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icrotubules (MTs) are cytoskeletal

filaments essential for many pro-
cesses in eukaryotic cells. Assembled of
tubulin subunits, MTs are dynamic
structures that undergo successive and
stochastic phases of polymerization and
depolymerization, a behavior called
dynamic instability. Dynamic instability
has been extensively studied in cultured
cells and in vitro using cytoplasmic
extracts or reconstituted MTs. However,
how MTs behave in intact tissues and
how their dynamics are affected by or
affect tissue function are poorly under-
stood. Recent advances in high-resolu-
tion live imaging have helped overcome
technical limitation in order to visualize
MTs in intact living organisms including
Drosophila or Caenorhabditis elegans.
We recently took advantage of the well-
characterized development, small size
and transparency of C. elegans to monitor
MT dynamics throughout tissue biogene-
sis with high spatial and temporal resolu-
tion. Using the sex myoblast lineage that
generates the egg-laying muscles from
2 mitotic precursors, we identified selec-
tive dynamics in precursor versus differ-
entiated cells, and molecular regulation
of MT dynamics changes that occur dur-
ing cell differentiation. We discuss here
how this approach led to novel insights
into the regulation of MTs dynamics and
organization in vivo.

High-Resolution Imaging Using
C. elegans

Even before the discovery of MT
dynamic instability in 1984, MTs
inspired curiosity in cell biologists and
investigators in other disciplines by their
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ability to self assemble, the conservation
of MT-based processes among eukaryotes,
and MTs important role in mitosis that
makes them an important target of ant-
cancer drugs. Despite extensive study,
many aspects of MT dynamics remain
enigmatic, including how MTs behave in
differentiated somatic cells, and how their
dynamics relate to cell and tissue function.
Recently, some aspects of MT dynamics
have been described during development
in the fruit fly” and zebrafish.*> MT orga-
nization was followed during neuronal
morphogenesis in the embryonic cere-
brum in mouse using extravital imaging®
and MT dynamics have been observed in
vivo using intravital imaging of mouse
muscle fibers.” The latter study revealed
that MTs display different dynamic prop-
erties whether the same muscle fibers were
observed in culture or in vivo. These
observations motivate minimally invasive
study of MT dynamics and its regulation
in a tissue context in an intact animal.
One of our aims was to understand
how MT dynamics change during cell dif-
ferentiation and tissue biogenesis. One
obstacle to develop such an approach is to
achieve the high spatial and temporal reso-
lution required to measure MT dynamics
while preserving animal integrity. We
found C. elegans to be ideal model system
for fluorescence live imaging of MT
dynamics since it is a small transparent
animal that develops rapidly and is ame-
nable to the use of powerful genetic tools.
One common concern for any fluorescent
imaging is phototoxicity. While oxygen
scavengers can be used with in vitro sys-
tems to overcome this issue,® the only way
to prevent the stress generated by imaging
an intact animal is to minimize the illumi-
nation of the

specimen. Doing so
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compromises the signal to noise ratio, thus
necessitating the use of sensitive detectors
and optical or arithmetic techniques that
reduce or remove out-of-focus light. To
obtain the desired temporal and spatial
resolution, as well as signal to noise ratio,
we used swept-field confocal microscopy,
which allows essentially simultaneous illu-
mination of the focal plane via a sweeping
array of pinholes or slits.”'" Swept-field
confocal microscopy also achieved desir-
able axial resolution in thicker samples
such as gravid adult worms (100120 pm
diameter). To verify that this technique is
a non-invasive way of measuring MT
dynamics in intact C. elegans, we tested
the effects of imaging, and presumably
some phototoxicity, on growth rate and
catastrophe frequency. We imaged our
cell of interest, the uterine muscle cells
(UMC), in situ for an extended period of
time and measured MT dynamics in con-
trol worms. We found that MT dynamics
did not significantly differ between the
beginning and end of the imaging period
(unpublished data). To further ensure that
MT dynamics are robust to our imaging
conditions, we then used 4-fold less illu-
mination intensity for our experiments. In

addition, even after 2 hours of imaging,
our C. elegans worms displayed normal
behavior including egg laying after being
recovered from the imaging chamber to a
culture plate. Thus, our in situ system not
only revealed MT dynamics in a tissue
context but also provided a means to assess
the physiological relevance of our experi-
mental conditions.

Microtubule Dynamics
Regulation During Cell
Differentiation

In order to follow MT dynamics over
the course of differentiation and develop-
ment in situ, we generated a strain that
expresses GFP::tubulin specifically in sev-
eral cell lineages, including the sex myo-
blasts (SM) that give rise to the egg-laying
apparatus. This lineage comprises 2 pre-
cursors (SM) that give rise to the 16 egg-
laying muscles including UMCs (Fig. 1).
Divisions and differentiation of the SMs
and their descendants occur within
24 hours of growth at 25°C, beginning at
the third larval stage (L3) and ending dur-
ing the adult stage. To describe MT

behavior in the SM lineage, we focused on
the 4 main parameters that describe MT
dynamics'" i.e., the rates of assembly and
disassembly (growth and shrinkage rates)
and frequencies of the transitions between
these events (catastrophe: growth to
shrinkage, and rescue: shrinkage to
growth). We found that all 4 parameters
significantly change during differentiation
of SM into UMCs. Growth and shrinkage
rates increase while the frequencies of
catastrophe and rescue are reduced over
the course of differentiation.

The multidimensional nature of MT
dynamics data can confound visualization
and comparison among different condi-
tions. To overcome this complexity, we
created 4 axis plots, which we call dia-
mond graphs (Fig. 1) and that simulta-
neously represent the 4 main parameters
of MT dynamics (see details in Lacroix
et al.'?). The shapes and sizes of diamond
graphs thus allow simple and instanta-
neous comparison of multple data sets in
a manner far more accessible than conven-
tional tables. We predict that diamond
graphs (or other shapes with 3 or more
struts) will be adopted for other mulddi-
mensional data analyses.
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Figure 1. MTs dynamics followed during differentiation in situ. (A) SM lineage. The left and right sex myoblasts (SML/R), divide and differentiated to gen-
erate 16 egg-laying muscles. UMCs = uterine muscle cells, VMCs = vulva muscle cells, VPCs = vulval precursor cells. (B) Maximal intensity projections of
confocal z-series images of worms expressing GFP-tubulin under the control of the unc-62 promoter, at the L3 (top) and adult stages (bottom).
(C) Diamond graphs representing dynamics data of MTs in the SM and UMCs. Data from Lacroix et a
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We combined our in situ imaging
regime with RNAi-based protein deple-
tion to test how MT dynamics change
with different sub-processes of differentia-
tion. We depleted LIN-12N°*" and
HLH-8"""" to compromise UMCs differ-
entiation. We found that each dynamic
parameter is distinctly regulated during
differentiation. Specifically, rescue fre-
quency changes to post-differentiation lev-
els as cells exit the mitotic state, whereas
the other parameters change only when
morphogenesis occurs later during differ-
entiation. Thus, we identified the selective
regulation of MT dynamics during differ-
ent steps of the differentiation process and
the uncoupling of the dynamics
parameters.

Molecular and Dynamics
Signatures of Mts During
Differentiation

To understand how changes in dynam-
ics were triggered during differentiation
and how MTs are required for differenti-
ated cell function, we depleted conserved
and predicted tubulin isoforms, tubulin-
modifying enzymes, and MT-associated
proteins (MAPs). Targets were depleted
either from the first larval stage, during tis-
sue biogenesis, or starting from the fourth
larval stage to affect only tissue function.
The UMCs are essential for egg-laying
apparatus development and function, so
any defect in SM cell division or differen-
tiation will perturb egg laying and mani-
fest as lower brood size with eggs
accumulating in the uterine cavity.'>'?
For approximately 100 targets, we assessed
the gross morphology of the animal and of
the vulva, as well as brood size. We veri-
fied which MAPs’ depletion perturbed egg
laying due to a role specifically in the
UMCs by performing tissue specific
RNAIi and by stimulating egg laying with
drugs to confidently attribute the defects
to a dysfunction of the muscle cells and
not to other tissues including the neurons
that control egg laying.

The screen enabled us to identify con-
served MAPs required for SM division
and differentiation, or for function of dif-
ferentiated cells. MAPs were classified
based on phenotypes and on their ability
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to perturb either early developmental
stages or tissue function. For example, we
identified a set of proteins including CLS-
ICLASP’ EBP_ZEBI SAS_S‘y»tubulin’ SAS—4,
SAS-6 and TPXL-1"" essential for divi-
sions and expansion of SM but not for the
function of differentiated cells. Interest-
ingly, some MAPs with redundant func-
tions appeared in the same categories. For
example, KLP-7MCAK 4nd KLP-135P3 gre
2 kinesins with similar MT-depolymeriz-
ing activity and were both found to be
essential for the function of differentiated
cells only. This result suggests that in dif-
ferentiated cells, the regulation of MT
depolymerization is tightly controlled by
at least these 2 kinesins and that their
functions are not redundant. Since differ-
entiated cells are larger and have multiple
distinct subcellular regions, it is possible
that local regulation via local enrichment
of specific MAPs generates different MT
populations that co-exist in the same cell
and are essential for proper cell function.
Defining MT-related proteins that act
specifically in proliferating cells is of inter-
est for the development of drugs that
selectively target cancer cells without
affecting differentiated cell function.

We further correlated tissue-level phe-
notype with MT dynamics in UMCs to
test whether MAP depletions causing
muscle dysfunction shared a MT dynam-
ics signature. Among the perturbations of
MT dynamics in UMCs that caused egg-
laying defects, they all had in common a
global reduction of MT dynamics. Con-
versely, increased dynamics did not per-
suggesting that high
dynamicity, and not just polymer level, is

turb  function,

essential for proper function of these dif-
ferentiated cells.

Features of MT Differentiation

Comparing various static conditions
such as cell types and species demonstrate
that a range of MT dynamics parameters
exists throughout nature. This diversity is
achieved via the combinatorial effects of
tubulin isoforms and post-translational
modifications, MAPs and MT dynamics.
The molecular and dynamic changes that
MTs undergo during cell differentiation
could collectively be thought of as “MT
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MTs in differentiated
cells are commonly thought to be more

differentiation.”

stable that in proliferating cells. Thus it
was unexpected that our study revealed
high dynamicity of MTs in differentiated
cells. A single expression of dynamicity is
the average distance that a MT can cover
per unit time. Interestingly, dynamicity
was not significantly different (p =
0.2416) between SM (3.3 £ 0.3 wm/min)
and UMC (2.9 +0.2 pwm/min), meaning
that MTs in differentiated cells are as
dynamic as those in the precursor cell of
the same lineage. Our work is substanti-
ated by the observation of highly dynamic
MTs in mouse muscles in vivo.”

The general idea that MTs are more
stable in differentiated cells was in part
speculated based on in vitro experiments
that highlighted the presence of MTs
resistant to depolymerization in differenti-
ated cells in culture.!*'® These so-called
stable MTs were also decorated by several
post-translational modifications of tubu-
lin, which therefore became a marker of
MT stability. These post-translational
modifications of tubulin are indeed often
enriched in differentiated cells as com-
pared to proliferative cells. Recently, tubu-
lin post-translational modifications have
come to be associated not necessarily with
stable MTss, but rather with specific popu-
lations of MTs within the cells."’

In support of the idea that tubulin
post-translational ~ modifications  are
important for the differences in MT
dynamics between SM and UMCGs, our
screen revealed that
responsible for these modifications are

several enzymes
essential for differentiated cell function
and not for precursors. Future work will
be aimed at developing tools to detect
tubulin post-translational modifications in
C. elegans, assessing their presence during
differentiation, and determining if this
of  modifying
enzymes is correlated with the presence of
the modifications.

specific

requirement

An emerging concept is that differenti-
ated cells have different populations of
MTs with distinct dynamics, rather than a
global stabilization of the MT network.
Based on our observations and on what
others have also reported in C. elegans neu-
rons”® and in mouse muscle fibers,” differ-
entiated cells appear to share the common
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Figure 2. Model of MT differentiation. Generic model of MT adaptation to cell differentiation. MTs
organization and dynamic properties change as cells differentiate, forming a more parallel MT array
with fast and persistent growth excursions. Differentiated cells also contain different MT popula-

feature of fast growing MTs. Our work
revealed that the main differences between
differentiated and mitotic cells are the
length of MTs and the persistence of poly-
mer clongation (higher in differentiated
cells). Thus, in differentiated cells, MT
tracks appear to be longer and to grow at
higher rate. As suggested by Ghosh-Roy
et al.*® and by our work, the regulation of
this process might involve a “selection” of
robust fast growing MTs and elimination
of short MTs with a rapid turnover
(Fig. 2).

Another general characteristic of differ-
entiated cells is also the loss of centroso-
mal organization.”’ As a consequence,
MTs in differentiated cells adopt a more
parallel organization, as we observed in
UMC:s (Figs. 1B and 2). This spatial reor-
ganization polarizes the
dynamic MT-ends within the cell, and
thus could influence MT dynamics, cell
organization and function. While our
work began to define several molecular

location of

and dynamic aspects of MT differentia-
tion, additional studies of different cell
types or species will be useful to under-
stand the evolution of MT's during the dif-
ferent steps of cell differentiation.

How do Tissue Context and
Cell Environment Affect
MT Dynamics?

Measuring MT dynamics in an intact
tissue allowed us to directly compare cel-
lular and subcellular organelle function
with tissue- and animal level phenotypes.
Another advantage of such an approach
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that we did not investigate is, conversely,
the influence of the neighboring environ-
ment on an intracellular behavior.

Our approach combined with tissue
specific RNAI could be used to determine
if altering the development or function of
neighboring tissues affects MT dynamics
in the UMCs in a cell non-autonomous
manner. For example, we have used LIN-
12N°? depletion to block the differentia-
tion of the SM daughter cells. Depletion
of LIN-12N°" 5 also known to affect the
development of the uterine cells that
directly contact the UMCs.?*** To test
how differentiation in neighboring tissues
impacts MT dynamics in UMCs, one
could use a strain background in which all
cells were RNAi-incompetent, and rescu-
ing RNAi with specific expression of
RNAi machinery in the uterus or other tis-
sues in contact with the UMCs.

Concluding Remarks

The C. elegans zygote has proven to be
a powerful cell biological system for the
study of conserved cytoskeletal compo-
nents. We have extended the use of this
model species to investigate MT functions
and dynamics with high spatial and tem-
poral resolution, at different stages of
development, in the intact animal. Fur-
thermore, since our cells of interest are
embedded in a tissue, sustaining func-
tions, we were able to correlate the cell
biology of MT dynamics with cellular
behavior. Given that MT related proteins
highly

between nematodes and mammals, we

and processes are conserved
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expect that discoveries made with
C. elegans in situ somatic cell biology will
help us understand MT regulation in gen-
eral. Conversely, since our system allows
combining cell biology and developmental
biology with affordable genetic tools such
as efficient RNAi mediated protein deple-
tions, we expect that it will be employed
to follow up on the in vivo roles of MT
related proteins and processes character-
ized via in vitro reconstitution with puri-
fied brain MTs. We are confident that
such a dialog between in vitro and in situ
approaches will strengthen the use of

C. elegans for MT biology.
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