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ABSTRACT

The intestinal brush border is made of an array of microvilli that
increases the membrane surface area for nutrient processing,
absorption and host defense. Studies on mammalian cultured
epithelial cells have uncovered some of the molecular players and
physical constraints required to establish this apical specialized
membrane. However, the building and maintenance of a brush border
in vivo has not yet been investigated in detail. Here, we combined
super-resolution imaging, transmission electron microscopy and
genome editing in the developing nematode Caenorhabditis
elegans to build a high-resolution and dynamic localization map
of known and new brush border markers. Notably, we show
that microvilli components are dynamically enriched at the apical
membrane during microvilli outgrowth and maturation, but become
highly stable once microvilli are built. This new toolbox will be
instrumental for understanding the molecular processes of microvilli
growth and maintenance in vivo, as well as the effect of genetic
perturbations, notably in the context of disorders affecting brush
border integrity.
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INTRODUCTION

Intestinal microvilli are essential for nutrient absorption. They are
organized into a well-ordered and tightly packed array by F-actin
crosslinking and bundling factors, such as villin, espin and plastin 1
(also known as fimbrin) (Sauvanet et al., 2015). Recent studies in
epithelial cell lines have identified new functional players, such as
IRTKS (also known as Baiap2l1) and myosin 1a/6/7b (Crawley
et al,, 2014a; Postema et al., 2018), and new mechanisms of
brush border assembly and maintenance by vesicular trafficking
(Vogel et al, 2015), microvilli motility, contraction and
clustering (Meenderink et al., 2019; Chinowsky et al., 2020) or
intermicrovillar protocadherin bridges (Crawley et al., 2014b).
Additionally, live imaging has revealed some of the key initiation
and maturation steps of microvilli biogenesis in cell lines (Gaeta
etal., 2021). However, a description of brush border formation and
maintenance in vivo is lacking.
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Caenorhabditis elegans has been widely used as an in vivo model
of intestinal luminogenesis, polarity and host defense (Zhang et al.,
2013; Zhang and Hou, 2013; Sato et al, 2014). Intestinal
organogenesis encompasses cell division and intercalation steps
from the E blastomere to generate 20 perennial cells arranged into
nine rings forming an ellipse-shaped tube that runs along the body
of'the worm (Leung et al., 1999; Asan et al., 2016). Cell polarization
begins at the E16 stage with cellular component relocalization
and cell shape changes (Leung et al., 1999), as well as apical
accumulation of the polarity determinant PAR-3, which recruits the
other members of the PAR module (Feldman and Priess, 2012;
Achilleos et al., 2010). Luminogenesis occurs concomitantly with
the formation of apical cavities at the midline that ultimately form a
lumen (Leung et al., 1999). C. elegans enterocytes display a brush
border that is structurally similar to that of mammals (Leung et al.,
1999; Geisler et al., 2019; Bidaud-Meynard et al., 2019): microvilli
are made of F-actin core bundles, notably the intestinal-specific
actin isoform act-5, depletion of which results in a circular lumen
with sparse and defective microvilli (MacQueen et al., 2005).
Several F-actin regulators are essential for C. elegans brush border
integrity, including ERM-1, the Ezrin/Radixin/Moesin only
ortholog (Gobel et al., 2004; Van Furden et al., 2004), and the
actin-capping factor EPS-8 (Croce et al., 2004). As in mammals,
microvilli are anchored on a terminal web composed of a network of
F-actin and an endotube made of intermediate filaments, in which
IFB-2 plays a major role (Geisler et al., 2020; Bossinger et al.,
2004). Here, we combined super-resolution and quantitative live
microscopy, transmission electron microscopy (TEM) and
fluorescence recovery after photobleaching (FRAP) data to
characterize the recruitment and dynamics of endogenously
tagged markers during the establishment of the C. elegans brush
border. In particular, we show that intestinal microvilli form and
grow throughout embryonic and larval development but are highly
stable once formed.

RESULTS AND DISCUSSION

TEM analysis of brush border establishment in the C. elegans
developing embryo

We first characterized the assembly of the brush border during
C. elegans development by TEM (Nicolle et al., 2015). C. elegans
embryonic morphogenesis is staged according to the shape and
elongation of the embryo, passing through ‘lima bean’ [360 min
post-fertilization (mpf)] and ‘comma’ (430 mpf) stages, after which
embryos elongate and fold one and a half (460 mpf), two
(490 mpf), three (550 mpf) and four times before hatching (L1
stage, 840 mpf). Adulthood is then reached after three consecutive
molts, defining the L2 [~21h post-fertilization (hpf)], L3
(~29 hpf) and L4 (~39 hpf) larval stages (Altun and Hall, 2009).
We observed that the intestinal lumen starts to open at the comma
stage and progressively expands to reach an elliptical shape in larvae
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(Fig. 1A,B). The first microvilli-like membrane extensions were
observed at the 1.5-fold stage and started to cover the apex with a
disorganized pattern at the 2.5-fold stage, to finally form a regular
brush border from the 3-fold stage (Fig. 1A). Measurements
suggested a relatively continuous increase in microvilli density,
length and width (Fig. 1A-E, Fig. S1A-C), implying a gradual
maturation of the brush border and de novo growth of microvilli
throughout development to fill in the membrane added during
intestinal surface expansion (Fig. 1A, arrows). Finally, transversal
imaging of the brush border allowed measurement of the distance
between microvilli edges and centers (76.0+£1.1 nm and 203.2
+2.0 nm, respectively) (Fig. 1F,G).

Dynamic recruitment of brush border components during

C. elegans development

Expression profiling in mammalian enterocytes between
the proliferative crypt and the terminally differentiated villus
demonstrated a marked upregulation of actin cytoskeleton-related
genes, including actin, ezrin, villin and espin (Chang et al., 2008;
Mariadason et al., 2005). Notably, recent data in LLC-PK1 cells
showed a stepwise recruitment of EPS8 and IRTKS first, and then
ezrin, during microvilli outgrowth (Gaeta et al., 2021). To perform a
similar analysis, we systematically investigated the expression and
apical localization of endogenously tagged new and known brush
border markers.

Although the ortholog of villin is not localized at the brush border
(Hunt-Newbury et al., 2007) and espin does not have a C. elegans
ortholog, we found that PLST-1, the ortholog of plastin 1/fimbrin
(Fig. 2A, Fig. S2), one of the major F-actin organizing factors in
mammalian brush borders (Crawley et al., 2014a), was apically
localized. Second, the F-actin cross-linker FLN-2 (the ortholog of
filamin A), which has been proposed to control brush border
maintenance in mammalian models (Zhou et al., 2014), was also
observed at the enterocyte apical membrane (Fig. 2B, Fig. S2).

In addition, many members of the myosin superfamily of actin
motors have been localized to the brush border in mammalian cells
(McConnell et al., 2011; Sauvanet et al., 2015). This superfamily
comprises 12 classes of conventional and unconventional myosins,
which function as multimers of heavy and light chains (Fili and
Toseland, 2019). In the brush border, they have been shown to fulfil
structural (e.g. MYO7b, MYH14), trafficking (e.g. MYO-1a, -6) or
contractile (non-muscle myosin NM2C) functions (Houdusse and
Titus, 2021; Chinowsky et al., 2020). We found that a specific set of
myosins accumulates at the enterocyte apex throughout C. elegans
development: (1) the unconventional heavy chain HUM-5 (the
ortholog of human MYO1d/g), which is also localized at the lateral
membrane (Fig. 2C, Fig. S2), but not the other members of this
class, HUM-1 and HUM-2 (Fig. S3A,B); (2) the essential myosin
light chain MLC-5 (Gally et al., 2009) (the ortholog of human
MYL1/6) accumulated at the apical membrane in both embryos
and larvae (Fig. 2D, Fig. S2), whereas MLC-4 was only
weakly expressed in embryos (Fig. S3C). Interestingly, we found
that NMY-1 and NMY-2 (the orthologs of the non-muscle myosins
NM2A/B and NM2B/C, respectively) (Fig. S3D.E), did not
accumulate apically, or accumulated only very weakly, which
indicates that myosin-dependent contractility may be less crucial for
microvilli assembly in C. elegans than in mammals (Chinowsky
et al., 2020). These results suggest species-specific mechanisms or
compensation between myosins, as shown before (Houdusse and
Titus, 2021), and the need for systematic approaches to characterize
better the components of brush borders, for instance to identify
putative protocadherin-based intermicrovillar bridges molecules

(Crawley et al., 2014b) among the various cadherin-like proteins in
the C. elegans genome (Loveless and Hardin, 2012).

To assess quantitatively the expression of these apically enriched
factors during brush border establishment, we used photon counting
detectors and quantified the absolute apical signal of endogenously
tagged proteins throughout C. elegans development (Fig. 28,
Figs S2, S3F). We observed that a set of markers was already
localized at the apical membrane at the lima bean stage, before
microvilli onset: PLST-1, FLN-2, ERM-1 and ACT-5 (note that
ACT-5 was exogenously expressed under its own promoter, because
of the embryonic lethality of endogenously tagged strains), as well
as the intermediate filament IFB-2, which appears slightly later
(Fig. 2E-J, Fig. S2). Then, we observed that the apical localization
of these markers, as well as that of EPS-8, HUM-5 and MLC-5,
dramatically increased concomitantly with microvilli assembly
(from the 1.5-fold stage), and that most of them peaked between the
4-fold and L1 stages to then decrease until adulthood (Fig. 2K-S,
Fig. S2). The early apical accumulation of some of these factors
might reflect their importance for microvilli assembly, which is
consistent with the requirement of ERM-1 and ACT-5 (Gobel et al.,
2004; MacQueen et al., 2005) and the direct relationship between G-
actin apical availability and microvilli growth (Faust et al., 2019).
As PLST-1 accumulated before microvilli onset, it could also play a
role in microvilli initial assembly in vivo, which is coherent with the
disorganized terminal web and microvilli rootlets described in Pls/
knockout mice (Grimm-Gunter et al., 2009), despite no obvious
defect in plst-1 C. elegans mutants at larval stages (Fig. S3G).
Interestingly, we observed that FLN-2 displayed a shifted pattern,
with an early peak that may suggest a specific role in microvilli
establishment. Thus, an evolving set of factors might control
microvilli building in C. elegans: a ‘pre-assembly module’,
composed, at least, of ERM-1, ACT-5, PLST-1, FLN-2 and
IFB-2; an ‘assembly module’, composed additionally of EPS-8,
HUM-5 and MLC-5, and, finally, a ‘mature module’ that does not
require FLN-2 (Fig. S5B).

Super-resolution imaging of the brush border in vivo
1.22 h

2 x NA)’ ¢
optical axial resolution of the 405, 488 and 561 nm lasers is 176.5,
212.6 and 244.4 nm, respectively, using an NA1.4 objective, which is
above the limit to resolve individual microvilli (~100 nm between
edges, Fig. 1E,G). To test this, we endogenously tagged ERM-1 with
three different fluorophores: Blue Fluorescent Protein (mTagBFP2/
BFP, Ag381 nm/Ag,445 nm) (Subach et al., 2011), mNeongreen
(MNG, Ag, 506 nm/Ag,517 nm) (Shaner et al., 2013) and wrmScarlet
(WSc, Agx569 nm/Ag,,593 nm) (E1 Mouridi et al., 2017) and imaged
them with a multi-detector and deconvolution-based super-resolution
imaging system (see Materials and Methods). We could visualize the
regular alignment of microvilli with BFP and mNG tags, but it was
less visible with the wSc fluorophore (Fig. 3A,B). In addition to
individual microvilli, we could also precisely localize brush border
markers along the microvilli long axis. Indeed, whereas ERM-1
covered the whole microvilli length, the chloride intracellular channel
2 (CLIC-2) ortholog EXL-1 (Liang et al., 2017) accumulated at the
tip of microvilli (Fig. 3C) and the P-GlycoProtein related transporter
PGP-1 at their base (Bidaud-Meynard et al., 2019). Of note, this
method allowed us to uncover localization differences between
in-locus mNG-tagged and overexpressed GFP-tagged proteins
(compare Fig. 3C with Fig. S4A), as already reported for
E-cadherin in the same tissue (Cordova-Burgos et al., 2021).

According to the Rayleigh criterion (Rﬂuo =

2

DEVELOPMENT


https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029

TECHNIQUES AND RESOURCES

Development (2021) 148, dev200029. doi:10.1242/dev.200029

3-fold

L1 Iarvae

B C
3 3
N~ -~
> =
@ £
£ >
= =
Iy [72]
2 3
T °
= =
® =
2 (=}
£ Qo
=
"5 5 o - o< 055 5 - = <«
585~ 7> s 985 -3 >
q T N WToouow NG
D A o< a0 E Qo < a5
1000 = -
_ 120
£ 800+ £ 100 _
= c
< g €
S 600 £ 80 £
& 2 8
= 2 60
= 400 = 8
B3 - R
g o 40 fal
= 200 Q
= S 20
0- 0~
k] -~ ™ < T T T v ™ K
2838~ 3% 2835 -3
SRR SEEIRNR .

Individual microvilli were similarly visualized using random
illumination microscopy (Mangeat et al., 2021), but not using
conventional confocal or stimulated-emission-depletion microscopes
(Fig. S4B). The brush border could also be imaged transversally
(compare Figs 3D and 1F). Hence, the combination of a super-
resolution imaging system, appropriate fluorophores and endogenous
expression allows the visualization of individual microvilli in
C. elegans intestine.

We then used these tools to characterize the (co)localization of
known and newly identified apical markers in adult worms. Using a
strain co-expressing endogenously tagged versions of two classical

Fig. 1. TEM analysis of the brush
border. (A) Representative TEM images
of C. elegans intestinal lumen at the
developmental stages indicated.
Arrowheads indicate nascent microvilli;
arrows indicate empty spaces between
microvilli. (B-E) Quantification of the
lumen perimeter (B) and microvilli
density (C), length (D) and width (E) from
TEM images. Histograms show the
meanzs.e.m. of an average of 3-13
slices (B), 3-13 lumen (C) and 6-29
microvilli (D-E) per sample from three to
five worms at each developmental stage.
YA, young adults. ns, non-significant.
*P<0.05, **P<0.01, ***P<0.001.
Statistical significance was calculated
using unpaired Student’s t-test except
in C (4-fold versus L1 and L1 versus
L2-L3), where a Mann—-Whitney test was
used due to a non-normal data
distribution. (F) Transversal view of the
brush border in an L4 worm illustrating
microvilli hexagonal packing. Inset
shows magnification of the boxed area
with the putative hexagonal organization
of microvilli highlighted by the red line.
(G) The distance between microvilli
edges and centers was calculated on
200 microvilli from two L4 larvae.

200 -

100

Between
edges |

Between

centers

brush border markers, ERM-1 and EPS-8, and the endotube’s
intermediate filament IFB-2, we observed that ERM-1 localized
along the whole microvilli but not in the terminal web (Fig. 3E).
EPS-8 accumulated at the tip of the microvilli, where it partially
colocalized with ERM-1, and was also found marginally at the
terminal web vicinity, as observed previously by immuno-electron
microscopy (Croce et al., 2004) (Fig. 3E). Finally, we were able to
resolve in some worms the difference between exogenously
expressed ACT-5, which localized along and at the base of the
microvilli, and the endotube marker IFB-2 (Geisler et al., 2019;
Bossinger et al., 2004) (Fig. S4C).
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Fig. 2. Brush border components are

dynamically enriched at the apical membrane
during microvilli assembly. (A-l) Representative
images of the apical localization of GFP-tagged

MLC-5, PLST-1 and ACT-5, mNG-tagged ERM-1,
IFB-2 and HUM-5, and mVenus-tagged FLN-2 in

L1/L2 larvae (A-D) and lima bean embryos (E-I).
(J) The absolute apical signal of the indicated
markers was measured on at least ten embryos at
each developmental stage. The heatmap shows a
focus on early brush border assembly steps where
the maximum intensity was set at the 2-fold-stage.
(K-R) Apical localization of the indicated markers
at the 2-fold stage. (S) The absolute apical
localization of the indicated markers was recorded
as in J and normalized to the maximum
expression for each marker. Data are mean
+s.e.m. a.u., arbitrary units. In all images,
arrowheads show the apical plasma membrane of
the intestinal cells. Scale bars: 5 pm.
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Notably, we found that PLST-1 localized at the bottom of the
microvilli (Fig. 3F), with a dotted pattern that was different from the
linear endotube pattern (IFB-2 in Fig. 3E). This localization is
consistent with that of plastin 1 in mouse and its proposed role in
anchoring actin rootlets (Grimm-Gunter et al., 2009). Whereas FLN-2
was hardly detectable in adult worms, we observed in L1 larvae that
FLN-2 localized at the base of microvilli, similar to MLC-5, which
also partly decorated the whole microvilli (Fig. 3G,H). Finally, we
found that HUM-5 localized at both the base and the tip of microvilli,
as well as marginally along their length (Fig. 3), as observed in mouse
intestine for Myo1d (Benesh et al., 2010).

Because factors needed to build the microvilli are concomitantly
recruited to the apical pole (Fig. 2), we investigated whether super-
resolution imaging could resolve the change in their relative
microvillar position during brush border assembly. Line scans
showed that ERM-1, EPS-8 and IFB-2 colocalized at the beginning
of microvilli assembly (2-fold stage) and progressively moved away
to end up with IFB-2 and EPS-8 contralaterally positioned and
surrounding ERM-1 (Fig. 3J,K, Fig. S4D).

Analysis of brush border markers dynamics during

microvilli assembly

We next analyzed the dynamics of microvillar components during
and after brush border establishment using FRAP. Whereas ERM-1

L2-L3 L4/YA

was very dynamic in 1.5-fold embryos, which likely reflects its
involvement in microvilli pre-assembly, it became surprisingly
stable in the established brush border (adult worm), with little
recovery even after >15 min (Fig. 4A, Fig. SSA), confirming recent
observations (Ramalho et al., 2020; Remmelzwaal et al., 2021).
Analysis of ERM-1 fluorescence recovery throughout C. elegans
development confirmed that ERM-1 dynamics progressively
decreased concomitantly with brush border assembly and became
almost static in larvae and adults (Fig. 4B,F,G). To confirm this, the
dynamics of other structural components of the brush border was
analyzed during microvilli pre-assembly (comma/l.5-fold),
maturation (L1 larvae) and in adult worms; note that owing
to embryo movements from the 2-fold stage, late embryonic
developmental stages could not be investigated. Like ERM-1, EPS-
8 was also very dynamic during microvilli pre-assembly but became
highly stable in maturing and mature microvilli (Fig. 4C,F,G). ACT-
5 also displayed dynamic behavior, albeit to a lesser extent, that
persisted until L1 larvae (Fig. 4D,F,G), in agreement with F-actin
mobile fractions in Caco-2 cells (~60%) (Waharte et al., 2005), to
finally become stable at adulthood. Conversely, the behavior of
intermediate filament IFB-2 was more stable at every developmental
stage (Fig. 4E-G), which reflects its anchoring role for growing
microvilli (Grimm-Gunter et al., 2009; Geisler et al., 2019).
These results indicate that mature microvilli are stable in vivo. The

4

DEVELOPMENT


https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200029

TECHNIQUES AND RESOURCES

Development (2021) 148, dev200029. doi:10.1242/dev.200029

ERM-1

signal (a.u.)
o
—

1R TORRN b

2'um

ERM-1 FLN-2

| ,‘m;m |

-

L B2

©
e
)
™
il
=~
S
_l s

ERM-1MLC-5
2 um
;; 100
©
=
2
2] 50_
el
(5]
N
©
E o : ,
2 0.0 05 1.0
length (um)
s
s VA
©
=y
2
"
el
(5]
N
©
E
e 1.5

0.5 1.0
length (um)

Fig. 3. Super-resolution imaging of the brush border. (A,B) Super-resolution images of ERM-1 endogenously tagged with BFP, mNG and wSc in C. elegans
young adults. The graphs in B show the normalized intensity profile along a 4 um-long dashed line, as represented in A. (C) Super-resolution images of ERM-1::mNG
or EXL-1::mNG in young adults. (D) Transversal super-resolution image of the brush border performed on a young adult C. elegans strain endogenously expressing
ERM-1:mNG. Inset shows a magnified region with a red hexagon indicating the putative hexagonal packing of microvilli. (E-l) Representative super-resolution
images of the indicated microvilli markers endogenously tagged with mNG (ERM-1, HUM-5), GFP (PLST-1, MLC-5), BFP (EPS-8), mVenus (FLN-2) or wSc (IFB-2)
in young adults. In F, inset shows higher magnification of the boxed ROI. Filled and unfilled arrowheads show the colocalization between ERM-1 and the indicated
markers at the base and along the microvilli, respectively. (J,K) Left: TEM images show the shape of the brush border at the corresponding developmental stage.
Middle: Super-resolution images of the brush border in 2-fold embryo and L2-L3 larvae co-expressing EPS-8::BFP, ERM-1::mNG and IFB-2::wSc. Right: Histograms
corresponding to the signal intensity profile of the three markers along the gray line depicted on the fluorescence images. a.u., arbitrary units.

maturation status of the brush border might be a key consideration in
reconciling conflicting data of the literature. Indeed, immature
microvilli in non-polarized cells seem to be more dynamic, i.e. life-
cycle of ~12 min in A6 cells (Gorelik et al., 2003), with intense
actin treadmilling (half-time recovery of ezrin of ~30 s) (Garbett
and Bretscher, 2012); in contrast, microvilli have been found to
last up to 12 h in mature brush borders (Meenderink et al., 2019).
This high stability could partially explain their uniform length and

highly ordered organization in the human intestine (Crawley et al.,
2014a).

In conclusion, this study shows for the first time the dynamic
recruitment of microvilli components during brush border
development and their localization at the individual microvillus
level in vivo. This new toolbox will be instrumental in addressing
the many remaining questions regarding microvilli assembly and
maturation, notably determining the full set of factors required for
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Fig. 4. Brush border components dynamics during microvilli assembly. (A) ERM-1::mNG was bleached in a 1.5-fold embryo and an adult worm, and
fluorescence recovery was observed every 30 s. (B-E) Quantification of the signal recovery after bleaching of ERM-1::mNG (B), EPS-8::mNG (C), ACT-5::GFP (D)
and IFB-2:mNG (E), measured every 30 s on 5-11 worms at the indicated developmental stages. Thin lines represent the meants.e.m. of signal recovery, bold lines
represent one-phase association non-linear regression fitting curves. (F,G) Analysis of the FRAP experiments shown in B-E at the comma, 1.5-fold, L1 larva and adult
stages. F shows the percentage of the pre-bleached signal (mean of two time points) recovered at the endpoint (540 s) and G shows the mobile fraction. Histograms
show the meants.e.m., dots in F represent individual worms. The difference between variance was calculated using ANOVA, *P<0.05, **P<0.01, ***P<0.001.

microvilli growth and maintenance, and the principles that govern
microvilli size, packing and organization in vivo. It will also be
essential to understand the pathophysiology of aging and of genetic,
inflammatory or pathogenic diseases affecting the brush border.

MATERIALS AND METHODS

C. elegans strains and maintenance

Strains were maintained under typical conditions as described (Brenner,
1974). CRISPR-CAS9-genome edited mTagBFP2, mNeonGreen and
mScarlet-tagged proteins were generated at the Biologie de Caenorhabditis
elegans facility (Universite Lyon 1, UMS3421, Lyon, France). The strains
used in this study are listed in Table S1. The sequence of alleles are available
from the Dryad Digital Repository (Gregoire, 2021): dryad.qrfjoqShh.

In vivo confocal imaging in C. elegans
For in vivo imaging, C. elegans larvae were mounted on a 10% agarose pad
in a solution of 100 nm polystyrene microbeads (Polysciences) to stop worm

movement. Embryos were mounted on a 2% agarose pad with a mix of
bacteria and M9 medium (localization) or M9 only (live imaging). Single
confocal slices of the anterior intestinal cells or stacks of the whole intestine
were performed on adults/larvae and whole embryos, respectively, using a
Leica SP8 (Wetzlar) equipped with a 63%, 1.4 NA objective (LAS AF
software) or a super-resolution Zeiss LSM880-Airyscan (Oberkochen)
equipped with a 63x, 1.4 NA objective (Zen Black software). For the image
in Fig. 3D, young adult animals were quashed to let the intestine out and
have a large imaging surface. Quantitative recording of the apical
localization of brush border markers was performed on the Leica SP8
microscope using the photon-counting function of HyD hybrid detectors
and image accumulation (Fig. S3). For embryos, stacks were reconstructed
using the max intensity z-projection function of Fiji software (https:/image;.
net/Fiji). All images were examined using Fiji software.

TEM

Samples were subjected to high-pressure freezing followed by freeze
substitution, flat embedding, targeting and sectioning using the positional
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correlation and tight trimming approach, as described previously (Bidaud-
Meynard et al., 2019). Each embryo or larva was sectioned in five to ten
different places, every 5-7 um, to ensure that different intestinal cells were
observed. Ultrathin sections (60-70 nm) were collected on Formvar-coated
slot grids (FCF2010-CU, EMS) and observed using a JEM-1400
transmission electron microscope (JEOL) operated at 120 kV, equipped
with a Gatan Orius SC 1000 camera (Gatan) and piloted by the Digital
Micrograph program.

FRAP

FRAP experiments were performed using the Zeiss LSM880-Airyscan on a
rectangular region of interest (ROI) of 1.3 um width crossing the apical
plasma membrane with 100% 488 nm laser power, 10-20 iterations, and
recovery was measured every 30 s for 10-15 min. Post-FRAP images were
analyzed using the Fiji software. The mean fluorescence intensity of the
bleached ROI was normalized for photobleaching by recording the intensity
of the same ROI on a non-bleached region and cytoplasmic background was
subtracted on each frame. Finally, the percentage recovery was calculated on
each timeframe by comparing the normalized signal intensities with the
mean of two time points before bleach. Curve fitting was performed with
one-phase association non-linear regression analysis using GraphPad Prism
9 software. The mobile fraction (Mf) was calculated with the following
Is — I

=1y

where I, is the signal intensity at the endpoint plateau phase, /; is the mean
of two pre-bleached signal intensities and / is the signal intensity at the first
post-bleach time point.

equation: Mf =

Quantification

TEM micrographs were analyzed using Fiji software and were representative
of all the sections observed. Three to five independent worms at each
developmental stage were examined in five to ten different sections along
the antero-posterior axis. Lumen perimeter was measured around the apical
membrane. In total, 32 (2-fold), 36 (3-fold), 31 (4-fold), 26 (L1), 22 (L2/3)
and 20 (L4/young adults) lumen perimeters were measured. Microvilli
length was measured from the tip to the point where their base intersected
with the apical pole. Microvilli width was measured at mid-height. In total,
61 (2-fold), 83 (3-fold), 89 (4-fold), 60 (L1), 62 (L2/3) and 92 (L4/young
adults) length and width measurements were performed. Microvilli density
was defined as the number of microvilli per unit length of lumen perimeter.
In total, 29 (2-fold), 32 (3-fold), 40 (4-fold), 30 (L1), 30 (L2/3) and 40 (L4/
young adults) microvilli densities were determined.

For the quantitative measurement of the apical localization of brush
border markers, a maximum intensity projection was performed using Fiji,
and the signal density was quantified by measuring the mean fluorescence
signal along a segmented line covering the whole intestine (E16 to 2-fold
embryos) or visible part of the anterior intestine (3-fold to adults). The signal
measured was then corrected for fluorescence accumulation and normalized.

Statistical analysis

Results are presented as meants.e.m. of the number of independent
experiments indicated in the legends, and scattered dots represent individual
worms. P-values were calculated by two-tailed, unpaired Student’s #-test or
one-way ANOVA, as indicated in the figure captions, and a 95% confidence
level was considered significant. Normal distribution of data and
homogeneity of variances were validated using the Shapiro-Wilk and the
Bartlett (for ANOVA) or F (for Student’s) tests, respectively. Mann—
Whitney or Kruskal-Wallis tests were used for calculating the P-values
between two or multiple non-normal distributions, respectively, and
Dunnett’s tests was used for multiple distributions with non-homogenous
variances.
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Fig. S1. Individual values of brush border measurements by TEM, related to Fig. 1.

Colorized dots represent individual worms at the indicated developmental stages. Bar is the grand mean of
all the measurements. Microvilli density was measured on 3-13 slices/worm, microvilli length and width on
6-29 microvilli/worm. N.s., non-significant, *p<0,05, **p<0,01. Except in A, where some data were
analysed by unpaired t-test (#), statistical significance was calculated using Mann-Whitney test.
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Fig. S2. Systematic analysis of brush border markers during C. elegans
development. Representative confocal images of the endogenously tagged markers indicated
(except ACT-5::GFP). Arrowheads show the intestinal cells apical PM. Scale bar is 5 um.
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Fig. S3. Systematic analysis of brush border markers during C. elegans development.

(A-E) Representative confocal images of C. elegans strains expressing endogenously tagged versions of
the indicated markers, which showed no apical accumulation during C. elegans intestine development.
Scale bar, 5 um. (F) Control of the quantitative assessment of brush border markers arrival at the
apical PM. Accumulation of IFB-2::mNG, PLST-1::GFP and FLN-2::mVenus signal linearly
increases with image accumulation. Experimental points are linked by dashed lines, bold lines show
simple linear regression curve fitting. n=1-2 measurement per timepoint for each fluorophore. (G)
Representative TEM images of control (N2) and plst-1(tm4255) L4/young adult worms (N=3 worms in
each condition).
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Fig. S4. Super-resolution imaging of brush border markers in vivo. (A) Representative super-
resolution image of exogenously expressed EXL-1::GFP. (B) ERM-1::GFP was imaged in adult worms
using the indicated microscopes. (C) Super-resolution images of a C. elegans adults co-expressing ACT-
5::GFP and IFB-2::wSc. Bottom panel shows a normalized intensity profile along the line depicted in grey.
(D) Representative images of the localization of endogenously tagged EPS-8::BFP, ERM-1::mNG and IFB-
2::wSc in C. elegans at the indicated developmental stages. Right panels show an intensity profile of the
three markers along the line depicted in left panels. Scale bars, 2 um.
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Fig. S5. Dynamic recruitment of brush border components.

(A) Longer measurement of brush border components dynamics in adult worms. The curves show
the recovery of ERM-1::mNG, IFB-2::mNG and ACT-5::GFP signal every 30 s after photobleaching,
measured for an extended time, n=1 for each marker. (B) Model of brush border assembly in vivo
in C. elegans. Microvilli are built from a preformed pre-assembly complex and grow through the
dynamic recruitment of brush border components, which become highly stable in the mature brush border.
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Table S1. C. elegans strains used in this study.

Strain Markers/targets Genotype Reference
FBR96 MLC-4 mic-4(jme04[mic-4::eGFP+loxP]) IlI Francois Robin lab
FBR140 MLC-5 mlc-5(jme09[GFP*3xFLAG::mlc-5]) Il Francois Robin lab
FBR222 FLN-2 fln-2(jme-19[fIn-2::mVenus]) X Francois Robin lab
FL274 ERM-1, IFB-2 erm-1(bab59[erm-1::mNG*SEC”"3xFlag]) | ; ifb-2(bab142[ifb-2::wSc]) Il Bidaud-Meynard et al., 2019
FL290 EPS-8 eps-8(bab140[eps-8::mMNG]) IV This study
FL369 ERM-1, ACT-5 fgEx13[perm-1::erm-1::gfp + rol-6 (s;;?)lgg)a]]; jyls17 [vha-6p::mcherry::act-5, ttx- Bidaud-Meynard et al., 2019
FL378 ERM-1 erm-1(bab59[erm-1::mNG"3xFlag]) | Bidaud-Meynard et al., 2019
FL379 ERM-1 bab64[erm-1::wrmSc"3xFlag] | Bidaud-Meynard et al., 2019
FL381 ACT-5, IFB-2 fgEx12 (act-5p::act-5::gfp); ifb-2(bab142[ifb-2::wrmSc]) Il This study
eps-8(bab140[eps-8::mNG]) IV ; erm-1(bab59[erm-1::mMNGASEC”3xFlag]) I; ifb- .
FL383 |EPS-8, ERM-1, IFB-2|®PS-8! [ep ])Z(bab ] 42[i§b-2::wéc]) | al) This study
FL384 ERM-1 erm-1(bab167[erm-1::degron-tagBFP2]) | This study
FL385 IFB-2 ifb-2(bab153[ifb-2::mNG]) Il This study
FL386 ERM-1, PLST1 erm-1(bab167[erm-1::degron-tagBFP2]) ; plst-1(msn190[plst-1::gfp]) IV This study
FL387 ERM1, HUM5 erm-1(bab167[erm-1::degron-tagBFP2]) ; hum-5(bab189[hum-5::mNG]) IlI This study
FL388 ERM-1, MLC5 erm-1(bab167[erm-1::degron-tagBFP2]) ; mlc-5(jme09[GFP*3xFLAG::mlc-5]) Il This study
FL586 ERM-1, FLN-2 erm-1(bab167[erm-1::degron-tagBFP2]), fln-2(jme-19[fIn-2::mVenus]) X This study
LP162 NMY-2 nmy-2(cp13[nmy-2::GFP + LoxP]) | CGC
LP462 MRCK-1 mrck-1(cp189[mrck-1::GFP::3xFlag]) V CGC
MCP111 PGP-1 pgp-1(bab111[mNG"3xFlag::pgp-1]) IV Bidaud-Meynard et al., 2019
MCP184 HUM-2 hum-2(bab184[hum-2::mNG]) V This study
MCP189 HUM-5 hum-5(bab189[hum-5::mNG]) Il This study
MCP223 EXL-1 exl-1(bab223[exI-1::mNG]) Il This study
ML2540 NMY-1 nmy-1(mc82[nmy-1::gfp]) X. Vuong-Brender et al., 2017
OH2211 EXL-1 otEx1184 [exl-1p::exl-1::GFP + rol-6(su1006)] CGC
QQ226 HUM-1 hum-1(cv21[hum-1::RFP]) | CGC
RZB213 PLST-1 plst-1(msn190[plst-1::gfp]) IV Ding et al., 2017
RZB365 PLST-1 plst-1(tm4255) Ronen Zaidel-Bar lab
VJ268 ACT-5 fgEx12(act-5p::act-5::gfp) Zhang et al., 2012
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