Cordon bleu promotes the assembly of brush
border microvilli
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ABSTRACT Microvilli are actin-based protrusions found on the surface of diverse cell types,
where they amplify membrane area and mediate interactions with the external environment.
In the intestinal tract, these protrusions play central roles in nutrient absorption and host de-
fense and are therefore essential for maintaining homeostasis. However, the mechanisms
controlling microvillar assembly remain poorly understood. Here we report that the multifunc-
tional actin regulator cordon bleu (COBL) promotes the growth of brush border (BB) micro-
villi. COBL localizes to the base of BB microvilli via a mechanism that requires its proline-rich
N-terminus. Knockdown and overexpression studies show that COBL is needed for BB assem-
bly and sufficient to induce microvillar growth using a mechanism that requires functional
WH2 domains. We also find that COBL acts downstream of the F-BAR protein syndapin-2,
which drives COBL targeting to the apical domain. These results provide insight into a mech-
anism that regulates microvillar growth during epithelial differentiation and have significant
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implications for understanding the maintenance of intestinal homeostasis.

INTRODUCTION

Found on the surface of numerous cell types, microvilli are finger-
like membrane protrusions supported by parallel bundles of F-actin.
One of the most elaborate arrays of microvilli, known as the brush
border (BB), projects from the apex of the intestinal epithelial cell
(IEC), where it functions in nutrient processing and host defense
(Crawley et al., 2014). Loss of these protrusions due to genetic
causes such as microvillus inclusion disease or infections with enteric
pathogens such as enteropathogenic Escherichia coli leads to nutri-
ent malabsorption and osmotic imbalances that cause dramatic de-
hydration and, in susceptible populations, death (Davidson et al.,
1978; Vallance et al., 2002). However, molecular mechanisms con-
trolling the growth of microvilli on the surface of transporting epi-
thelia have yet to be defined.
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Given that microvilli are supported by polarized actin bundles,
understanding how these bundles form during differentiation and
are stabilized thereafter will be critical for understanding BB assem-
bly and function. Actin-based cytoskeletal structures in general are
assembled through the coordinated action of factors that mediate
initial filament formation (i.e., nucleation), elongation, capping,
bundling, and cross-linking to membranes or other cytoskeletal sys-
tems (Chhabra and Higgs, 2007). Factors that bundle actin filaments
within microvilli (villin, fimbrin, espin, and EPS8; Bretscher and
Weber, 1979, 1980; Bartles et al., 1998; Hertzog et al., 2010) or link
the resulting core bundles to the overlying plasma membrane (e.g.,
myosin-1a, ezrin; Bretscher, 1983; Howe and Mooseker, 1983) have
been the subject of extensive investigation. However, molecules
that control upstream events in microvillar formation, such as actin
filament nucleation and elongation, remain poorly understood.
Studies on other types of protrusions, such as filopodia, which ex-
tend from the leading edge of crawling cells (Faix et al., 2009),
might provide mechanistic clues. The parallel actin bundles that
support filopodia are formed by at least two distinct mechanisms. In
the first case, bundle formation is driven by elongation and bun-
dling of Arp 2/3-nucleated filaments that originate in the dendritic
array of the lamellipodium (Svitkina et al., 2003). In the second, filo-
podial actin bundle formation is initiated at the membrane by
barbed end-associated factors such as formins, which are capable
of both nucleating and elongating filaments in linear bundles
(Schirenbeck et al., 2005; Steffen et al., 2006). Of interest, recent
studies show that mice lacking Arp C3, an essential component of
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Actin dynamics is required for BB assembly. (A) SIM projection of an uninduced
Ls174T-W4 cell stained with phalloidin to visualize F-actin (white). (B) En face (left) and lateral
(right) SIM projections of an induced Ls174T-W4 cell; bracket highlights the BB. (C) Percentage
of BB-positive cells at time points indicated. (D) Percentage of BB-positive cells from various
drug treatments. Mean + SEM from three separate experiments; number per condition listed
within the bars (Student'’s t test, **p < 0.005, ***p < 0.0005, ****p < 0.0001). (E) Schematic of
experimental design and (F) SIM projections of Ls174T-W4 cells treated with drugs during
induction. Scale bars, 5 pm.

Arp 2/3 complex, still assemble well-organized BBs (Zhou et al.,
2015), suggesting that branched nucleation is unlikely to play a role
in the formation of epithelial microvilli. However, proteomic analy-
ses of isolated BBs also identified formin DIAPH1 and the Wiskott—
Aldrich homology 2 (WH2) domain—containing factor cordon bleu
(COBL) as potential regulators of microvillar formation (McConnell
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et al., 2011; Revenu et al., 2012), although
the extent to which these molecules con-
tribute to BB assembly remains unclear.

The objective of the present study was to
identify factors that promote the growth of
IEC BB microvilli. Our results indicate that
COBL plays an important role in promoting
the growth of microvillar actin bundles dur-
ing intestinal epithelial differentiation. More-
over, a COBL interacting partner, syndapin-2,
targets this factor to the apical domain dur-
ing this process. Of importance, these stud-
ies provide a molecular framework for future
investigations into the early steps of BB bio-
genesis. These findings also hold implica-
tions for understanding apical morphogen-
esis in other epithelial systems, such as the
kidney, lung, and inner ear.

RESULTS
BB assembly requires dynamic
turnover of the actin cytoskeleton
To explore the molecular basis of microvillar
assembly, we used a cell culture model that
allowed switch-like control over epithelial
differentiation. Ls174T-W4 cells are human
IECs that stably express myc-LKB1 and an
inducible FLAG-STRADa.. LKB1 is a serine/
threonine kinase and master regulator of cell
polarity (homologous to Par-4 in Caenorhab-
ditis elegans and Drosophila melanogaster,
Martin-Belmonte and Perez-Moreno, 2012).
STRADo. is an LKB1-specific adaptor protein
that activates and translocates LKB1 from
the nucleus to the cytoplasm (Baas et al.,
2003). Exposing Ls174T-W4 cells to doxycy-
cline induces STRADo. expression, thereby
activating LKB1 and initiating apical/basal
polarity establishment and downstream
events such as BB formation (Baas et al.,
2004). Uninduced Ls174T-W4 cells exhibit
an unpolarized morphology with cortical F-
actin labeling (Figure 1A and Supplemental
Movie S1). After induction with 1 pg/ml dox-
ycycline for 8 h, ~80% of Ls174T-W4 cells
polarize and display a prominent BB on one
side of the cell (Figure 1, B and C, and Sup-
plemental Movie S2). Although the Ls174T-
W4 model has been used to study polarity
signaling upstream of BB assembly (ten
Klooster et al., 2009; Gloerich et al., 2012),
we took advantage of the switchable nature
of this system to dissect the mechanism of
microvillar growth.

We first sought to determine whether
Arp 2/3 complex or formins functioned in as-

sembling microvilli. BB assembly was induced in Ls174T-W4 cells in
the presence of CK-666, which inhibits Arp 2/3 complex (Nolen et al.,
2009), or SMIFH2 (Rizvi et al., 2009), which directly inhibits the FH2
domains of numerous formins from diverse species and specifically
inhibits mouse DIAPH1/mDia1 (Rizvi et al., 2009), the only formin
detected in BB proteomic studies (McConnell et al., 2011;
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COBL localizes to the base of BB microvilli. (A) Endogenous COBL (green) and F-actin (magenta) labeling in
a single villus from mouse small intestine. Boxed corners indicate zoom region, which highlights terminal web
localization of COBL. (B) SIM projection of an induced Ls174T-W4 cell showing localization of endogenous COBL (green)
and F-actin (magenta). Boxed corners indicate zoom region. (C, D) Line scans (n = 25) parallel to the microvillar axis show
the distribution of endogenous COBL in mouse small intestine and Ls174T-W4 cells, respectively. Arrows highlight the
peak localization (Lp mean * SE) along the normalized microvillar axis. Scale bars, 5 pm.

Revenu et al., 2012; Figure 1, D-F, and Supplemental Figure S1).
These compounds had little effect on the number of BB-positive cells
after 6 h of induction (CK-666, 69.5 + 1.8%; SMIFH2, 61.8 + 3.3%;
dimethyl sulfoxide [DMSO] control, 71.7 + 1.6%). We did note that
microvilli in CK-666—treated cells were slightly but significantly longer
than control cells (2.40 £0.03 vs. 2.21 £ 0.03 um); one possible expla-
nation is that Arp 2/3 inhibition increases the concentration of actin
monomers available for microvillar elongation (Burke et al., 2014;
Rotty et al., 2015; Suarez et al., 2015). In contrast, the fraction of BB-
positive cells was significantly reduced when barbed ends of actin
filaments were capped using cytochalasin B (25.1 + 4.2%), actin
monomers were sequestered with latrunculin A (14.6 + 3.0%), or fila-
ments were stabilized with jasplakinolide (12.3 £ 1.5%; Figure 1, D-F).
Although the results of small-molecule inhibition studies should be
interpreted with caution, these data are consistent with previous re-
ports showing that mice lacking functional Arp 2/3 complex continue
to build normal BBs (Zhou et al., 2015) and lymphocytes lacking Arp
2 or upstream activator WASP still assemble microvilli (Majstoravich
et al., 2004; Nicholson-Dykstra and Higgs, 2008). Together these re-
sults suggest that microvillar growth is driven by the assembly of new
actin filaments that elongate from their barbed ends and that Arp 2/3
and formins are not needed for this process.

COBL—a multifunctional actin regulator that localizes

to the base of microvilli

Another actin regulator identified in BB proteomic studies is the
multi-WH2 domain—containing molecule COBL (McConnell et al.,
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2011; Revenu et al., 2012). Individual WH2 domains are G-actin—
binding modules capable of mediating filament nucleation, sever-
ing, and a variety of other activities when linked in tandem
(Dominguez, 2009). Since its initial identification as a nucleator
(Ahuja et al., 2007), further studies revealed profilin-like binding to
ATP-actin, sequestration of ADP-actin, and filament severing (Husson
et al, 2011). How the muiltiple activities demonstrated by COBL
WH2 domains in vitro contribute to COBL activity in cells remains
unclear. However, COBL has been implicated in neural tube forma-
tion (Carroll et al., 2003), neurite outgrowth (Ahuja et al., 2007), as-
sembly of motile cilia in Kupffer's vesicle (Ravanelli and Klingensmith,
2011), and differentiation of sensory cells (Schuler et al., 2013).
Immunostaining of mouse intestinal tissue revealed that COBL
was strongly enriched at the base of the BB (Figure 2A, zoom),
where the pointed ends of microvillar actin bundles are anchored
(Hirokawa et al., 1982). Structured illumination microscopy (SIM) of
endogenous COBL labeling in Ls174T-W4 cells showed a striking
enrichment of puncta near or at the base of individual microvillar
actin bundles (Figure 2B, zoom). This localization is consistent with a
previous report on the targeting of enhanced green fluorescent pro-
tein (EGFP)-tagged COBL in the JEG-3 placental epithelial cell line
(Wayt and Bretscher, 2014). Line scans revealed peak COBL signal at
0.17 £0.11 (tissue, Figure 2C) and 0.13 £ 0.12 (Ls174T-W4 endog-
enous, Figure 2D) when plotted as a function of normalized microvil-
lar length (0 = base, 1 = tip). Overexpressed EGFP-tagged COBL
exhibited localization similar to endogenous COBL, with peak local-
ization at 0.16 £ 0.15 (Figure 3, A-C). Moreover, time-lapse imaging
3805
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COBL localization at the base of the BB coincides with microvillar formation. (A) Schematic of full-length
COBL domain organization; A-C refer to COBL WH2 domains; CC, coiled-coil; K, lysine-rich region; PRD, proline-rich
domain. (B) SIM projection of an induced Ls174T-W4 cell overexpressing EGFP-COBL (green) and stained for F-actin
(magenta). Boxed corners indicate zoom region. (C) Line scans (n = 25) parallel to the microvillar axis show the distribution
of EGFP-COBL in Ls174T-W4 cells. Arrow highlights the peak localization. (D) Time series montage of a single Ls174T-W4
cell coexpressing EGFP-COBL and mCherry-UtrCH undergoing cell polarization and BB assembly. (E) Perimeter line-scan
analysis of the cell shown in C at t = 0 and 220 min; black arrow in right-hand plot marks position of the BB. (F) Intensity
profile over time of a 2.5-pm? region of interest at the base of the forming BB in C. Scale bars, 5 pm.

of EGFP-COBL in polarizing Ls174T-W4 cells revealed tight tempo-
ral and spatial overlap with F-actin, as visualized using mCherry-
tagged UtrCH (Burkel et al., 2007), during BB assembly (Figure 3,
D-F, and Supplemental Movie S3). Thus COBL enriches at the na-
scent apical domain during polarity establishment and localizes near
or at the pointed ends of microvillar actin bundles, the expected site
of action for a WH2 domain-containing nucleator.

Overexpression of COBL induces microvillar growth

COBL comprises an N-terminal proline-rich domain (PRD), three
C-terminal WH2 domains, and intervening predicted coiled-coil
(CC) and linker motifs (Figure 4A). In Ls174T-W4 cells overexpress-
ing EGFP-COBL, we noted that microvillar actin bundles appeared
more numerous, longer, and straighter relative to EGFP-transfected
controls (Figures 3B and 4C). Scoring of SIM images revealed that
microvillar length, straightness, phalloidin intensity (proportional to
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F-actin content), and fraction of cell surface covered with microvilli
were all significantly increased in cells overexpressing EGFP-COBL
(Figure 4D). Truncation of COBL from the C-terminus, and thus
elimination of WH2 domains, had a graded effect on microvillar
morphology. Constructs with no WH2 domains showed little effect
(1-1080, linker). Constructs with a single WH2 domain, which nu-
cleate actin in vitro (1-KA, KA; Husson et al., 2011), showed a mod-
est effect, whereas constructs with two or three WH2 domains,
which nucleate and sever in vitro (Husson et al., 2011), elicited the
most significant microvillar induction (1-KAB, KAB, KABC, COBL,
Figure 4, C and D, and Supplemental Figure S2A). However, a full-
length COBL construct with inactivating mutations in the first two
WH2 domains (Chen et al., 2013) did not significantly affect micro-
villar morphology (WH2*, Figure 4, C and D). These results suggest
that COBL promotes the growth of microvilli using a mechanism
that takes advantage of multiple functional WH2 domains.

Molecular Biology of the Cell
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Overexpression of COBL promotes microvillar growth. (A) Schematic of full-length COBL domain organization
and truncated/mutated COBL constructs used in this study; CC, coiled-coil; K, lysine-rich region; PRD, proline-rich domain;
*point mutations (L1113A and L1166A) that inactivate G-actin binding ability of COBL WH2 domains. (B) Schematic of
procedure for overexpression experiments followed by (C) SIM projections of Ls174T-W4 cells overexpressing COBL
constructs (green) and stained with phalloidin (magenta). Boxed corners indicate zoom region. White arrows in the
EGFP-KABC image highlight multiple sites of microvillar assembly. (D) Quantification of microvillar phalloidin intensity,
straightness, length, and surface coverage for cells overexpressing COBL constructs. Predicted activities listed to the
right of the quantification are based on biochemical experiments published in Husson et al. (2011). Student's t test
(*p < 0.05, **p < 0.005, ***p < 0.0007) was used to determine significance for phalloidin intensity. For straightness,
length, and coverage measurements, Mann-Whitney U tests (*p < 0.05, **p < 0.005, ***p < 0.0004, ****p < 0.0001) were
used to determine significance. For all graphs, the boxes represent the 25th and 75th percentiles around the median, and
the whiskers represent the 5th and 95th percentiles; 25 cells/condition, 10 microvilli/cell. Scale bars, 5 pm.

A recent study investigating COBL function in the JEG-3 placen-  of F-actin in individual protrusions (Supplemental Figure S2, B and
tal cell line reported that overexpression reduced microvillar length  C), findings that are consistent with our studies in IECs. We did
(Wayt and Bretscher, 2014). Using SIM, we observed that JEG-3 cells observe shorter protrusions, however, suggesting that in the JEG-3
overexpressing COBL assembled more microvilli, with higher levels  context, COBL overexpression and the subsequent assembly of
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numerous microvilli taxes the limited actin
pool available for protrusion elongation
(Burke et al., 2014). The same study sug-
gested that the linker domain of COBL
(Figure 4A and Supplemental Figure S2A,
far right) was necessary and sufficient to tar-
get this molecule to the base of microvilli on
the surface of JEG-3 placental epithelial
cells (Wayt and Bretscher, 2014). When we
overexpressed this domain in Ls174T-W4
cells, it enriched in the BB, but its localiza-
tion was diffuse throughout the microvillus.
Our truncation analysis and SIM imaging re-
vealed that only fragments containing
amino acids (aa) 1-1080 were enriched at
the base of the BB, in a manner similar to
endogenous COBL. Therefore, in addition
to the linker domain, other motifs within the
N-terminus are likely required for proper
targeting.

Loss of COBL function impairs BB
assembly
To determine how loss of COBL affects the
formation of BB microvilli, we used short
hairpin RNA (shRNA) to knock down expres-
sion in Ls174T-W4 cells (Figure 5 and Sup-
plemental Figure S3). COBL knockdown
(KD) significantly reduced the fraction of
cells able to assemble BBs (33.8 + 3.0% of
COBL KD vs. 72.6 £ 1.0% of scramble con-
trol cells; Figure 5, A-D). This perturbation
was specific to loss of COBL, as reexpres-
sion of a full-length COBL construct refrac-
tory to KD (COBLr) rescued BB formation
(67.5 £ 1.6%,; Figure 5D and Supplemental
Figure S4A). Moreover, functional WH2 do-
mains were required for rescue, as a full-
length COBL construct with inactivated
WH2 domains (WH2*) or a construct lacking
WH2 domains (1-1080) failed to improve
the KD phenotype (27.3 + 2.7 and 31.4 £
2.7%, respectively; Figure 5D and Supple-
mental Figure S4, B and C). Reexpression of
the KABC fragment containing all three
functional WH2 domains yielded a partial
rescue (54.0 £ 3.1%; Figure 5D and Supple-
mental Figure S4D).

COBL KD did not completely abolish BB
assembly in Ls174T-W4 cells, despite >95%
reduction in protein levels (Supplemental

**p < 0.008, ***p < 0.0004). (E) Quantification
of microvillar length from scramble, COBL
KD, and rescue cells with COBLr that were
scored as BB-positive cells in D. Boxes
represent the 25th and 75th percentiles
around the median, and the whiskers
represent the 5th and 95th percentiles;

30 cells/condition (Mann-Whitney U test,
***p < 0.0005).
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Figure S3B), suggesting that other molecules probably contribute to
microvillar formation. This would be consistent with the partial pen-
etrance observed in studies with knockout mouse models lacking
major microvillar structural proteins (Saotome et al., 2004; Tyska
et al., 2005; Revenu et al., 2012). However, when we used SIM to
more closely examine COBL KD cells that were scored as “BB posi-
tive” in low-magnification fields (Figure 5B), their microvilli appeared
significantly shorter than those assembled by scramble control cells
(1.39 £ 0.05 vs. 2.35 + 0.07 pm,; Figure 5, C and E). Shorter length
was rescued by expression of a full-length COBL construct refractory
to KD (COBLr; 2.17 £ 0.05 um; Figure 5E). These loss-of-function
and rescue experiments indicate that COBL is required for normal
microvillar formation, and functional WH2 domains are needed for
proper function in this context.

COBL targeting to the apical domain requires syndapin-2
The F-BAR-domain protein syndapin-1 has been shown to target
COBL to sites of neurite outgrowth in neurons (Schwintzer et al.,
2011). In that context, targeting is mediated by direct binding be-
tween the N-terminal PRD of COBL and the C-terminal SH3 do-
main of syndapin-1. Whereas syndapin-1 is specific to the CNS and
syndapin-3 is only expressed in skeletal muscle and heart tissue,
syndapin-2 is ubiquitously expressed (Quan and Robinson, 2013).
Of importance, COBL has been shown to directly bind all three
syndapins in vitro (Schwintzer et al., 2011). However, the functional
implications of interactions between COBL and syndapin-2 or -3
have yet to be investigated in cells. To determine whether syn-
dapin-2 plays a role in targeting COBL to the apical surface of IECs,
we first examined the expression and localization of syndapin-2 in
small intestinal tissue and the Ls174T-W4 model system. Syn-
dapin-2 was enriched at the base of microvilli in human small intes-
tine (Figure 6A) and in Ls174T-W4 cells (Figure 6B). Line scans
showed that, similar to COBL, syndapin-2 localizes near the pointed
ends of microvillar actin bundles, with peak localization at
0.21 + 0.14 (tissue, Figure 6C) and 0.11 £ 0.10 (Ls174T-W4 cells,
Figure 6D) when plotted as a function of microvillar length. Further-
more, endogenous syndapin-2 shows striking colocalization with
EGFP-COBL at the base of microvilli in Ls174T-W4 cells (Figure 6E).
Time-lapse imaging of EGFP-COBL and mCherry—syndapin-2 in
polarizing Ls174T-W4 cells also revealed spatial and temporal colo-
calization at the base of forming BBs (Figure 6, F-H, and Supple-
mental Movie S4). Thus syndapin-2 is well positioned to interact
with COBL and facilitate its targeting to the apical membrane dur-
ing epithelial differentiation.

We next sought to determine the effect of syndapin-2 KD on BB
assembly and COBL targeting in Ls174T-W4 cells. Similar to COBL
KD, syndapin-2 KD resulted in a significant decrease in the percent-
age of cells capable of forming BBs (40.7 + 2.4%) relative to controls
(73.8 £ 1.2%; Figure 7A and Supplemental Figure S5, A-C). This
phenotype was rescued by reintroducing a mouse syndapin-2 con-
struct refractory to KD (75.3 £ 4.2%; Figure 7A and Supplemental
Figure S5D). Moreover, inspection of BB-positive syndapin-2 KD
cells revealed a significant loss of COBL localization from the base
of microvilli (Figure 7, B and C). In the reciprocal experiment, COBL
KD had only a minor effect on syndapin-2 signal at the apical do-
main (Figure 7, B and D). Thus these data suggest that in the context
of IECs, syndapin-2 functions upstream of COBL and is needed for
targeting of this factor to the apical membrane.

A recent study examining the localization of overexpressed pro-
teins in JEG-3 cells concluded that COBL is responsible for target-
ing syndapin-2 to the membrane (Wayt and Bretscher, 2014). This
conflict with our observations might suggest that the function of
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COBL-syndapin-2 complex is context specific. However, our results
are consistent with studies performed in neurons, which revealed
that syndapin-1 targets COBL to sites of F-actin assembly during
dendritogenesis (Schwintzer et al., 2011).

DISCUSSION

Effect of COBL on microvillar morphology

Our findings indicate that COBL plays a significant role in promot-
ing microvillar growth and BB assembly during the differentiation
of cultured IECs. In vitro biochemical studies with COBL fragments
revealed a range of activities, including nucleation, severing of
ADP-F-actin, sequestration of ADP-G-actin, and profilin-like bind-
ing to ATP-actin (Husson et al., 2011). In our assays, overexpression
of COBL and COBL fragments containing multiple active WH2 do-
mains induced striking effects on microvillar growth. Cells trans-
fected with longer fragments of the COBL C-terminus (1-KAB,
KAB, KABC), which are predicted to nucleate and sever (Husson
et al., 2011), significantly increased microvillar surface coverage
(Figure 4D). One possible interpretation of this effect is that gener-
ating large numbers of microvilli during BB assembly requires co-
operation between COBL nucleation and severing activities, both
of which would increase the number of elongation-competent
filaments.

COBL overexpression also increased phalloidin intensity along
the microvillar axis, suggesting more filaments per core bundle
(Figure 4D). Microvilli were also longer and straighter, which might
represent secondary effects of having more filaments per core
(Figure 4D). Thicker bundles would exhibit a higher flexural rigidity
(Gittes et al., 1993), which could explain their straighter appearance
in SIM images. Bundles containing more filaments would also have
more force-generating barbed ends pushing against the apical
membrane, which could explain the increased length of COBL-in-
duced microvilli. However, we cannot rule out other potential mech-
anisms that might influence microvillar length. For example, COBL
might recruit elongation/anticapping factors such as Ena/VASP fam-
ily members or formins (Chesarone and Goode, 2009) to the apical
domain, although our experiments would argue against significant
involvement of formins in BB assembly (Figure 1, D and F).

COBL KD completely inhibited microvillar formation in a large
fraction of cells and stunted microvillar growth in the remaining cells
(Figure 5). Rescue experiments also revealed that functional WH2
domains, which mediate nucleation and severing (Ahuja et al., 2007;
Husson et al., 2011), are needed for these effects. Although COBL
KD was >95% effective based on Western blots (Supplemental
Figure S3), ~35% of COBL KD cells still formed rudimentary BBs,
suggesting that other pathways compensate for the loss of COBL in
this model. Such compensatory mechanisms are expected when we
consider that BBs still form in mouse models lacking key structural
proteins, including myosin-1a (Tyska et al., 2005), ezrin (Saotome
et al., 2004), or villin, espin, and plastin-1 (Revenu et al., 2012).

Significance of COBL localization

Superresolution analysis of COBL localization in native intestinal tis-
sue and cultured [ECs revealed enrichment near, but not precisely at,
the pointed ends of microvillar actin bundles. Population averages
show that COBL enrichment exhibits a peak at ~15% of total bundle
length from the pointed end (Figures 2, C and D, and 3B). Because
our SIM images are limited to a lateral resolution of ~110 nm (ap-
proximate diameter of a core bundle), we are unable to determine
whether COBL is integrated within mature microvillar actin bundles,
binds to the sides of core bundles, or is merely anchored near bun-
dle rootlets. However, a truncated form of COBL lacking C-terminal
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WH2 domains targeted to the apical domain but failed to demon-
strate the focused enrichment of full-length COBL near the pointed
ends (Figure 4C). Thus direct binding to actin contributes to the
precise distribution of COBL observed in our SIM images.

Is COBL localization consistent with a role in generating microvil-
lar actin bundles? Because WH2 domain—containing proteins gener-
ate new filaments by creating nuclei that elongate primarily from
their barbed ends, these factors are expected to localize to filament
pointed ends (Quinlan et al., 2005; Ahuja et al., 2007; Zuchero et al.,
2009). However, the actin nucleator APC remains bound to the fila-
ment it nucleates without inhibiting elongation of the pointed end
(Breitsprecher et al., 2012). As elongation proceeds, APC is left near
but not precisely at the pointed end. A similar mechanism might
help explain the localization of COBL: after formation of a COBL-
actin nucleus, elongation might proceed from both ends of the
nucleus, leaving COBL behind at the original site of nucleation. This
model is consistent with a recent structural study that proposed that
COBL-actin nuclei initially elongate from the pointed end before
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barbed-end elongation begins (Chen et al., 2013). Biochemical
studies have also shown that both ends of microvillar core bundles
are uncapped and remain competent for elongation (Mooseker
et al., 1982). Enrichment of COBL near the base of microvillar F-ac-
tin bundles would also be consistent with a role in binding and sev-
ering ADP—F-actin. Although it is appealing to interpret COBL local-
ization data only in terms of nucleation and severing activities (Ahuja
etal., 2007; Husson et al., 2011; Haag et al., 2012), our experiments
do not allow us to rule out other contributions to microvillar forma-
tion, such as anchoring core bundles in the terminal web.

Apical targeting of COBL requires syndapin-2

For COBL to function in microvillar growth, it must be targeted
to the apical plasma membrane during differentiation. BAR
domain—-containing proteins are now recognized as membrane-tar-
geting factors for actin polymerization machinery (Aspenstrom,
2009). BAR domains are small helix bundles that form dimers capa-
ble of sensing and inducing membrane curvature (Peter et al., 2004).
3811
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Our studies indicate that syndapin-2, which contains an N-terminal
F-BAR domain, is required for COBL targeting to the apical domain
(Figure 7). Because the N-terminal polyproline motifs in COBL inter-
act with the SH3 domains of all three syndapin family members
(Schwintzer et al., 2011), this requirement probably reflects direct
binding between syndapin-2 and COBL. Consistent with this, the
N-terminal region of COBL is sufficient for apical targeting (Figure 4).
Thus syndapin-2 likely provides COBL with a physical link to the api-
cal plasma membrane. Of interest, syndapin-family F-BAR domains
bind membranes with high positive (i.e. inward) curvature (Quan and
Robinson, 2013), such as the plasma membrane found between ad-
jacent microvilli. The intermicrovillar region is also an established
site of endocytosis, which is intriguing, given that syndapins have
been implicated in membrane internalization (Qualmann and Kelly,
2000).

Model and conclusions

Our studies lead us to the following model for microvillar growth
during BB assembly (Figure 8). We propose that COBL targets to
the nascent apical domain of differentiating IECs using the mem-
brane-binding capacity of its binding partner, syndapin-2. There
COBL contributes to microvillar formation using one or more of its
actin-regulating activities, including nucleation, severing, and/or an-
choring. After filament formation, new filaments elongate and are
bundled by factors such as villin, fimbrin, espin, and EPS8 to gener-
ate a core bundle of mature length (~1-3 ym; Crawley et al., 2014).
Although minor elongation may take place off the pointed ends, the
barbed ends grow much faster. Dynamics at the barbed ends will be
controlled by capping and anticapping factors, which are likely com-
ponents of the electron-dense “tip complex” that appears to serve
as a membrane attachment site for filaments in both growing and
mature microvilli (Tilney and Cardell, 1970; Burgess and Grey, 1974;
Mooseker et al., 1982).

In conclusion, our results provide new insight on a COBL-depen-
dent mechanism of microvillar growth during BB assembly. We ex-
pect future studies to focus on identifying elongation and capping
factors that function in microvillar formation and determining how
syndapin-2-dependent targeting of COBL is controlled by upstream
factors that regulate polarity establishment (Gloerich et al., 2012).
Future work must also elaborate on the findings presented here
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by exploring roles for COBL in intestinal diseases characterized by
perturbations of BB microvilli (Davidson et al., 1978; Vallance et al.,
2002).

MATERIALS AND METHODS

Cell culture

Ls174T-W4 cells (a generous gift of Hans Clevers, Hubrecht Insti-
tute for Developmental Biology and Stem Cell Research, Royal
Dutch Academy of Sciences, and UMC Utrecht, The Netherlands)
were cultured in DMEM with high glucose and 2 mM L-glutamine
supplemented with 10% tetracycline-free fetal bovine serum (FBS),
G418 (1 mg/ml), blasticidin (10 ug/ml), and phleomycin (20 pg/ml).
JEG-3 and B16F1 cells (American Type Culture Collection) were
cultured in DMEM with high glucose and 2 mM L-glutamine
supplemented with 10% FBS. All cells were grown at 37°C and
5% CO,.

Transfections and lentivirus production

Transient transfections were performed using Lipofectamine 2000
(Invitrogen, Thermo Scientific, Waltham, MA) according to the
manufacturer’s instructions. Lentivirus particles were generated
by cotransfecting HEK293FT cells (T75 flasks at 80% confluency)
with 6 pg of pLKO.1 shRNA KD plasmids (Open Biosystems;
COBL, TRCNO0000005530, TRCNO0000005531; syndapin-2,
TRCNO000037982), 4 pg of psPAX2 packaging plasmid, and 0.8 pg
of pMD2.G envelope plasmid using FUGENE transfection reagent
(Roche, Basel, Switzerland). Cells were incubated for 2 d to allow for
lentiviral production. Media containing lentivirus was collected and
particles concentrated with the addition of Lenti-X concentrator re-
agent (Clontech, Mountain View, CA). For COBL KD, separate vi-
ruses were prepared and concentrated for each shRNA KD plasmid
and then pooled together before transduction to achieve a suitable
KD. Lentivirus transduction of Ls174T-W4 cells and rescue of KD was
performed as described previously (Gloerich et al., 2012). Briefly,
cells were infected with lentiviral sShRNAs targeting human COBL on
two consecutive days. Two days after the second infection, cells
were seeded overnight in the absence or presence of doxycycline.
Cells were then prepared for microscopy or for SDS-PAGE and
immunoblotting. For rescue experiments, cells were transiently
transfected 2 d after the second infection using Lipofectamine 2000
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(Invitrogen), induced with 1 ug/ml doxycycline overnight, and fixed
the following morning for immunofluorescence.

Immunofluorescence
Cells were first washed once with warm phosphate-buffered sa-
line (PBS) and then fixed with 4% paraformaldehyde in PBS for 15
min at 37°C. After fixation, cells were washed three times with
PBS and permeabilized with 0.1% Triton X-100/PBS for 15 min at
room temperature. Cells were then washed three time with PBS
and blocked for 1 h at 37°C in 5% bovine serum albumin (BSA)/
PBS. Primary antibodies anti-COBL (1:100, HPA019033; Sigma-
Aldrich, St. Louis, MO), anti-syndapin-2 (1:200, HPA049854;
Sigma-Aldrich), or anti-GFP (1:200, GFP-1020; Aves Labs) were
diluted in PBS and incubated with cells at 37°C for 2 h, followed
by four washes with PBS. Cells were then incubated for 1 h with
goat anti-rabbit Alexa Fluor 488 (A11008; Invitrogen) and Alexa
Fluor 568-phalloidin (A12380; Invitrogen) at room temperature
(each at 1:200 in PBS). Coverslips were then washed four times
and mounted in ProLong Gold Antifade Mountant (P36930;
Invitrogen). Cells or tissue samples were imaged at low magnifica-
tion using a 40x objective on a TCS SP5 laser-scanning confocal
microscope (Leica) at the Vanderbilt Cell and Developmental
Biology Core, and SIM images were acquired using an Applied
Precision DeltaVision OMX (GE Healthcare, Pittsburgh, PA)
located in the Vanderbilt Cell Imaging Shared Resource and
processed using softWoRx software (GE Healthcare). High-magni-
fication confocal images of Ls174T-W4 cells were acquired on a
Nikon A1R confocal microscope equipped with 488- and 561-nm
excitation lasers and a 100x/1.49 numerical aperture (NA) Apo
total internal reflection fluorescence (TIRF) objective.
OCT-embedded mouse (anti-COBL) or human (anti-syndapin-2)
small intestinal tissue was cut into 5-pm-thick sections onto Super-
frost plus—coated slides (Fisher, Waltham, MA) and stored at —80°C.
For immunohistochemistry, slides were warmed to room tempera-
ture, and OCT was removed with three washes for 5 min each with
PBS supplemented with 50 mM ethylene glycol tetraacetic acid
(EGTA)-K; this buffer was used for all subsequent steps. Tissue was
then permeabilized with 0.3% Triton X-100 in PBS/EGTA for 5 min at
room temperature. After three washes, sections were blocked using
10% BSA in PBS/EGTA for 40 min at room temperature. Block was
removed with one wash, and sections were incubated in anti-COBL
(1:50, HPAO19167) or anti-syndapin-2 (1:100, HPA049854) antibod-
ies in PBS/EGTA overnight at 4°C. The next day, sections were
washed three times with PBS/EGTA and incubated for 1 h with goat
anti-rabbit Alexa Fluor 488 and Alexa Fluor 568-phalloidin at room
temperature (each at 1:200 in supplemented PBS). Slides were then
washed three times and mounted in ProLong Gold Antifade Moun-
tant and imaged using a Leica TCS SP5 laser-scanning confocal
microscope.

Drug treatments

Ls174T-W4 cells were plated on coverslips and allowed to ad-
here; 30 min before induction with 1 ug/ml doxycycline, cells
were incubated with 100 nM latrunculin A (L5163; Sigma-Aldrich),
30 puM cytochalasin B (C6762; Sigma-Aldrich), 250 nM jasplakino-
lide (J4580; Sigma-Aldrich), 50 pM CK-666 (SML0006; Sigma-
Aldrich), or 12.5 uM SMIFH2 (S4826; Sigma-Aldrich). After 6 h of
incubation with doxycycline and inhibitors, cells were fixed,
washed, and stained with Alexa Fluor 488-phalloidin (A12379;
Invitrogen), washed four times with PBS, and mounted on slides
using Prolong Gold Antifade Mountant. Cells were imaged as de-
scribed earlier.
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Microscopy

SIM was performed using an Applied Precision DeltaVision OMX
equipped with a 60x Plan-Apochromat N/1.42 NA objective and
processed using softWoRx software (GE Healthcare). Confocal mi-
croscopy was performed using either a Leica TCS SP5 laser-scan-
ning confocal microscope (fixed cells) or a Nikon A1R laser-scanning
confocal microscope (fixed and live cells). For live-cell imaging of
Ls174T-W4 cells, 1 d before imaging, cells were transfected in a T25
flask at 80% confluency using Lipofectamine 2000 as described by
the manufacturer (11668; Invitrogen). The next day, cells were plated
on glass-bottom dishes and allowed to adhere for 6 h. Imaging was
performed on a Nikon A1R confocal microscope equipped with
488- and 561-nm excitation lasers and a 100x/1.49 NA Apo TIRF
objective. Doxycycline was added to the media at 1 pg/ml just be-
fore image acquisition began. Cells were maintained in a humid en-
vironment at 37°C and 5% CO, using a stage-top incubation system
(Tokai Hit). Image acquisition was controlled with Nikon Elements
software.

Western blots

Samples were diluted with Laemmli sample buffer and heated at
95°C for 5 min, and equal volumes were loaded on a 4-12% Nu-
Page gradient gel (Invitrogen). Proteins were transferred in Towbin
buffer, pH 8.3, to nitrocellulose at 10 V overnight, which was subse-
quently blocked for 1 h in 5% milk-PBS. Primary antibodies against
COBL (1:250, HPA019167; Sigma-Aldrich), syndapin-2 (1:250,
HPA049854; Sigma-Aldrich) and glyceraldehyde 3-phosphate dehy-
drogenase (1:1000; Cell Signaling) were diluted in PBS containing
0.1% Tween-20 (PBS-T) and incubated with the membranes over-
night at 4°C. Membranes were washed four times with PBS-T and
then incubated with donkey anti-rabbit 800 IRdye (1:5000, 926-
32213; Li-Cor) for 30 min. Membranes were again washed four times
with PBS-T and imaged using a Li-Cor Odyssey infrared imaging
system. Images of membrane scans were cropped and contrast ad-
justed using ImageJ (National Institutes of Health, Bethesda, MD).

Plasmids and molecular biology

PENTR(tm)221 COBL (IOH536; Invitrogen) corresponding to full-
length human COBL was purchased and shuttled into a pEGFP-C1
vector (Clontech) adapted for Gateway cloning using the Gateway
conversion kit (Invitrogen) to generate pEGFPC1-COBL and verified
by sequencing. Using full-length COBL as template, PCR was used
to create the truncated fragment KABC (aa 1081-1261) with 5" Xhol
and 3’ BamHl sites, which allowed ligation into linearized pEGFP-C1
to create pEGFP-KABC. To generate pEGFP-WH2*, mutations
L1113A and L1166A were introduced into pEGFP-COBL using Qui-
kChange site-directed mutagenesis (Agilent, Santa Clara, CA). All
other EGFP-tagged truncation constructs, 1-1080, 1-KA (aa 1-1144),
1-KAB (aa 1-1202), KA (aa 1081-1144), KAB (aa 1081-1202), and
linker (aa 573-821), were generated using PCR with the full-length
COBL construct described earlier as template. PCR products were
first shuttled into pDONR/Zeo or pCR8/GW/TOPO, and then into a
Gateway-adapted pEGFP-C1 vector using Gateway cloning (Invitro-
gen). To generate a COBL construct refractory to KD, two silent mu-
tations per shRNA target were introduced into full-length COBL us-
ing site-directed mutagenesis. For COBL shRNA TRCN0000005530,
which targets COBL nucleotides (nts) 1840-1860, nt 1845 (t — c)
and nt 1851 (¢ — t) were mutated. For COBL shRNA
TRCNO000005531, which targets COBL nts 3208-3228, nt 3213 (a
— g)and nt 3219 (c — t) were mutated. These silent mutations were
also introduced into pEGFP-1-1080 and pEGFP-WH2*. Neither
shRNA targeted the KABC sequence. pmCherry-syndapin-2
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(mouse) was purchased from Addgene (27681; deposited by C.
Merrifield; Taylor et al., 2011), as were EGFP- and mCherry-tagged
variants of UtrCH (26737 and 26740, deposited by W. Bement;
Burkel et al., 2007). Syndapin-2 was then excised from pmCherry—
syndapin-2 using EcoRl and BamHI and ligated into pEGFP-C1 to
generate pEGFP-syndapin-2. All newly generated plasmids were
verified by sequencing.

Image analysis and quantification

Excluding line-scan analysis, all quantitative data are from at least
three experiments. For length, straightness, phalloidin intensity,
and microvillar coverage, the D’Agostino and Pearson omnibus
normality test was performed to determine whether the data were
normally distributed. Normally distributed data were statistically
analyzed using the unpaired Student'’s t test. If the data were not
normal, the Mann-Whitney U test was used to determine signifi-
cance. Statistical analyses performed are stated in the figure leg-
ends. All graphs were generated and statistical analyses per-
formed using Prism, version 6 (GraphPad, La Jolla, CA). All image
analysis was performed using ImageJ. For quantification of per-
centage of cells with BB, cells were scored as BB positive if they
displayed polarized F-actin accumulation as visualized using a 40x
objective on a Leica TCS SP5 confocal microscope. To perform
line-scan analysis, a line was drawn along the microvillar axis using
F-actin signal (visualized with phalloidin staining) as a reference;
the intensity of the COBL or syndapin-2 signal along that line was
then recorded. Intensities from individual line-scans were normal-
ized such that the maximum value was equal to 1. The length axis
from individual scans was also normalized such that the base of
the microvillus was set equal to 0 and the distal tip to 1. Normal-
ized line-scans were then plotted together and fit to a single
Gaussian using nonlinear regression (Prism, version 6); the result-
ing fit parameters revealed the position of peak localization (Lp)
along the microvillar axis. For perimeter analysis of live differenti-
ating Ls174T-W4 cells, a line beginning on the opposite side of
the cell from where the BB was formed was drawn along the pe-
rimeter of the cell, and the COBL and UtrCH intensities were plot-
ted along that line for each time point indicated. To measure in-
tensity over time in differentiating Ls174T-W4 cells, a 2.5-pym?
region of interest was drawn at the center of the base where the
BB formed, and the average intensity of that area for COBL and
UtrCH was plotted over time. Microvillar length measurements
were performed on projected SIM images by tracing individual
microvillar actin bundles using ImageJ. Microvillar straightness
was determined as the ratio between a straight line drawn directly
from the base to the tip of a microvillus and the actual length of
the protrusion. Microvillar phalloidin intensity was measured in
unprocessed images by drawing a line along the length of single
protrusion and averaging the intensity along that line. For analy-
ses in which individual microvilli were measured, 10 microvillar
actin bundles were scored per cell. Microvillar coverage, that is,
fraction of the cell perimeter occupied by microvilli, was deter-
mined from projected SIM images using ImageJ. In JEG-3 cells,
microvillar number was quantified in ImageJ by tracing an area of
a cell, counting the number of microvilli in that area for COBL-
overexpressing and untransfected cells, and then normalizing the
value to microvilli per 100 um?2. For measuring enrichment of
COBL and syndapin-2 at the base of the BB in Ls174T-W4 cells,
the base of the BB as determined by phalloidin staining was
traced with an eight-pixel-wide line, and the mean intensity of
both signals along that line was determined. The same line was
then moved to a region ~2 pm below the base of the BB (that did
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not include the nucleus), and the mean intensity of COBL and
syndapin-2 along that line was determined. BB:cytosol enrich-
ment was defined as the ratio of these two mean intensities.
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