LIFE

elifesciences.org

@

@ Copyright Dalle Nogare and
Chitnis. This article is distributed under
the terms of the Creative Commons
Attribution License, which permits
unrestricted use and redistribution
provided that the original author and
source are credited.

ORGAN SIZE

3 ®

Connecting physical cues and
tissue patterning

Several signaling pathways work together, via a protein called Amotl2a,

to establish the size and shape of a zebrafish sense organ primordium.
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ow do local interactions collectively de-
H termine the global properties of an organ,
like its size and shape, in a developing
embryo? Cells can alter how they grow and
divide in response to a number of cues, including
the mechanical tension between cells and how
tightly packed the cells are, via a system called
the Hippo signaling pathway (Shroeder and
Halder, 2012). Now, in elife, Virginie Lecaudey
and colleagues at the Albert Ludwigs University
of Freiburg - including Sobhika Agarwala as first
author — have examined how a protein called
Amotl2a links the Hippo pathway to other
signaling pathways as the zebrafish posterior
Lateral Line Primordium develops (Agarwala
et al., 2015; Figure 1). This Primordium is the
forerunner of a system of sense organs called the
posterior Lateral Line that detects the flow of
water over the zebrafish (Chitnis et al., 2012).
The posterior Lateral Line Primordium starts
as a group of about 125 cells that migrate
collectively (under the skin) from the ear of the

developing zebrafish to the tip of its tail. While
the leading cells are relatively mesenchymal, the
trailing cells organize into clusters (or “rosettes”)
called proneuromasts. These are deposited at
regular intervals as the Primordium moves to-
wards the tail. The five or six proneuromasts
deposited by the Primordium will develop into
the neuromasts that act as the sensory organs of
the posterior lateral line. Cells that are not
incorporated into proneuromasts are deposited
between neuromasts as so-called interneuromast
cells. The Primordium shrinks as it moves, and
resolves into two or three terminal neuromasts
when it finally reaches the tail.

The Wnt and FGF signaling systems coordi-
nate the development of the posterior Lateral
Line Primordium. FGF signaling promotes the
formation of proneuromasts. In the leading cells,
the activity of a Wnt signaling molecule called
B-catenin drives the expression of FGFs (Fibro-
blast Growth Factors) that activate FGF signaling
by binding to their receptor proteins (Figure 1).
However, this B-catenin activity simultaneously
inhibits the FGF receptors in the leading cells. As
a result, only the trailing cells, where Wnt
signaling is weaker, respond to FGF signaling
and so form proneuromasts. FGF signaling also
drives the expression of a diffusible antagonist
molecule that blocks the receptors that are
needed for Wnt signaling. This helps to restrict
the area of active Wnt signaling to a progres-
sively smaller leading zone. In turn, this allows
more of the posterior Lateral Line Primordium to
respond to FGF signaling, and so additional
proneuromasts form closer to the leading edge.

The transcriptional co-activators YAP and TAZ
promote tissue growth and play a central role in
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Figure 1. Amotl2a expression limits growth in the posterior Lateral Line Primordium by inhibiting Yap1 and
B3-catenin-dependent proliferation. Wnt signaling dominates in a leading zone (green), while FGF receptor activity
dominates in a trailing zone (red). Wnt/B-catenin signaling drives the expression of secreted FGF ligands; it also

prevents a response to FGF in the leading cells by triggering the expression of Sef and Duspé, inhibitors of FGF
receptor activation. Activation of the FGF receptor in trailing cells causes proneuromasts to form. It also determines
the expression of a diffusible antagonist of Wnt signaling, Dkk1b, which helps restrict Wnt/B-catenin signaling to a
progressively smaller leading zone. Both Wnt and FGF signaling promote cell proliferation in the posterior Lateral
Line Primordium. FGF-dependent Amotl2a expression in the trailing zone inhibits proliferation determined by Yap1
and by B-catenin. Black and red lines represent positive and negative regulatory interactions, respectively. Solid

arrows represent intracellular regulatory interactions, while dashed lines represent interactions mediated by

secreted factors.

another signaling system called the Hippo path-
way (Varelas, 2014). Proteins called Motins
provide a critical link between external cues, like
cell density, and the activity of YAP (Moleirinho
et al., 2014). Motins can associate with structural
elements of the cell (such as the “tight junctions”
that connect neighboring cells) and with YAP. It is
thought that cues such as changes in cell—cell
adhesion influence how well YAP associates with
Motin proteins, which in turn regulates Hippo
signaling and hence cell growth. However, the
mechanisms behind this remain unclear.
Agarwala et al. show that a Motin called
Amotl2a is expressed in the trailing zone of the
posterior Lateral Line Primordium in response to
FGF signaling. Further investigation revealed that
Yap1 and Taz (the zebrafish versions of YAP and
TAZ) strongly interact with Amotl2a, and the loss
of Yap1 reduces the number of cells in the
posterior Lateral Line Primordium. By contrast,
the loss of Amotl2a increases cell proliferation.
This led Agarwala et al. to hypothesize that the
increased proliferation in mutant fish that lack
Amotl2a is due to the effects of unregulated

Yap1. However, the hyperproliferation observed
in Amotl2a mutants is only partially rescued in
mutant zebrafish that lack both Amotl2a and
Yap1, and remains higher than in mutants that
lack only Yap1. This suggests that the increased
number of posterior Lateral Line Primordium cells
seen in Amotl2a mutants cannot be accounted
for by increased Yap1-dependent proliferation.

As Wnt signaling is also known to regulate cell
proliferation in the posterior Lateral Line Primor-
dium, Agarwala et al. looked at the pattern of
Whnt activation in the Amotl2a mutants and found
it was significantly expanded. Furthermore, they
found that blocking the Wnt signaling pathway
in Amotl2a/Yap1 double mutants reduced cell
proliferation to levels seen in Yap1 mutants. This,
together with previous studies that have shown that
Amotl2a interacts with B-catenin, led Agarwala et al.
to conclude that FGF-dependent Amotl2a expres-
sion limits growth in the Primordium by inhibiting
Yap1 and B-catenin-dependent proliferation.

FGF signaling promotes both proliferation
and morphogenesis of epithelial rosettes. In this
context, Amotl2a expression, which is also
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dependent on FGF, could be part of a feedback
system that limits growth in maturing proneur-
omasts. However, the loss of Amotl2a does not
result in either larger neuromasts or more in-
tervening interneuromast cells. Instead, it results
in the deposition of an additional neuromast,
consistent with previous studies suggesting that
deposition is regulated by posterior Lateral Line
Primordium growth (Aman et al., 2011). The
migration of the Primordium is also slower in
Amotl2a mutants, which could contribute to the
deposition of the additional neuromast. This
raises the possibility that, as has been suggested
in other contexts (Das et al., 2015), Amotl2a also
contributes to effective collective migration. By
inhibiting Wnt/B-catenin signaling, Amotl2a may
also regulate the pace at which the Wnt system
shrinks and the proneuromasts form.

While the Agarwala et al. paper does not, as
yet, provide definitive answers, it opens the door
to the investigation of these interesting possibil-
ities, and provides a new key to understanding
the connection between physical cues and tissue
patterning.

Damian Dalle Nogare is in the Section on Neural
Developmental Dynamics, Eunice Kennedy Shriver
National Institute of Child Health and Human Devel-
opment, Bethesda, United States
dalledam@mail.nih.gov

Ajay B Chitnis is in the Section on Neural Develop-
mental Dynamics, Eunice Kennedy Shriver National

Institute of Child Health and Human Development,
Bethesda, United States

chitnisa@mail.nih.gov

Competing interests: The authors declare that no
competing interests exist.

Published 16 October 2015

References

Agarwala S, Duquesne S, Liu K, Boehm A, Grimm L,
Link S, Konig S, Eimer S, Ronneberger O, Lecaudey V.
2015. Amotl2a interacts with Hippo effector Yap1
and Wnt/B-catenin effector Lef1 to control tissue
size in zebrafish. elife 4:e08201. doi: 10.7554/elLife.
08201.

Aman A, Nguyen M, Piotrowski T. 2011. Wnt/B-catenin
dependent cell proliferation underlies segmented
lateral line morphogenesis. Developmental Biology
349:470-482. doi: 10.1016/].ydbio.2010.10.022.
Chitnis AB, Dalle Nogare D, Matsuda M. 2012. Building
the posterior lateral line system in zebrafish.
Developmental Neurobiology 72:234-255. doi: 10.
1002/dneu.20962.

Das T, Safferling K, Rausch S, Grabe N, Boehm H, Spatz
JP. 2015. A molecular mechanotransduction pathway
regulates collective migration of epithelial cells. Nature
Cell Biology 17:276-287. doi: 10.1038/ncb3115.
Moleirinho S, Guerrant W, Kissil J. 2014. The
Angiomotins—from discovery to function. FEBS Letters
588:2693-2703. doi: 10.1016/].febslet.2014.02.006.
Shroeder M, Halder G. 2012. Regulation of Hippo
pathway by cell architecture and mechanical signals.
Seminars in Cell & Developmental Biology 23:803-811.
doi: 10.1016/j.semcdb.2012.06.001.

Varelas X. 2014. The Hippo pathway effectors TAZ and
YAP in development, homeostasis and disease.
Development 141:1614-1626. doi: doi:10.1242/dev.
102376.

Dalle Nogare and Chitnis. eLife 2015;4:e11375. DOI: 10.7554/eLife.11375

3of3


mailto:dalledam@mail.nih.gov
mailto:chitnisa@mail.nih.gov
http://dx.doi.org/10.7554/eLife.08201
http://dx.doi.org/10.7554/eLife.08201
http://dx.doi.org/10.1016/j.ydbio.2010.10.022
http://dx.doi.org/10.1002/dneu.20962
http://dx.doi.org/10.1002/dneu.20962
http://dx.doi.org/10.1038/ncb3115
http://dx.doi.org/10.1016/j.febslet.2014.02.006
http://dx.doi.org/10.1016/j.semcdb.2012.06.001
http://dx.doi.org/doi:10.1242/dev.102376
http://dx.doi.org/doi:10.1242/dev.102376
http://dx.doi.org/10.7554/eLife.11375


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


