths (Figure 7J,K; n = 7 mlt and 12 wild type larvae examined).

Values compatible with intestinal stiffening (reduced compliance)

were never recorded.

We next examined Fak phosphorylation in mlt using immuno-

stainings [44] and Western blot analyses. Neither detected elevated

p-Fak in mlt (Figure S5, unpublished data). Western blots also

showed that levels of Collagen-1 and Fibronectin were not

significantly elevated in the mlt intestine (Figure S5). All together,

these data argue that mechanical force triggers epithelial invasion

in mlt independently of changes in matrix composition or increases

in tissue rigidity.

Smooth Muscle Tension Activates Epithelial Redox
Signaling in mlt Homozygotes and Pharmacologic
Activation of Redox Signaling Induces Epithelial Cell
Invasion in mlt Heterozygotes

To identify signaling pathways activated by increased smooth

muscle tension in mlt we performed microarray transcriptional

profiling of early (74 hpf) mutants. Among the group of

upregulated genes were three that neutralize reactive oxygen

species (ROS) (glutathione peroxidase (gpx), thioredoxin, and glutathione/

thioredoxin reductase) and several members of the AP-1 family of

transcription factors (Table S1), which are also ROS-responsive

genes. Genes encoding MAP kinase regulators were also activated

in mlt. The microarray findings were confirmed by quantitative

RT-PCR experiments (Figures 8A and S6; n = 15 intestines per

genotyped pool; three pools examined), RNA in situ hybridization

(Figures 8C, 8D, and S6), and Western blot analyses (Figure S6).

Fluorescent RNA in situ hybridization experiments showed that

gpx and the AP-1 transcription factor junB were nearly exclusively

expressed within the mlt intestinal epithelium (Figures 8C, 8D, and

S6; n = 10 mlt and 10 wild type larvae), thus arguing that their

expression is non-cell-autonomously activated in response to

smooth muscle tension. These findings are noteworthy because

there is extensive evidence linking ROS and AP-1 factors to cancer

cell invasion through their regulation of expression and activation

of metalloproteinases [45–47], EMT regulators [48], and the

induction of invadopodia [49–51].

To test if redox signaling was required to induce invasive

epithelial remodeling in mlt we treated 72 hpf larvae with the ROS

quenchers, N-acetylcysteine, and Tiron. This treatment did not

rescue the mlt invasive phenotype, but it also did not affect

epithelial gpx expression (unpublished data), suggesting that the

neutralizing compounds could not access the ROS or that the

inhibition was not strong enough to inhibit redox signaling.

Figure 6. Tonic intestinal smooth muscle contraction in mlt mutants. Sagittal confocal images from time lapse movies (Movies S7 and S8) of
transgenic WT (A–C) and mlt (D–H) larvae (anterior left) expressing fluorescent reporters. Intestinal epithelium (I) and pronephric duct (P) labeled red;
intestinal smooth muscle labeled green. WT images beginning at 76 hpf show cycling of the contracted (A, C) and relaxed state (B); brackets depict
intestinal diameter. (D–F) The mlt intestine at this stage shows progressive contraction that disrupts intestinal architecture. (G, H) Smooth muscle
contraction is not detected in the mlt intestine at the onset of invasive remodeling (72 hpf). (I) Western blot showing premature phosphorylation of
h-CaD (p-Cad) in 72 hpf mlt larvae, before the onset of smooth muscle contraction (ratio WT:mlt = 0.17/1, relative to Actin loading control; in four
independent experiments, the ratio averaged 0.13/1; p = 0.002). Phospho-h-CaD is present at the onset of contraction in WT at 78 hpf and is
comparable to mlt (ratio WT:mlt = 1.12/1, relative to Actin; no significant difference in four independent experiments). Levels of phospho-Myosin light
chain (p-Mlc) are low at 72 hpf in both mlt and WT (ratio WT:mlt = 1.16/1, relative to Actin) and are increased when contractions occur at 78 hpf (ratio
WT:mlt = 0.96/1, relative to Actin). There was no significant difference between WT and mlt at either time point in four independent experiments.
Actin (beta-Actin), loading control.
doi:10.1371/journal.pbio.1001386.g006
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Figure 7. Smooth muscle contraction drives epithelial invasion but does not alter tissue rigidity. (A–C) Lateral views of live 5 dpf larvae
injected with Sma or control morpholino. (A) Sma knockdown has no effect on WT intestinal morphology. (B) Control morpholino injection in mlt. (C)
Sma knockdown rescues invasion in mlt. Residual invasive cells persist in this Sma deficient mlt larva (arrowhead). (D–I) Histological cross-sections
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To determine whether oxidative stress was sufficient to induce

the formation of the invasive phenotype, we treated 72 hpf larvae

with intracellular ROS generators menadione and LY83583

[52,53]. Neither compound generated a mlt phenocopy in

homozygous wild type larvae and both were lethal during

prolonged exposure. However, within 3 h of exposure both

compounds induced epithelial invasion in 72 hpf mlt heterozygotes

that was comparable to early homozygous mutants (Figure 9A–

9F). Invasive morphology present in 90% of genotyped mlt/+
larvae (n = 22) but absent from all +/+ wild types (n = 17). Invasion

was histologically confirmed in all mlt (n = 12) larvae examined but

was not present in wild types (n = 9). The treated heterozygotes did

not develop the cysts and epithelial expansion typical of the late mlt

phenotype (unpublished data). Together, these findings suggest

that redox signaling is involved in the initial remodeling of the

mutant intestine, but on its own it is not sufficient to cause the

through the posterior intestine of 74 hpf WT and mlt larvae immunostained with anti-keratin (red) and anti-laminin (green) antibodies. (D) WT. (E, F)
mlt larvae injected with control (E) and Sma (D, F) morpholinos. Invasive cells in mlt (arrowheads, E) are rescued by Sma knockdown. (G, H) Injection of
a morpholino targeting the high molecular weight isoform of Caldesmon (cald) has no effect on WT intestinal morphology but induces invasion
(arrowhead) and stratification (asterisk) in an mlt heterozygote. (I) Treatment of an mlt heterozygote with L-NAME causes invasion (arrowhead) and
epithelial stratification (asterisk). (J) Force displacement measurements show identical compliance of intestines dissected from mlt and WT larvae
before the phenotype develops at 70 hpf, and a modest increase in compliance at the outer surface of the intestine (,4 micron indentation) when
invasion is present at 74 hpf. (K) Compliance is indicated by Young’s modulus, which is proportional to the slope of the Force versus Tissue
indentation curve.
doi:10.1371/journal.pbio.1001386.g007

Figure 8. Heterozygous mlt larvae are sensitized to oxidative stress. (A) Quantitative RT-PCR shows increased intestinal gpx expression in
74 hpf mlt homozygotes (mlt 2/2) compared with WT (+/+) and mlt heterozygotes (mlt +/2) (** p,.01). (A9) Quantitative RT-PCR shows intestinal
gpx expression is increased in menadione treated homozygous WT larvae (+/+ mena) compared with untreated WT (contr). A much stronger response
to menadione is seen in mlt heterozygotes (+/2 mena) (*** p,.001). (B) ROS production in intestinal epithelial cells of 76 hpf WT control larvae
(contr) versus menadione treated homozygous WT and heterozygous mlt larvae (*** p,.001). Bar graphs in (A) and (A9) show mean and standard
deviation of three independent experiments. Bar graph in (B) shows mean of six larvae for each genotype; 15–25 cells per larva. (C–F) Histological
cross-sections of larvae processed for fluorescent RNA in situ hybridization. Menadione induced gpx expression (red) in the epithelium but not
smooth muscle (green) of heterozygous mlt larvae (F). This is comparable to the gpx expression pattern in control homozygous mlt larvae (D). (G)
Western blot showing premature h-CaD phosphorylation (pCad) in dissected intestines from menadione treated heterozygotes but not homozygous
WT larvae (lane 4 versus lane 3; ratio phospho-h-CaD WT:mlt = 0.02/1, relative to total h-CaD; CaD; in six experiments the ratio averaged 0.016/1;
p,.001). h-CaD is prematurely phosphorylated in intestines dissected from 74 hpf mlt homozygotes versus mlt heterozygotes (lane 1 versus lane 2).
(H) Western blot showing h-CaD phosphorylation (pCad) in the menadione treated heterozygous intestines prior to dissociation (lane 2) but not after
dissociation into free cell populations (lane 5). Phospho-h-CaD persists in dissociated cells from homozygous intestines (lane 3), but is not detected in
control intestines dissected from mlt heterozygotes, before (lane 1) or after (lane 4) dissociation into free cell populations. No phopho-h-CaD was
detected in any dissociated samples in three independent experiments. Loading control, phospho-Myosin light chain (pMlc).
doi:10.1371/journal.pbio.1001386.g008

Tension-Induced Tissue Remodeling

PLOS Biology | www.plosbiology.org 10 September 2012 | Volume 10 | Issue 9 | e1001386



more pronounced architectural changes seen in more advanced

homozygous mutants.

Having established a role for redox signaling in mlt we next

asked whether menadione induced formation of invadopodia-like

protrusions in the heterozygous epithelium. Live confocal imaging

of menadione-treated heterozygous larvae showed protrusions that

were identical to those present in homozygous larvae (Figure 9H

and 9I; n = 10 larvae). By contrast, the protrusions were not seen in

menadione-treated wild type larvae (Figure 9G; n = 10 larvae) or

heterozygous larvae that did not receive menadione (n = 10 larvae).

Interestingly, caSrc not only induced invadopodia-like protrusions

in wild type epithelial cells, but also activated expression of the

redox responsive gene gpx, as occurs in mlt (Figure S7; n = 12

larvae). These findings establish further links between Src, redox

signaling, and formation of the invadopodia-like protrusions in mlt.

Smooth Muscle Tension Activates a Feed Forward
Signaling Loop That Amplifies Epithelial Redox Signaling

One explanation that could account for the invasive response of

mlt heterozygotes to menadione was that activation of redox

signaling increased smooth muscle contractile tone, similar to the

effect of h-CaD knockdown or Nos inhibition (Figure 7D–7F).

Supporting this hypothesis, Western blots showed that menadione

induced premature phosphorylation of h-CaD in mlt heterozy-

gotes, but not in sibling larvae that were homozygous for the wild

type myh11 allele (Figure 8G). To determine whether h-CaD

phosphorylation occurred downstream of smooth muscle redox

signaling, we used fluorescent RNA in situ hybridization to localize

gpx and junB expression in the menadione-treated larvae.

Expression of both genes was restricted to the epithelium

(Figure 8E and 8F; n = 10 larvae), as in mlt homozygotes

Figure 9. Oxidative stress induces invasive remodeling in mlt heterozygous larvae. (A–C) Lateral images of live WT (A), mlt homozygous
(B), and mlt heterozygous larvae (C). The WT and mlt heterozygous larvae received 3 h of treatment with Menadione beginning at 73 hpf. Menadione
treated heterozygote (C) larvae have an intestinal phenotype (arrowheads) resembling the untreated mlt homozygous larvae (B). (D–F)
Corresponding histological cross-sections (representative of larvae in A, C) with intestinal epithelial cells labeled red (anti-keratin immunostain) and
basement membrane in green (anti-laminin immunostain). Menadione causes epithelial cell invasion (arrows) and stratification (asterisks) in mlt
heterozygous larvae (E, F) but does not affect epithelial architecture in the WT intestines (D). (G–I) Sagittal confocal scans through the intestine of WT
and mlt heterozygotes treated with menadione. Both larvae express LifeAct-GFP in a subset of intestinal epithelial cells. Actin-rich invadopodia-like
protrusions (green) are seen arising from the basal epithelial cell membrane of menadione treated heterozygous larvae (arrowheads, H, I). Actin is
located nearly exclusively in the apical brush border of WT epithelial cells (G): Red -membrane mCherry; ba, basal epithelial cell border; ap, apical
epithelial cell border.
doi:10.1371/journal.pbio.1001386.g009
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(Figures 8C,D, S6). Together, these findings led us to hypothesize

that h-CaD phosphorylation in the menadione-treated heterozy-

gotes was triggered by an epithelial signal rather than a direct

effect of menadione on the smooth muscle.

To test this hypothesis, we asked whether menadione induced h-

CaD phosphorylation in dissociated heterozygous smooth muscle

cells. Intestines were dissected from heterozygous mlt and wild type

larvae and divided into two groups. The first group was treated

with menadione and then processed for Western blot analyses.

The second group was dissociated into a suspension of epithelial

and smooth muscle cells prior to treatment with menadione. We

reasoned that the dissociated smooth muscle cells could still

directly respond to mendaione even though their interactions with

the epithelium and extracellular matrix had been disrupted.

Western blots (Figure 8H) showed that h-CaD was phosphorylated

in the non-dissociated heterozygous intestines treated with

menadione, and that phospho-h-CaD already present in homo-

zygous mlt smooth muscle cells prior to cell dissociation was not

degraded during the incubation period of the assay. In contrast,

phospho-h-CaD was not detected in the dissociated heterozygous

smooth muscle cells exposed to menadione (n = 3 independent

experiments).

Collectively, these data support a model in which h-CaD

phosphorylation in mlt smooth muscle cells arises from an ROS-

activated epithelial signal (Figure 10). Phosphorylation of h-CaD

enhances smooth muscle tone, thereby generating additional

oxidative stress within the epithelium. This establishes a feed-

forward signaling loop with the adjacent smooth muscle that

further enhances contractile tone, amplifies epithelial ROS

production, and culminates in epithelial invasion. To test this

model we measured epithelial ROS production in menadione-

treated wild type and heterozygous larvae that express a

ratiometric ROS sensor [54]. Oxidation of the sensor by ROS

causes a shift in its fluorescence absorption-emission ratio, thus

allowing ROS quantification. Menadione treatment led to a 33%

increase in epithelial ROS levels in wild type transgenic larvae

(Tg(beta-Actin:grx-roGFP2) (Figure 8B). This response was increased

more than 2-fold in heterozygous larvae, thus confirming

amplification of ROS production in the invasive cells. Quantitative

RT-PCR experiments showed that menadione caused a nearly

identical increase in intestinal gpx and jun-b expression in

heterozygotes compared with menadione-treated wild type larvae

(Figures 8A9 and S6). Indeed, gpx and jun-b expression in the

menadione-treated heterozygotes was comparable to untreated

homozygous mutants (Figures 8A and S6). These findings not only

support the amplification signaling model, but also confirm that

gpx and jun-b are responsive to ROS and that their expression can

be used to measure ROS production.

Epithelial Oxidative Stress Induces Invasion in Response
to Oncogenic Signaling in mlt Heterozygotes

Heterozygous mlt mutants had a pronounced response to

menadione when treatment began at 74 hpf, however invasion

was not detected when larvae were treated at later stages (5 dpf).

We hypothesized that this was caused by a change in the

responsiveness of the epithelium to redox signaling. To test

whether the responsiveness of the 5 dpf epithelium to menadione

was modified in a tumor model, we generated transgenic larvae

that express an activated human KRAS allele in the intestinal

epithelium (Tg(miR194:eGFP-KRASG12V)). The KRAS transgenics

were also homozygous for a loss of function allele of the Wnt

regulator axin1 [55], which like the KRAS allele causes intestinal

epithelial cell hyperplasia in zebrafish larvae [56,57]. Previous

work in zebrafish has shown that activated KRAS enhances Wnt

signaling in Apc-deficient zebrafish larvae and human colorectal

tumors [58]. Since zebrafish apc mutants have severe develop-

mental delay, the axin1 mutants were used to study the combined

effect of activated KRAS and enhanced Wnt signaling in older mlt

heterozygotes. Prior to treatment with menadione, 5 dpf axin1

mutants that express the mutant KRAS allele (KRAS-axin larvae)

and were heterozygous for the mlt mutation had intestinal

epithelial hyperplasia without evidence of invasion. Remarkably,

within 5 h of treatment, menadione generated a dramatic invasive

response in the KRAS-axin larvae that were also heterozygous for

mlt, whereas it had no effect in larvae that were homozygous for

the wild type myh11 allele (Figure 11; invasion confirmed in 8 of 8

menadione-treated KRAS-axin larvae and 0 of 8 untreated KRAS-

axin larvae).

Discussion

Epithelial Invasion in mlt Is Triggered by a Tension-
Induced Extracellular Physical Signal

In previous work, we reported that invasive remodeling of the

developing intestinal epithelium of zebrafish mlt mutants is caused

by a mutation of the smooth muscle myosin heavy chain gene. Initially,

we attributed the non-cell-autonomous mutant phenotype to the

constitutive actin-independent ATPase activity of the mutant

Myh11 protein, rather than its non-regulated contractile function,

because contraction was not detected in an in vitro motility assay

[17]. Here, we show that the mutant myosin does indeed have

contractile function, and that the non-regulated motor activity of

the mutant Myh11 is necessary and sufficient for the mutant

phenotype. Specifically, we show that inhibiting smooth muscle

contraction, via Sma knockdown, rescues invasion in homozygous

mutants, and that enhancing smooth muscle contractility, via h-

CaD knockdown and Nos inhibition, induces invasion in

heterozygous mlt mutants. Together, these findings are consistent

with the idea that invasive transformation of the mlt intestinal

epithelium is triggered by a physical signal from the adjacent

smooth muscle layer, and that on its own, the unregulated ATPase

activity of the mutant myosin (which is independent of actin) is not

sufficient to induce invasion.

Physical signaling mechanisms are increasingly recognized as

important for organ development and disease [59,60]. Recent

studies suggest a role for changes in matrix rigidity (stiffness) and

other types of mechanical forces in cancer progression [3,7–

12,61]. Our findings distinguish mlt from these cancer progression

models in several ways. First, invasive remodeling of the mlt

intestinal epithelium occurs in the absence of any oncogenic

stimuli. Second, invasion in mlt is triggered by increased smooth

muscle tone rather than qualitative or quantitative changes in

matrix proteins. Third, we did not detect tissue stiffening or

increased levels of activated Fak in mlt, thus arguing that force

arising from smooth muscle tension activates a distinct mechan-

otransductive signaling mechanism than matrix stiffening [62].

Interestingly, metalloproteinases and EMT regulators are upre-

gulated in both the mlt intestine [17] and in cancer cells in contact

with stiff matrices. Thus, the downstream effects of the different

signaling pathways appear to converge in the responding cells.

Although invasive cells in mlt are not transformed, they share

some features with cancer cells in that they are highly

proliferative and not fully differentiated [17]. In contrast,

differentiated epithelial cells in homozygous mlt larvae rescued

by transient Myh11 knockdown have only a modest invasive

response to tension [17]. Differentiated epithelial cells in 5 dpf mlt

heterozygotes also did not respond to menadione, and they

formed fewer invadopodia in response to Src than undifferenti-
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ated cells. Together, these findings argue that epithelial progen-

itor cells, and by analogy cancer cells, have an intrinsic capacity

for invasive transformation in response to mechanical signals.

Supporting this, the invasive response of mature epithelial cells in

heterozygous 5 dpf larvae was restored by activation of oncogenic

signaling pathways known to play a role in colorectal cancer in

humans.

Extracellular Tension Induces Epithelial Invadopodia-Like
Protrusions

In vitro studies link cancer cell invasion to the matrix-

degrading function of invadopodia, however it is not known

whether invadopodia play a role in cell invasion in vivo [14].

The evidence supporting such a role is principally derived from

cell transplantation studies in which tumor cell invasion

Figure 10. An amplification feedback signaling loop controls smooth muscle contraction and invasion in mlt larvae. (A) In mlt
heterozygotes the expression of mutant Myh11 protein does not generate sufficient smooth muscle tension to induce epithelial invasion or
stratification (0). Menadione treatment induces ROS production in the epithelium (1). Epithelial ROS signaling leads to premature phosphorylation of
Caldesmon in heterozygous smooth muscle cells (2). The resulting increase in smooth muscle tone (3) leads to an amplified ROS response in the
epithelium (4), establishing a feed forward loop causing additional h-CaD phosphorylation and increased smooth muscle tension. Together these
stimuli induce invasive remodeling of the epithelium (5). (B) Endogenous smooth muscle tone in mlt homozygous larvae (0) induces epithelial ROS (1)
and h-CaD phosphorylation via epithelial signaling (2, 3). Ultimately, this culminates in epithelial invasion (4), as in menadione treated mlt
heterozygotes.
doi:10.1371/journal.pbio.1001386.g010
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correlated with Cortactin expression and invadopodia activity

[63,64]. Here we present direct evidence that invadopodia can

drive matrix degradation and cell invasion within an intact

tissue in vivo. Time lapse movies show that the invadopodia-

like protrusions in mlt form before the onset of cell invasion,

and immunostainings show that the protrusions are located

adjacent to degraded segments of the basement membrane,

through which the invasive cells migrate into the tissue stroma.

The mlt protrusions are enriched in the invadopodia proteins

Actin, Cortactin, and Src, and their formation requires Tks5, a

Src substrate required for invadopodia formation in cancer

cells. Trafficking of Mmp14, a metalloproteinase that associ-

ates with invadopodia in vitro, was also preferentially

distributed to the basal region of mlt epithelial cells with

protrusions. The latter finding is consistent with our previous

work showing upregulated epithelial expression of Mmp14 and

Mmp2 in mlt, and that metalloproteinase inhibition rescues

invasion [17]. All together, these data are, to our knowledge,

the most conclusive evidence supporting a role for invadopodia

in cell invasion in vivo.

The mechanical properties of cell culture substrates can modify

the number and activity of invadopodia that form spontaneously

in cancer cells [15,16]. The findings presented here are novel in

that they also show that formation of the invadopodia-like

protrusions can be initiated in vivo by activation of a physical

signaling mechanism.

Src Is Sufficient for Formation of Invadopodia-Like
Protrusions In Vivo but Not Tissue Cell Invasion

Src signaling is sufficient to induce invadopodia formation in

non-transformed mammalian cells [14]. Similarly, activated Src

induced formation of invadopodia-like protrusions in wild type

zebrafish intestinal epithelial cells. The Src-induced protrusions

were located at sites of basement membrane degradation, however

cell invasion was never detected in this in vivo model. These

findings argue that on their own invadopodia are not sufficient for

invasion of mammalian cells from an intact tissue in vivo.

Although activated Src did not induce invasion in wild type

epithelial cells, our findings indicate that Src is required for invasion

in mlt, as the well-characterized Src inhibitor, Src-I1, blocked matrix

degradation and invasion in mutant larvae. Interestingly, Src

inhibition did not disrupt formation of the invadopodia-like

protrusions. The response of mlt larvae to Src inhibition therefore

resembles the effect of Src knockdown in invasive breast cancer cells

[24]. The fact that other Src inhibitors had no effect in mlt could be

explained by either their inability to access the intestine at larval

stages (SU6656) or their different mechanisms of action. Src-l1

competitively inhibits ATP and substrate binding to Src, whereas

PP2 only competes for substrate binding [65,66]. An alternate

explanation is that Src-I1 targets other kinases responsible for

invasion in mlt, however both Src-I1 and PP2 are specific inhibitors

of mammalian Src [29], and thus are likely to function comparably

to zebrafish Src, which is highly conserved.

Figure 11. Activation of oncogenic signaling enhances sensitivity of mlt heterozygotes to oxidative stress. (A, B) Lateral views of live,
menadione treated 5 dpf axin mutant larvae that express mutant KRAS in the intestinal epithelium (Kras-axin). (A) Hypertrophy of the intestinal
epithelium in a Kras-axin larva that is homozygous for the wildtype myh11 allele (mlt +/+) larvae is unchanged by treatment with menadione. (B)
Menadione treatment causes pronounced cystic expansion of the posterior intestinal epithelium of the Kras-axin mlt heterozygote (arrowheads) that
resembles the homozygous mlt phenotype. Inset, immunolabeling of the basal lamina (laminin, green) and epithelium (cytokeratin, red) shows
epithelial cell invasion through the basement membrane. (C–E) Histological cross-sections through the intestine of immunostained larvae show
invasive cells in menadione treated Kras-axin mlt heterozygotes (arrowheads; D, E). Invasion is not detected in menadione-treated Kras-axin mlt larvae
that are homozygous for the wildtype myh11 allele (C).
doi:10.1371/journal.pbio.1001386.g011
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Although our data link invasion in mlt to Src, we could not

detect a higher level of activated Src (phospho-Tyrosine 417) in the

mlt intestine by Western blot (unpublished data). One explanation

for this is that Src and related kinases are already highly activated

in larvae due to their function in controlling proliferation and cell

polarization [67]. Formation of the protrusions and invasion in mlt

could therefore involve the relocalization of activated Src to the

basal plasma membrane. Alternatively, invasion may require the

de novo activation of a relatively small localized pool of

cytoplasmic Src. Supporting this idea, force application to the

plasma membrane of cultured cells can rapidly activate cytoplas-

mic Src [68,69].

Epithelial Invadopodia and Invasion in mlt Are Triggered
by a Conserved Redox Signaling Mechanism

We identified a role for redox signaling in mlt based on the

enhanced expression of ROS sensitive genes, the requirement for

Tks5, a component of the ROS producing NAD(P)H oxidase

(Nox) complex, and the invasive response of heterozygotes to

exogenous oxidative stress induced by ROS generators. Redox

signaling has previously been linked to cancer cell invasion and

metastasis through formation of invadopodia and activation of

EMT regulators [48–50,70]. Our findings are novel in that the mlt

redox signaling pathway is triggered by a non-cell-autonomous

physical signaling mechanism that requires the interaction of cells

within adjacent tissue cell layers. A related redox signaling

pathway has been implicated in vascular remodeling in mammals

[69]. As in mlt, contraction of smooth muscle in this model is

triggered by mechanical stress applied to the adjacent cell layer

(the endothelium) [71,72]. All together, these findings indicate the

presence of an evolutionarily conserved redox-regulated mechan-

otransductive signaling mechanism that can drive architectural

remodeling in diverse vertebrate tissues.

Myh11, ROS, and Cancer Progression
Recently, heterozygous somatic activating mutations in MYH11,

similar to mlt, were reported in human colorectal cancers [73,74].

Surprisingly, in the subset of the colorectal cancers examined, the

MYH11 mutations were found more frequently in the epithelium,

which does not normally express MYH11, than in smooth muscle

[68]. The precise role of the MYH11 mutations in colorectal

cancer therefore could not be resolved by these association studies.

The findings presented here argue for a primary effect of these

mutations in smooth muscle rather than the epithelium. As the

invasive remodeling in mlt larvae occurs without prior tumor

formation, we do not consider mlt to be a model for how cancers

develop, but rather a model for how cancer cells react to external

physical force. Thus, mlt can be used to study how epithelial

tumors progress from a localized lesion to invasive cancer. Indeed,

in one study the presence of the MYH11 mutations was associated

with the invasive transformation of benign adenomatous polyps

[74].

The response of heterozygous mlt larvae to oxidative stress is an

important finding from this study because it provides an example

of how tissue architecture can be altered in the appropriate genetic

context. Based on our model, we argue that activating mutations

of MYH11 or other human smooth muscle genes could cause

invasion of existing cancer in the setting of oxidative stress that is

intrinsic to cancers or occurs in the setting of inflammatory

conditions that promote cancer formation [75–77]. These

mutations could alter the function of different types of contractile

cells within the tumor stroma besides smooth muscle, such as

pericytes and myoepithelial cells, as well stromal fibroblasts that

express smooth muscle actin and other contractile proteins.

Sustained contraction of these cells could alter extracellular

tension in tumors, thus causing them to invade. Alternatively,

tonic contraction could also originate from wild type cells present

in the tumor stroma such as cancer-associated fibroblasts or

related stromal cells.

Materials and Methods

Zebrafish
All animals were handled in strict accordance with good animal

practice as defined by the relevant national and/or local animal

welfare bodies, and all animal work was approved by the animal

welfare committee at the University of Pennsylvania School of

Medicine. Larvae were raised at 28uC in E3 medium [78] and

were staged by age and morphological criteria (size of yolk

extension and pigment pattern around yolk extension). Expression

of mCherry, mCherry-CAAX, Lifeact-GFP, caSrc, and GFP-

KRASG12V (a generous gift from Steven Leach) in the intestinal

epithelium was driven by a 2 kb promoter fragment from the

zebrafish miR194 gene. Expression of GFP in smooth muscle was

driven by a promoter fragment from the zebrafish sm22-alpha gene

[31]. Expression of the ROS sensor Grx1-roGFP2 (a generous gift

of Dr. Tobias Dick [54]) in the intestinal epithelium was driven by

a promoter fragment from the zebrafish beta-actin gene [79]. All

fragments were cloned using the multisite gateway system [80,81].

GFP and mCherry were cloned C-terminal to Src. Zebrafish axin1

mutants [55] were obtained from the Zebrafish International

Resource Center.

Immunostainings and Confocal Microscopy
3 dpf old larvae were anesthetized with 0.1 mg/ml Tricaine,

fixed in 4% PFA/PBS, washed in PBST (PBS+0.1% Tween),

dehydrated in methanol, and stored at 220uC. For whole mount

staining with anti-laminin and anti-cytokeratin antibodies, larvae

were washed in PBST and permeabilized by a 15-min Proteinase

K digestion (100 ug/ml in PBST). They were then rinsed in PBST

and postfixed in 4% PFA/PBST. The skin above the trunk and

intestine was removed using fine forceps. Larvae were stained with

antibody in 10% goat serum/PBST. The laminin antibody (Sigma

#L-9393) was used at 1:50 or 1:200 dilution; the cytokeratin

antibody (Thermo Scientific clone AE1/AE3, MS-343-PO) was

used at 1:100 dilution. The Cortactin antibody (Milipore clone

4F11; #05-180) was used at 1:100. For FAK staining, larvae were

dehydrated in 220uC acetone for 30 min followed by staining in

2% BSA/PBST. Anti-phospho-Fak (Y397) (Millipore, #05-1140)

was used at 1:200. Secondary antibodies were labeled with Alexa

568 or 488 (Molecular Probes/Invitrogen). Histological analyses of

the mounted specimens were performed as described [17].

Confocal scans of live larvae and sections of immunostained

larvae were performed using a Zeiss LSM710 laser scanning

microscope. For time lapse microscopy, 3 dpf larvae were

anesthetized with 0.1 mg/ml Tricaine [82] and oriented and

embedded in 0.8% low melting agarose (Sigma A-9539) in E3/

Tricaine heated to 40uC. Analysis were performed at 28uC.

Intestines were imaged in two orientations. In tissue cross-sections,

the intestine appears as concentric rings of epithelial and

surrounding smooth muscle cells. The intestinal lumen and apical

surface of the epithelial cells are at the center of the two cellular

rings. In sagittal confocal scans of live larvae, the intestine appears

as two layers of apposing epithelial cells. A thin layer of smooth

muscle cells surrounds the two epithelial cell layers.

To determine the distribution of Mmp14a-mCherry in mlt and

wild type intestinal epithelial cells, single confocal scans were

imported into the ImageJ software. Crops of single cells were
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copied to a new file and mean mCherry fluorescence was

measured in the apical 2/3 and basal 1/3 of each cell. To

measure ROS levels in epithelial cells transgenic fish expressing

Grx1-roGFP2 were crossed to heterozygous mlt fish and their

offspring treated with menadione as described below. Larvae

mounted for confocal microscopy were excited with 408 and

488 nm lasers, and the emission at 500–530 nm was calculated (as

described in [54]). The mean fluorescence emission at each

excitation wavelength was calculated for groups of 15–25 cells per

larva using the ImageJ software. From this, the 408/488 nm ratio

was determined. Statistical analyses were performed using the one-

tailed Student’s t test for data sets with unequal variance.

Western Blot Analysis
Western blots were performed as previously described [34].

Briefly, equivalent amounts of protein were separated in a 10%

SDS–polyacrylamide gel and then electrophoretically transferred

to a nitrocellulose membrane using a Bio-Rad protein mini gel

apparatus (Bio-Rad Laboratories, Hercules, CA-USA). All protein

extracts were prepared from isolated intestines. The membranes

were blocked in TBS containing 0.1% Tween 20 and 5% skim

milk powder. Blots were probed with anti-Phospho-Caldesmon

(Ser789) (Upstate, Lake Placid-NY #07-156), anti-Caldesmon

(Calbiochem, Gibbstown, NJ, #ST1109), anti-smMyosin (Bio-

medical Technologies, Stoughton, Ma #BT-562), anti-smooth

muscle Actin (Neomarkers, Fremont, CA, #MS-1296-P0), anti-

beta-Actin (Sigma, St. Louis, MO), anti-Phospho-MLC (Ser19)

(Cell Signaling, Danvers, MA, #3675), anti-Phospho-ERK1/2

(p44/42) (Thr202/Tyr204) (Cell Signaling, Danvers, MA,

#4376), anti-Phospho-p38 (Thr180/Tyr182) (Cell Signaling,

Danvers, MA, #4631), anti-Phospho-SAPK/JNK (Thr183/

Tyr185) (Cell Signaling, Danvers, MA), and anti-Collagen 1

(NovaTech, France). All blots are representative of at least

triplicate experiments.

Drug Treatments
Larvae were bathed in 1.5 mM Menadione (MP biomedicals) in

E3 media for 3 h (3 dpf larvae) or 5 h (5 dpf larvae; 1% DMSO

added to E3 media). Larvae were bathed for 3 h in 10 mM l-

NAME (Sigma N-5751) dissolved in E3/10 mM Tris pH 7.2.

RNA In Situ Hybridization
Whole mount in situ hybridization was performed as described

[83,84]. Fragments were cloned into pGem-t-easy (Promega).

Double fluorescent in situ hybridization was performed as

described [85] using TSA reagents (Perkin-Elmer). Processed

specimens were embedded for histological sectioning as previously

described [17].

Morpholino Injection
Morpholinos were injected as described [83]. The acta2-

morpholino was from Open Biosystems (Morph1609,

GCTTTCTTCGTCGTCACACATTTTC, [34]); the sequence

of the control morpholino is TGCGCGCCAGACAGGGTGAT-

GAC. Although named ‘‘actin, alpha 2, smooth muscle aorta,’’

acta2 is expressed in the intestinal smooth muscle [38,40] and is

required for peristaltic contraction [34]. Thus it is the ortholog of

mammalian intestinal smooth muscle actin isoform (gamma

enteric actin; Actg2) and referred to as sma. The h-CaD

morpholino (TTATTCCCCTACAAACAGAACTGCA, 1 mM)

was designed against the smooth-muscle-specific exon of Caldes-

mon (based on acc. # BC158175), which was identified from

intestinal smooth muscle cDNA. Injection of ,20 pg caused an in-

frame deletion of this exon but had no effect on transcript of the

low molecular weight isoform [39]. The morpholino against the

translation start site of tks5 was a generous gift from Danielle

Murphy and Sara Courtneidge and was injected as described [25].

Tissue Stiffness Measurements
The elastic moduli (Young’s modulus) of intestines isolated from

wild type and mlt larvae were measured using a microprobe

indenter device [43]. This assay measures the upward force

generated by the intestine in response to indentation of the probe

applied to the outer (serosal) surface. Tissue compliance (Young’s

modulus) is the slope of the force versus probe indentation curve.

Briefly, a tensiometer probe (Kibron, Inc., Helsinki) with a 100 mm

radius flat-bottom needle was mounted on a 3-D micromanipu-

lator with 160 nm step size (Eppendorf, Inc.) attached to an

inverted microscope. The tissue was adhered to the bottom of a

plastic dish filled with DMEM and imaged by bright field

illumination. The bottom of the probe was brought through the

air-water interface until it rested at the surface of the cylindrical

tissue with a diameter of approximately 80 microns. The probe

was calibrated using the known surface tension of a pure water/air

interface, and the stress applied by the tissue to the probe as it was

lowered was measured as a function of indentation depth. In

principle, this deformation geometry is that of an infinite plane

compressing a cylindrical object, and the absolute values of elastic

modulus can be calculated from appropriate models that require

assumptions about the adherence of the tissue to the probe and the

glass slide, whether the sample is modeled as a uniform cylinder or

an elastic shell, and other structural factors that confound

calculation of the absolute value of elastic modulus from the

force-indentation data. In this study the primary interest is in the

relative stiffness of wild type and mutant tissue, and therefore we

present only the primary data, which consists of the elastic

resistance of the tissues as a function of indentation depth.

Indentations ($13 per intestine) spanned the range from 160 nm,

which would measure small strain reflecting linear elasticity to

indentations, up to 20 microns, which would reveal differences in

large strain deformation or rupture. After the largest indentations,

measurements were repeated at small strains to confirm that the

deformations were recoverable. For statistical analyses, a one-

tailed Student’s t test for data sets with unequal variance was

performed to determine the significance of differences between

Young’s moduli of wild type and mlt intestines samples.

Transcriptional Profiling
RNA was isolated from trunk sections of 74 hpf larvae that

encompassed the mid- and posterior intestine. Six pairs of mutants

and wild type siblings were analyzed (25–35 trunks per sample).

RNA was recovered using Trizol (Invitrogen) and Qiagen RNeasy

columns. Probes were hybridized to the Affymetrix zebrafish

genome array (Affymetrix #900487). The array data were

evaluated by importing affymetrix *.cel files into genespring

v.7.3.1, and expression intensities were calculated using gcrma for

each probe set. Gene expression data were validated by

quantitative RT-PCR using sybr green and by RNA in-situ

hybridization.

Quantitative Real-Time PCR
RNA was recovered from intestines manually dissected from

larvae using Trizol and Qiagen RNeasy columns. For each PCR

amplification RNA from 15 or more larvae was pooled. An

amplified fragment from the tata-box binding protein cDNA (tbp) was

used as internal standard. PCR amplification and data analysis

were performed as described [86] using sybr green (Applied
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Biosystems, UK). Statistical analyses were performed using the

one-tailed Student’s t test for data sets with unequal variance.

PCR Primers
glutathione peroxidase: 59 gctgttcagcctggactttt; 39 QPCR

cgttgctgagtttggactttt; 39 in situ ctcagatgaacgagctgcac

jun B: 59 tctgttgggttacggtcaca; 39 QPCR cgtctggatgatgagcctct; 39

in-situ ggaccttctgcttgagttgc

src (including attB sites): 59 ggggacaagtttgtacaaaaaagcaggctgc-

caccatgggtggagtcaagagtaa; 39 ggggaccactttgtacaagaaagctgggtc-

gaggttttctccgggttggta; 39 Y528F ggggaccactttgtacaagaaagctgggtc-

gaggttttctccgggttggaattgtggttc.

Cell Dissociation Experiments
6 hpf (shield stage) zebrafish embryos were sterilized by two 10-

min washes with 0.1% sodium hypochlorite and raised in sterile

embryo medium. Intestines were dissected from sterilized embryos

at 74 hpf and dissociated in 0.25% trypsin/EDTA. Cells were

collected by centrifugation for 5 min at 800 g and treated with

1.5 mM menadione for 1 h in DMEM supplemented with 10%

FBS, 100 ug/ul pen/strep, and 0.2% amphotericin B. Treated

cells were centrifuged and immediately fixed in sample buffer and

stored at 280uC for Western blots.

Supporting Information

Figure S1 tks5 knockdown rescues epithelial invasion in the

intestine of mlt mutant larvae. (A–C) Lateral images of live 5 dpf

larvae. Control morpholino injected mlt larvae show cystic

expansion of the intestinal epithelium (intestinal epithelium

outlined in red; lateral view) (B), while only a small number of

cysts can still be detected in the tks5 morpholino injected mlt larvae

(D, arrowhead). The majority of the posterior intestine in these

larvae resembles WT (A, C). Findings confirmed histologically (not

shown; n = 6 mlt larvae).

(PDF)

Figure S2 Src induces less invadopodia-like protrusions in

mature intestinal epithelial cells than in epithelial progenitor cells.

(A) Sagittal confocal scans through the intestine of a 5 dpf

Tg(miR194:Lifeact-GFP) with mosaic expression of a caSrc-

mCherry transgene. Only a small number of invadopodia-like

protrusions are detected (green; arrowheads). (B) Quantification

showed that invadopodia-like protrusions were detected in 89% of

caSRC-mCherry positive cells in 3 dpf larvae (n = 28 cells in 5

larvae), while they were present in only 9% of cells in 5 dpf larvae

(n = 64 cells in 5 larvae). Error bars, standard deviation.

(PDF)

Figure S3 Smooth muscle actin (sma) knockdown rescues mlt

mutants. (A–C) Western blot showing reduced Sma protein in the

intestine of 74 hpf and 4 dpf Sma MO injected larvae (lane 2, 4)

compared to a control MO (lane 1, 3). Myh11 protein levels are

unaffected by the Sma knockdown (lanes 1–4). Each lane contains

protein extracted from the intestines dissected from 30 larvae. This

blot is representative of two independent experiments.

(PDF)

Figure S4 h-CaD knockdown triggers invasion in mlt heterozy-

gotes. Lateral views of 5 dpf WT (A) and mlt/+ (B) larvae that had

been injected with a splice-blocking morpholino (MO) that

specifically targets h-CaD. Intestinal morphology is normal in

the WT larva, whereas there is cystic expansion of the mlt/+
intestine. Histological analyses confirmed invasive expansion of the

mlt/+ intestine (Figure 5D and 5E). Invasion was detected in 69%

larvae from a mlt/+ intercross (n = 240) of which 66% were

predicted to be mlt/+. 12 of 12 genotyped larvae were mlt/+.

(PDF)

Figure S5 Invasive remodeling occurs without changes in matrix

composition or FAK activation. (A) Western blot showing normal

levels of Type 1 Collagen (Col1) and Fibronectin (Fn) in the

intestine of 74 hpf mlt larvae compared with WT. beta-Actin

serves as loading control. (B–D) Histological sections show no

activation of FAK by phosphorylation (p-FAK, green) in the

epithelium of WT or mlt larvae at 74 hpf. Basement membrane

detected with anti-laminin staining (red) (asterisk, stratification;

arrowheads, invasive sites). (E) Lower power image showing

expected p-FAK (green) in the myoseptum of a WT larva.

(PDF)

Figure S6 AP-1 transcription factors, ROS responsive genes,

and MAP-Kinase signaling are activated in the mlt intestine. (A–D)

Whole mount in situ hybridization shows strong expression (blue)

of the AP-1 gene junB and the ROS activated gene gluthatione

peroxidase (gpx) in the intestine of 74 hpf mlt (B, D) but not WT (A,

C) larvae. n = 15 mlt and wild type larvae examined. (E, F)

Histological cross-sections of whole mount specimens processed for

fluorescent RNA in situ hybridization show strong junB expression

(green) in mlt intestinal epithelial cells with only low level

expression in smooth muscle cells (labeled red by myh11

expression). (G, H) Similarly, gpx expression (green) can only be

detected in the mlt intestinal epithelium. n = 12 mlt and 12 wild

type larvae examined. (I) Quantitative RT-PCR shows increased

junB expression in the intestine of mlt homozygotes. junB expression

is also increased in menadione treated wild type larvae (+/+), and

to a greater degree in mlt heterozygous larvae (versus untreated

wild type; contr). (J) Western blot showing phosphorylation of

several components of the Map-Kinase signaling pathway in

intestines dissected from mlt larvae at 74 hpf and 96 hpf. ERK is

prematurely activated at 74 hpf in mlt. p38 (Mapk), Jnk, and Sapk

are strongly activated in mlt but not WT larvae at 74 hpf and

96 hpf. beta-Actin, loading control. Western blots are represen-

tative of between two and four independent experiments.

(PDF)

Figure S7 Comparable induction of gpx expression in WT larvae

that express caSrc and homozygous mlt larvae. (A–C) Whole

mount RNA in situ hybridization for gluthatione peroxidase expression

(gpx, blue). gpx expression is low in the WT intestine (A), whereas it

is markedly elevated in the mlt intestine (B; see also Figures 6C,

6D, S9G, and S9H). n = 15 mlt and 15 wild type larvae. (C) Mosaic

expression of a caSrc transgene induces gpx expression in the wild

type intestine (C, brackets and arrows). Interestingly, expression of

caSrc in the pronephric duct (via the miR194 promoter) also

induces gpx expression (C, arrowhead). n = 12 larvae.

(PDF)

Movie S1 Epithelial actin cytoskeleton in the wild type larval

intestine. Sagittal 3-D renderings through the posterior intestine of

a 5 dpf wild type Lifeact-GFP transgenic larva. Lifeact-GFP is

principally located in the brush border of the epithelial cell apical

plasma membrane.

(AVI)

Movie S2 Invadopodia-like protrusions arise from the basal

intestinal epithelial cell plasma membrane of mlt larvae. Sagittal 3-

D renderings through the posterior intestine of a 5 dpf mlt Lifeact-

GFP transgenic larva. In mlt epithelial cells Lifeact-GPF labels

basal invadopodia-like protrusions in addition to the apical plasma

membrane.

(AVI)
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Movie S3 Formation of actin-rich invadopodia-like basal

membrane protrusions in mlt epithelial cells. Sagittal confocal

scans through the intestine of mlt larva expressing Lifeact-GFP in

the intestinal epithelium (Tg(miR194:Lifeact-GFP)), beginning at

72 hpf. Initially, Lifeact-GFP (green) bound to Actin is only

present in the epithelial cell apical brush border. As development

proceeds, Actin-rich invadopodia-like protrusions form at the

basal epithelial cell membrane and persist for several hours. Time

lapse movie; 1 s corresponds to 15 min real time; duration is 5 h.

(AVI)

Movie S4 Formation of actin-rich invadopodia-like protrusions

precedes invasion of mlt epithelial cells. Sagittal confocal scans

through the intestine of mlt larva expressing Lifeact-GFP in the

intestinal epithelium (Tg(miR194:Lifeact-GFP)), beginning at

76 hpf. Actin rich protrusions are present at the basal membrane,

and the protrusions frequently precede the development of

invasive lesions (arrows). Time lapse movie; 1 s corresponds to

15 min real time; duration is 5 h.

(AVI)

Movie S5 Formation of actin-rich invadopodia-like protrusions

precedes invasion of mlt epithelial cells. Sagittal confocal scans

through the intestine of mlt larva expressing Lifeact-GFP in the

intestinal epithelium (Tg(miR194:Lifeact-GFP)), beginning at

74 hpf. Actin-rich protrusions are present at the basal membrane,

and the protrusions frequently precede the development of

invasive lesions (arrows). Time lapse movie; 1 s corresponds to

15 min real time; duration is 5 h.

(AVI)

Movie S6 Lifeact-GFP localization in the WT intestinal

epithelium. Sagittal confocal scans through the intestine of WT

larva expressing Lifeact-GFP in the intestinal epithelium

(Tg(miR194:Lifeact-GFP)), beginning at 74 hpf. Actin bound Life-

act-GFP is localized to the epithelial cell apical brush border

membrane (adjacent to the intestinal lumen). 1 s corresponds to

15 min real time, duration is 5 h.

(AVI)

Movie S7 Peristaltic circular smooth muscle contractions in the

76 hpf WT intestine. Sagittal confocal scans through the intestine

of a 76 hpf WT larva expressing GFP (green) in smooth muscle

cells and mCherry (red) in the intestinal epithelium (Tg(miR194:m-

Cherry; Sm22a:GFP)). Time lapse movie; 1 s corresponds to 9 min

real time.

(MOV)

Movie S8 Constitutive smooth muscle contraction in the 76 hpf

mlt intestine. Sagittal confocal scans through the intestine of a

76 hpf mlt larva expressing GFP (green) in smooth muscle cells and

mCherry (red) in the intestinal epithelium (Tg(miR194:mCherry;

Sm22a:GFP)). Slow tonic contraction of the intestinal smooth

muscle disrupts intestinal architecture. Time lapse movie; 1 s

corresponds to 9 min real time.

(MOV)

Movie S9 Absence of smooth muscle contraction in the 72 hpf

WT intestine. Sagittal confocal scans through the intestine of a

72 hpf WT larva expressing GFP (green) in smooth muscle cells

and mCherry (red) in the intestinal epithelium (Tg(miR194:mCherry;

Sm22a:GFP)). Time lapse movie; 1 s corresponds to 9 min real

time.

(MOV)

Movie S10 Absence of smooth muscle contraction in the 72 hpf

mlt intestine. Sagittal confocal scans through the intestine of a

72 hpf mlt larva expressing GFP (green) in smooth muscle cells and

mCherry (red) in the intestinal epithelium (Tg(miR194:mCherry;

Sm22a:GFP)). Epithelial cell invasion is already present at this

stage. Time lapse movie; 1 s corresponds to 9 min real time.

(MOV)

Table S1 Transcriptional profiling identifies genes with in-

creased expression in mlt (1.5-fold or greater). Array signal ratio

(mlt:WT) shown in Column C; data are mean of six experiments.

Gene expression ratio (mlt:WT) as measured by quantitative PCR,

Column D (74 hpf) and E (80 hpf). EST annotation of microarray

probe (if different from Genbank accession number, Column B).

(XLS)
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