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Nutrient-transporting enterocytes interact with their luminal
environment using a densely packed collection of apical micro-
villi known as the brush border. Assembly of the brush border is
controlled by the intermicrovillar adhesion complex (IMAC), a
protocadherin-based complex found at the tips of brush border
microvilli that mediates adhesion between neighboring protru-
sions. ANKS4B is known to be an essential scaffold within the
IMAC, although its functional properties have not been thor-
oughly characterized. We report here that ANKS4B is directed
to the brush border using a noncanonical apical targeting
sequence that maps to a previously unannotated region of the
scaffold. When expressed on its own, this sequence targeted to
microvilli in the absence of any direct interaction with the other
IMAC components. Sequence analysis revealed a coiled-coil
motif and a putative membrane-binding basic-hydrophobic
repeat sequence within this targeting region, both of which
were required for the scaffold to target and mediate brush bor-
der assembly. Size-exclusion chromatography of the isolated
targeting sequence coupled with in vitro brush border binding
assays suggests that it functions as an oligomer. We further
show that the corresponding sequence found in the closest
homolog of ANKS4B, the scaffold USH1G that operates in sen-
sory epithelia as part of the Usher complex, lacks the inherent
ability to target to microvilli. This study further defines the
underlying mechanism of howANKS4B targets to the apical do-
main of enterocytes to drive brush border assembly and identi-
fies a point of functional divergence between the ankyrin
repeat–based scaffolds found in the IMAC andUsher complex.

Intestinal enterocytes undergo an intricate morphogenic
program to become specialized to mediate nutrient absorption
in the gut. During terminal differentiation, each enterocyte
constructs a highly ordered array of;1000 lumen-oriented ap-
ical microvilli that are enriched in nutrient processing enzymes
and transport channels (1). Collectively these microvilli form
the intestinal brush border (BB), a cellular adaptation that alone
is responsible for nutrient uptake in the gut. Along with nutri-
ent absorption, BBmicrovilli also play an important role in bar-
rier function in the intestine. Enterocyte microvilli are coated
by a thick glycocalyx at their apical tips (2, 3) and also secrete

antimicrobial vesicles into the lumen of the intestine (4, 5). To-
gether, these structural and functional properties help ensure
the integrity of host tissue against potentially harmful toxins
and microbes that can be found in the gut lumen. The impor-
tance of the BB is underscored by the fact that genetic condi-
tions or acquired infections that perturb BB structure can be
life-threatening, as seen with microvillus inclusion disease (6)
and the attaching/effacing microbe enterohemorrhagic Esche-
richia coli (7).
A defining feature of the BB is its exquisite organization.

During BB assembly, microvilli pack together into near-perfect
hexagonal arrays, which allows for their maximum number to
be constructed on the apical surface of each enterocyte (1). Fur-
thermore, the lengths of microvilli are remarkably uniform
both within and across neighboring enterocytes. Investigations
into the mechanism underlying the assembly of the BB led to
the discovery of a protocadherin-based adhesion complex that
plays a key role in promoting BB organization (8). During con-
struction of the BB, physical adhesion between neighboring
microvilli controls their ordered packing. This adhesion is
mediated by a pair of protocadherins: CDHR2 (cadherin-
related family member 2; also known as protocadherin-24) and
CDHR5 (cadherin-related family member 5; also known as
mucin-like protocadherin) (8). These protocadherins reside at
the distal tips of BBmicrovilli and interact in trans via a hetero-
philic adhesion bond to create “intermicrovillar adhesion links”
that connect neighboring microvilli to control organization.
Correct targeting and function of these protocadherins require
a host of cytoplasmic factors. These factors include the two
scaffolding proteins USH1C (also known as Harmonin) and
ANKS4B (ankyrin repeat and sterile a-motif domain contain-
ing 4B), themyosin motor proteinMyo7b (Myosin-7b), and the
myosin light chain CALML4 (calmodulin-like protein-4) (8–
11). Altogether, these components are known as the intermi-
crovillar adhesion complex (IMAC).
Within the IMAC, ANKS4B forms a stable tripartite com-

plex with USH1C andMyo7b (9, 12, 13). In both in vitro recon-
stitution assays and cell-based experiments, these three IMAC
components interact to form dense condensates via liquid–liq-
uid phase separation (14). ANKS4B is comprised of an N-ter-
minal ankyrin-repeat domain (denoted here as ANKRmin), a
central unstructured region (CEN), and a C-terminal sterile
a-motif (SAM) ending in a PDZ-binding motif (PBM).
ANKS4B uses its SAM–PBM domain to bind USH1Cwith high
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affinity (Kd = ;4 nM), whereas its CEN domain interacts with
Myo7b with moderate affinity (Kd =;1 mM) (13). In contrast, a
binding partner for the ANKRmin domain has not been identi-
fied to date. Loss of ANKS4B has a striking effect on CACO-
2BBE cells, an enterocyte model system that uses the IMAC to
construct a near tissue-like apical BB after a prolonged period
in culture (8, 15). ANKS4B knockdown (KD) CACO-2BBE cells
have severely disrupted BBs that exhibit a lower density of mi-
crovilli that are both disheveled in organization and lack uni-
form length (9). The protein levels of the remaining IMAC
components are also markedly reduced in ANKS4B KD cells,
suggesting that ANKS4B plays a crucial role in stabilizing the
mature adhesion complex. The closest homolog to ANKS4B is
the scaffold USH1G (also known as Sans) (16). USH1G is a
component of the Usher complex, an adhesion complex ho-
mologous to the IMAC that is most well-studied for its role in
forming the “tip links” that connect adjacent stereocilia on the
surface of mechanosensory hair cells of the inner ear (17). In
addition to USH1G, the Usher complex is comprised of the ad-
hesion molecules CDH23 (cadherin-23) and PCDH15 (proto-
cadherin-15), the scaffold USH1C, and themotorMyo7a (Myo-
sin-7a) (18). Loss of any component of the Usher complex
results in USH1, a severe form of deaf-blindness in humans (17,
19–24). Interestingly, USH1C overlaps as a component in both
the IMAC and the Usher complex. In agreement with this,
USH1 patients with genetic defects in USH1C have been
reported to also suffer from severe inflammatory enteropathy
in addition to the typical neurosensory deficits associated with
the disease (20, 25).
In this study we sought to further characterize the functional

properties of ANKS4B within the IMAC. Toward this goal, we
used CACO-2BBE cells to perform structure–function studies
and discovered that ANKS4B localizes to apical microvilli using
a cryptic targeting sequence found in a previously unannotated
region of the protein. Although this sequence does not display
any overt homology to other known canonical structured
domains, our functional analysis identified a number of con-
served sequence motifs within this region of ANKS4B that
were essential for apical targeting of the scaffold. Importantly,
this targeting sequence localized to apical microvilli independ-
ent of a direct interaction with the other known IMAC compo-
nents and was required for the function of ANKS4B in promot-
ing BB assembly during enterocyte polarization. We further
show the apical targeting ability of this sequence represents a
possible point of functional divergence between the ankyrin
repeat-based scaffolds that operate in the IMAC and the Usher
complex. Together, these data reveal that ANKS4B exhibits
characteristics that may allow it to function as the “primordial”
scaffold that targets the IMAC to the apical domain of entero-
cytes to drive BB assembly.

Results

Apical targeting of ANKS4B correlates with BB assembly

CACO-2BBE cells construct a well-ordered apical BB when
allowed to polarize for extended periods in cell culture (15).
During this process, microvilli assemble into organized clusters
on the apical surface as a result of the adhesion activity of the

IMAC (8). To gain insight into the functional properties of
ANKS4B during BB assembly, we followed the expression pro-
file of this IMAC scaffold by immunoblot analysis across a de-
velopmental time series of CACO-2BBE cells. We have previ-
ously shown that all the other known IMAC components are
largely absent from the early time points of CACO-2BBE cell de-
velopment (8, 11), with protein levels only beginning to accu-
mulate at the onset of BB assembly (Fig. 1A; see CALML4 as
example). In contrast, ANKS4B could be detected across all
time points of our developmental time series (Fig. 1A). Interest-
ingly, ANKS4B exhibited a laddered appearance by immuno-
blot analysis, with multiple higher-molecular-mass species
being detected. The dominant band in fully polarized cells was
the lowest-mass species, which migrated at an apparent molec-
ular mass of ;52 kDa (Fig. 1A, arrow), slightly larger than the
theoretical mass of 46.6 kDa for ANKS4B. After day 2, this
lower-mass species rapidly increased in quantity to end up con-
stituting ;95% of the total ANKS4B signal detected in mature
cells (days 14–21). Although the nature of the higher mass
species of ANKS4B remains unknown, we noted that these
bands tended to collapse when samples were reheated multiple
times. This may suggest that they represent oligomers of the
scaffold that are partially resistant to disruption by heating and
detergent.
To further explore how ANKS4B behaves during CACO-

2BBE differentiation, we stained for endogenous ANKS4B in
CACO-2BBE cells across a similar polarization time course. For
this analysis, we assessed the relative enrichment of ANKS4B in
the apical domain compared with the total cellular signal at
each time point (Fig. 1B; see also Fig. S1A for demarcation
examples). During the early stages of BB development (days 0–
2), apical microvilli appeared small and did not organize into
distinct clusters that would be indicative of active IMACwithin
these protrusions (Fig. 1C). In agreement with this, ANKS4B
was largely absent from the apical domain at the beginning of
polarization, appearing mostly as distinct puncta within the
cytoplasm (Fig. 1, B and C, day 0 cells, arrows). We did observe
discrete examples of individual cells that appeared to have
more pronounced microvilli that displayed some apical target-
ing of ANKS4B (see asterisk in the zoomed panel, day 2 cells),
although cells with these characteristics were relatively rare at
early time points. ANKS4B became rapidly enriched in the api-
cal BB at the first appearance of clustering of microvilli at day 4;
however, targeting of the scaffold was not exclusively restricted
to the distal tips of microvilli (Fig. 1C, day 4). Indeed, microvilli
at this time point were relatively small and immature and only
formed rudimentary clusters that were not well-organized.
Clear targeting to the distal tips of BB microvilli typically
appeared at time points of day 6 and beyond, with microvilli
forming well-structured clusters that organized into various
patterns as previously seen with this cell line (Fig. 1C, days 6–
14) (8, 10).
To investigate the in vivo apical targeting properties of

ANKS4B, we stained mouse duodenal tissue sections and
imaged the scaffold across the crypt–villus axis, which allowed
us to visualize the entire life cycle of enterocytes in a single tis-
sue section (Fig. S1B). As a marker for BBmicrovilli, we used an
antibody that specifically recognizes the active phosphorylated
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form of Ezrin–Radixin–Merlin (ERM) family members that
function as cytoskeletal-membrane cross-linkers (26). Ezrin is
the principal ERM protein expressed in the gut epithelia (27,

28), with the active phosphorylated form (pThr567) found
highly enriched in BB microvilli along the entire crypt–villus
axis (29). We first used the phospho-ERM signal to assess the

Figure 1. Expression and localization of ANKS4B across a polarization time course in CACO-2BBE cells. A, immunoblot analysis of a CACO-2BBE differen-
tiation time series for expression of ANKS4B and CALML4. GAPDH served as a loading control. ANKS4B is detected across the entire time series as multiple
bands, with the lowest-mass species (denote by an arrow) exhibiting a marked increase in total cellular levels during polarization. B, scatter plot quantification
of the apical:total signal ratio of endogenous ANKS4B across a differentiation time series in CACO-2BBE cells. ANKS4B becomes apically enriched at the onset of
cell polarization and BB assembly. The data are derived from three independent immunostaining experiments. At least 25 apical:total signal ratio data
points were collected from cells for each plot variable. ns, not significant. *, p , 0.01; ***, p , 0.0001, t test. Bars indicate means 6 S.D. C, confocal
images of CACO-2BBE cells stained for endogenous ANKS4B (green) and F-actin (red) across a differentiation time series. The boxed regions in en face
views denote areas in the zoomed panels. The dashed lines indicate the positions where the x–z sections were taken. The arrows in the x–z sections
point to examples of localization. The boxed regions in the x–z sections show zoomed examples of localization. The asterisk in the day 2 zoomed panel
denotes a cell with apical ANKS4B. Scale bars, 20 mm.
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relative length of microvilli, and hence their maturity, along the
crypt–villus axis in our tissue sections (Fig. S1C, see top panel
for examples of length demarcations). Microvilli found in the
crypt domain and at the villus base were short and immature
(Fig. S1, B andD). Microvillar length rapidly increased until the
mid-villus position, where it reached a mature length of ;1.8
mm toward the distal position of the villus (Fig. S1D). Confocal
imaging revealed ANKS4B expression in both mature entero-
cytes on the villus surface and differentiating cells that reside in
the crypt (Fig. S1B). However, the immature microvilli within
the crypt were largely devoid of apical ANKS4B signal. Calcula-
tion of the ratio of apical to cytosolic signal of ANKS4B in
enterocytes along the crypt–villus axis demonstrated that
ANKS4B becomes apically enriched just prior to the entero-
cytes emerging from the crypt domain onto the villus surface
(Fig. S1E; see also Fig. S1C, bottom panels for examples of cell
compartment demarcations). Even at this early stage, ANKS4B
signal could be seen at the distal tips of these still immature BB
microvilli. Similar to microvillar length, apical signal of
ANKS4B increased until the mid-villus position, where it
reached its stable level of;10-fold enrichment over the cyto-
sol (Fig. S1E). Together, these results suggest that ANKS4B
targets to the apical domain of enterocytes after the initial
genesis of BB microvilli, consistent with its proposed role in
organizing microvilli during BB assembly.

ANKS4B utilizes a cryptic targeting sequence to localize to the
BB

It was previously shown that an N-terminal fragment (aa 1–
252) of ANKS4B, containing the conserved ankyrin repeat do-
main, exhibited robust targeting to the BB when expressed as
an EGFP-fusion protein in CACO-2BBE cells (9). To begin to
characterize the underlying mechanism governing apical tar-
geting of ANKS4B, we performed a more refined structure–
function analysis of this region of the scaffold. We divided the
N-terminal fragment into two separate constructs: the pre-
dicted minimal ankyrin repeat domain (referred to as ANKR-
min; aa 1–126) and a construct containing the unannotated
sequence connecting the ANKRmin to the CEN domain, which
we refer to as the Linker segment (LK; aa 119–252) (Fig. 2A). A
cursory analysis of this LK segment using the PROSITE data-
base revealed no similarity to any recognizable structured do-
main (30). We stably expressed these constructs as EGFP-
fusion proteins in CACO-2BBE cells, along with full-length and
the N-terminal fragment (denoted here as ANKR–LK) of
ANKS4B for reference. The cells were cultured for 12 days to
allow them to form a well-structured BB before imaging. As
previously seen, the ANKR–LK fragment of ANKS4B displayed
an enhanced ability to target to apical microvilli compared with
full-length ANKS4B (Fig. 2, B, C, and G; see Fig. S2, A–C, for
representative examples of cells displaying high efficiency tar-
geting, low efficiency targeting, and no targeting). In contrast,
the isolated ANKRmin domain exhibited low level apical target-
ing and did not recapitulate levels seen with the entire ANKR–
LK construct (Fig. 2,D andG). This suggests that the ANKRmin

domain likely only plays an ancillary role in localizing ANKS4B
to apical microvilli. Surprisingly, the isolated LK segment

exhibited striking targeting to the BB that fully recapitulated
the levels seen with the entire ANKR–LK fragment (Fig. 2, E
andG). Importantly, we observed no significant apical targeting
of EGFP alone when expressed in CACO-2BBE cells (Fig. 2, F
andG).
We next sought to determine whether apical targeting of the

LK segment correlated with the appearance of clustering mi-
crovilli on the surface of CACO-2BBE cells, which would be in-
dicative of active IMAC in these protrusions. For this analysis,
we binned EGFP–LK–positive cells according to their expres-
sion levels of the fusion protein (either low or high) and
whether they exhibited either clustering or nonclustering mi-
crovilli (see Fig. S3, A and B, for representative examples). As a
control, we used CACO-2BBE cells expressing CDHR2–EGFP,
which potently induces microvillar clustering (Fig. S3C) (8).
Although CDHR2–EGFP expression was strongly associated
with the appearance of microvillar clustering, we observed that
high levels of apical EGFP–LK could often be seen in cells that
had disorganized nonclustering microvilli (Fig. 3A and Fig.
S3A). This suggests that the isolated LK segment on its own
does not recruit active IMAC to protrusions to induce micro-
villar clustering. This led us to question whether a variant of
ANKS4B lacking the LK segment could still support IMAC-
mediated microvillar clustering. It has previously been shown
that the loss of ANKS4B in CACO-2BBE cells abolishes micro-
villar clustering (9), demonstrating that ANKS4B is strictly
required for IMAC function (Fig. S3, D and E). To test the im-
portance of the LK segment in ANKS4B function during BB as-
sembly, we stably expressed EGFP-tagged KD refractory ver-
sions of full-length and ANKS4B DLK in our ANKS4B KD
CACO-2BBE cells. Although full-length ANKS4B was able to
successfully rescue microvillar clustering, the variant lacking
the LK segment failed to both target to the apical domain and
rescue microvillar clustering (Fig. 3, B and C). In sum, these
results identify a previously unappreciated apical targeting
sequence in ANKS4B that is required for the function of the
scaffold in IMAC-mediated BB assembly.

ANKS4B LK segment targeting does not perturb endogenous
IMAC components

Endogenous ANKS4B targets to the distal tips of BB micro-
villi where it is a component of the cytoplasmic complex associ-
ated with CDHR2 (9). ANKS4B forms a stable tripartite com-
plex with Myo7b and USH1C, with USH1C further associating
with the cytoplasmic tail of CDHR2 to promote correct distal
tip targeting of this protocadherin (Fig. S4A) (9). We ques-
tioned whether the LK segment of ANKS4B exhibited similar
distal tip-targeting properties compared with endogenous
IMAC components. To assess this, we performed line-scan
analysis to determine the distribution of EGFP–LK along the
axis of microvilli from CACO-2BBE cells stably transduced with
this construct. We used EPS8L3 (epidermal growth factor re-
ceptor kinase substrate 8-like protein 3) as a control, which
served as an example of a non-IMAC protein that targets to the
distal tips of microvilli. EPS8L3 is highly expressed in the enter-
ocyte BB (31), where it functions to cap the plus-ends of F-actin
filaments (32). Although overexpressed EGFP-EPS8L3 targeted

Apical targeting determinants of ANKS4B

J. Biol. Chem. (2020) 295(36) 12588–12604 12591

https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1
https://www.jbc.org/cgi/content/full/RA120.013790/DC1


exclusively to the distal tips of BB microvilli, line-scan analysis
of EGFP–LK revealed that it was found along the entire micro-
villar axis (Fig. S4B), mirroring the distribution of F-actin in
microvilli.
We further explored whether overexpression of EGFP–LK

could perturb the normal targeting of CDHR2 and its associ-

ated cytoplasmic complex, perhaps functioning as a dominant
negative against correct tip targeting of the IMAC. We stained
our stable EGFP–LK CACO-2BBE cell line for endogenous
CDHR2, USH1C, CALML4, and Myo7b and performed line-
scan analysis to determine the relative localization of the EGFP
signal compared with the endogenous IMAC components.

Figure 2. Identification of an apical targeting sequence in ANKS4B. A, constructs used to map the apical targeting sequence of ANKS4B. B–F, confocal
images of 12-day polarized CACO-2BBE cells stably expressing various EGFP-tagged ANKS4B constructs. The ANKS4B LK segment exhibits robust apical target-
ing. The boxed regions denote areas in the zoomed panels for each image set. The dashed lines indicate the positions where the x–z sections were taken; the
x–z sections are shownbelow each en face image. Scale bars, 10mm.G, scatter plot quantification of the BB:cytosol ratios of EGFP signal for all EGFP-fusion con-
structs tested. The data are derived from three independent immunostaining experiments; at least 30 BB:cytosol ratio data points were collected from cells for
each plot variable. ns, not significant. *, p, 0.01; ***, p, 0.0001, t test. The bars indicatemeans6 S.D.
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Confocal imaging of these samples revealed that the distal tip
targeting of endogenous IMAC components were not impacted
by the overexpression of EGFP–LK (Fig. 4, A–D). In agreement
with this, protein pulldown analysis did not detect an interac-
tion between the LK segment and CDHR2, CDHR5, USH1C, or
Myo7b (Fig. S4, C–E). Interestingly, our pulldown analysis did
reveal that the LK segment was able to interact with itself,
although this interaction was masked in the full-length protein

by the presence of the ANKRmin domain (Fig. 5A). To assess
whether apical targeting of the LK segment was due to an inter-
action with endogenous ANKS4B, we stained our stable
EGFP–LK CACO-2BBE cell line using a mAb that specifically
recognizes the CEN domain of ANKS4B and does not cross-
react with the LK segment (Fig. S5). Identical to the other
CDHR2-associated factors, endogenous ANKS4B was not dis-
placed from the distal tips of BBmicrovilli when EGFP–LK was

Figure 3. ANKS4B LK segment does not inducemicrovillar clustering but is required for ANKS4B function in BB assembly. A, quantification of microvil-
lar clustering as a function of EGFP–LK (n = 356 cells) or CDHR2–EGFP expression levels (n = 367 cells) in 12-day polarized CACO-2BBE monolayers. Although
CDHR2–EGFP expression potently induced microvillar clustering, the EGFP–LK expression did not promote microvillar clustering. ***, p , 0.0001, t test. The
bars indicate means 6 S.D. B, quantification of microvillar clustering in nontransduced, scramble, ANKS4B KD, and ANKS4B rescue CACO-2BBE cell lines. The
cells were allowed to polarize for 12 days. The ANKS4B LK segment is essential for the ability of the scaffold to support IMAC-mediated microvillar clustering
and BB assembly. For quantification of rescue cell lines, only EGFP-positive cells were scored: scramble control, n = 384 cells; ANKS4B KD, n = 345 cells; ANKS4B KD
rescue EGFP–ANKS4B, n = 256 cells, ANKS4B KD rescue EGFP–ANKS4BDLK, n = 287 cells. ns, not significant. ***, p, 0.0001, t test. The bars indicatemeans6 S.D. C,
confocal images of 12-day polarized CACO-2BBE cells stably expressing either a scramble shRNA construct, an shRNA targeting ANKS4B (KD 45), or an shRNA target-
ing ANKS4B (KD 45) alongwith refractory variants of EGFP–ANKS4BWT or EGFP–ANKS4BDLK. The cells were stained for F-actin (red) and either ANKS4B (green) for
scramble and KD cell lines or EGFP (green) for rescue lines. The refractory variant of ANKS4B lacking the LK segment fails to rescue microvillar clustering in ANKS4B
KD cells. The boxed regions denote areas in the zoomed panels for each image set. Scale bars, 20mm.
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overexpressed (Fig. 5B). We further confirmed that targeting of
the isolated ANKS4B LK sequence was not dependent upon
interaction with endogenous ANKS4B by expressing the
EGFP–LK construct in our ANKS4B KD cell line. Consistent
with our previous data, the EGFP–LK localized to the BB in the
ANKS4B KD background (Fig. 5C). Altogether, these results
suggest that the ANKS4B LK segment exhibits the ability to tar-

get to the BB independent of a direct interaction with the other
known IMAC components.

Analysis of the ANKS4B LK segment reveals sequence motifs
necessary for apical targeting

To begin to shed light on the structural determinants that
promote apical targeting of the ANKS4B LK segment, we

Figure 4. ANKS4B LK segment does not perturb distal tip targeting of endogenous IMAC components. A–D, left panels, confocal images of 12-day polar-
ized CACO-2BBE monolayers expressing EGFP–LK stained for EGFP (green) and endogenous IMAC components (red): CDHR2, USH1C, CALML4, and Myo7b.
Components of the IMAC retain their localization at the distal tips of BB microvilli even when the LK segment of ANKS4B is overexpressed. The boxed regions
denote areas in the zoomed panels. Scale bars, 20 mm. Right panels, line-scan analysis of EGFP (green) and endogenous IMAC component (red) signal intensity
collected parallel to the microvillar axis in EGFP–LK CACO-2BBE cells. Microvillar length has been normalized (Norm.), where 0 = base of microvilli, and 1 = distal
tip of microvilli. Each plot shows a collection of at least six normalized scans for each signal channel.
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performed a detailed sequence motif analysis of this region of
the scaffold. We detected a potential coiled-coil (CC) at the be-
ginning of the LK segment (Fig. 6, A and D) followed by a
sequence rich in serine residues, which we dubbed the serine-
rich patch (SRP; Fig. 6, B and D). Finally, a basic-hydrophobic
(BH) score algorithm (33) detected a putative basic-hydropho-
bic-basic (BHB) membrane-binding repeat sequence motif
directly after the SRP (Fig. 6, C and D). When expressed as
EGFP-fusion proteins in CACO-2BBE cells, however, no one
sequence motif from the ANKS4B LK segment was able to tar-
get efficiently to the BB (Fig. 6, A–C and E). Both the SRP and
BHB were found largely in the cytosol, whereas the CC motif
accumulated in the nucleus. Furthermore, CC–SRP or SRP–
BHB concatenations also did not recapitulate the level of tar-
geting seen with the full LK segment, although the SRP–BHB
fragment did display a slight enrichment in microvilli (Fig. S6,
A–E).
We probed the importance of these motifs for ANKS4B api-

cal targeting using a series of internal deletion mutants lacking
these individual sequences (Fig. S6F). The apical targeting abil-
ity of these internal deletion constructs were assessed com-
pared with both full-length and ANKS4B DLK constructs (Fig.
S6F). Deletion of the CC and BHB motifs resulted in dimin-

ished targeting of ANKS4B, whereas deletion of the SRP had
less of an effect (Fig. S6,G–L). Interestingly, internal deletion of
the SRP often resulted in the protein becoming restricted to the
distal tips of BB microvilli. Taken together, these results dem-
onstrate that the CC and BHB motifs are necessary for the tar-
geting activity of the ANKS4B LK segment, whereas the SRP
could possibly play a role in regulating incorporation of
ANKS4B specifically at the distal tips of BB microvilli.

The USH1G LK segment lacks the ability to target to the BB

The functional homolog of ANKS4B that operates in sensory
epithelia as part of the Usher complex is the scaffold USH1G.
ANKS4B and USH1G have an identical domain structure and
exhibit an overall sequence identity of 48% (Fig. S7A). The
highest identity is found between the ANKRmin domains of the
two scaffolds (;70%), whereas the LK segments have the lowest
identity at ;24%. Homologous to ANKS4B, USH1G uses its
CEN domain to bind to Myo7a with moderate affinity,
whereas its SAM–PBM domain interacts with USH1C with
low-nanomolar affinity (12, 13). Given the appreciable
homology between ANKS4B and USH1G, we performed a
structure–function analysis of the different domains of USH1G
to assess whether the BB-targeting ability has been conserved

Figure 5. ANKS4B LK segment apical targeting does not depend on interaction with endogenous ANKS4B. A, testing for binding interactions between
ANKS4B LK segment and the domains of ANKS4B. FLAG-taggedmNEON-LK served as bait, whereas EGFP-tagged ANKS4B fragments served as prey. The blots
show that the LK segment of ANKS4B can interact with itself. B, top panels, confocal image of 12-day polarized CACO-2BBE monolayers expressing EGFP–LK
stained for EGFP (green) and endogenous ANKS4B (red). Endogenous ANKS4B retains its localization at the distal tips of BB microvilli even when the LK seg-
ment of ANKS4B is overexpressed. The boxed region denotes the area in the zoomed panel. Scale bar, 20 mm. Bottom panel, line-scan analysis of EGFP (green)
and endogenous ANKS4B (red) signal intensity collected parallel to the microvillar axis in EGFP–LK CACO-2BBE cells. Microvillar length has been normalized
(Norm.), where 0 = base of microvilli, and 1 = distal tip of microvilli. Each plot shows a collection of at least six normalized scans for each signal channel. C, con-
focal image of 12-day polarized CACO-2BBE cells stably expressing an shRNA targeting ANKS4B (KD 45) along with EGFP–LK. The cells were stained for F-actin
(red) and EGFP (green). The EGFP–LK construct still retains the ability to target to the BB in the absence of endogenous ANKS4B. The boxed region denotes the
area in the zoomed panel. The dashed line indicates the position where the x–z section was taken; The different channels along with a merge image of the x–z
section are shown to the right. Scale bars, 20mm.
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between these two scaffolds (Fig. 7A). When expressed as an
EGFP fusion in CACO-2BBE cells, full-length USH1G exhibited
a low-level ability to target to the BB (Fig. 7, B and H). Analysis
of the individual domains suggests that this targeting is primar-
ily mediated by the conserved ANKRmin domain (Fig. 7, C–F
and H). In stark contrast to ANKS4B, the LK segment of
USH1G failed to target to the BB and was found enriched in the
nucleus (Fig. 7, D and H). Sequence analysis of the USH1G LK
segment revealed a weakly predicted CCmotif and a region cor-

responding to the SRP found in ANKS4B (Fig. S7, B and C). A
potential BHB motif was also detected in the same position as
the ANKS4B BHB motif; however, its BH score is significantly
lower compared with ANKS4B (Fig. S7D). To confirm that
divergence in the LK segment of USH1G underlies its inability
to efficiently target to the enterocyte apical domain, we created
a chimera in which we swapped the LK segment of ANKS4B
into USH1G (Fig. 7A). As expected, this chimera exhibited
enhanced targeting to apical microvilli (Fig. 7,G andH).
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We further used a chimeric approach to explore how differ-
ences in the CC and BHB motifs between ANKS4B and
USH1G impact apical targeting (Fig. 8A). When the ANKS4B
CCmotif was fused to an USH1G SRP–BHB fragment, this chi-
mera exhibited a moderate increase in apical targeting com-
pared with USH1G LK (Fig. 8, B and F). In contrast, a signifi-
cantly higher level of apical targeting was observed when the
USH1G CC motif was fused to an SRP–BHB fragment of
ANKS4B (Fig. 8, C and F). Given that we saw that the ANKS4B
SRP sequence has a more dispensable role in apical targeting
(Fig. S6K), these results suggest that differences in the BHB
motif between ANKS4B and USH1G may represent a point of
specialization of ANKS4B that allows it to target to BB micro-

villi in the gut. To directly test the importance of the ANKS4B
BHB motif, we performed a sequence alignment of the LK seg-
ment of ANKS4B orthologs across a diverse set of species to
identify highly conserved residues within the BHB motif that
might be important for its apical targeting properties (Fig.
S8A). This analysis revealed a core set of basic and hydrophobic
residues found in this motif that are widely conserved. Strik-
ingly, mutation of a single conserved basic residue within this
cluster was enough to perturb apical targeting of the ANKS4B
LK segment (Fig. 8, D, E, and G). Mutating both hydrophobic
and basic positions in the BHB motif of ANKS4B lowered the
BH score to the same level as USH1G (Fig. S8B) and completely
abolished apical targeting of the ANKS4B LK segment (Fig. S8,

Figure 6. Sequence analysis of the ANKS4B LK segment identifies structural motifs. A, left panel, analysis of ANKS4B with the CC prediction program
COILS, which identifies a potential coiled-coil motif at the beginning of the LK segment. Right panel, confocal image of a 12-day polarized CACO-2BBE mono-
layer expressing EGFP–ANKS4B CC stained for EGFP (green) and F-actin (red). The isolated CC motif fails to target to the apical domain when expressed in
CACO-2BBE cells. The boxed region denotes the area in the zoomed panel. The dashed line indicates the position where the x–z section was taken; the x–z sec-
tion is shown below the en face image. Scale bar, 15 mm. B, left panel, analysis of the relative Ser content of ANKS4B, which identifies a region rich in Ser resi-
dues (arrow) that follows the CCmotif. Right panel, confocal image of a 12-day polarized CACO-2BBEmonolayer expressing EGFP–ANKS4B SRP stained for EGFP
(green) and F-actin (red). The isolated SRP motif fails to target to the apical domain when expressed in CACO-2BBE cells. The boxed region denotes the area in
the zoomed panel. The dashed line indicates the position where the x–z section was taken; the x–z section is shown below the en face image. Scale bar, 15 mm.
C, left panel, analysis of ANKS4B using a BH score algorithm identifies a potential BHBmotif (arrow) following the SRP sequence. Right panel, confocal image of
12-day polarized CACO-2BBE monolayer expressing EGFP–ANKS4B BHB stained for EGFP (green) and F-actin (red). The isolated BHB motif fails to target to the
apical domain when expressed in CACO-2BBE cells. The boxed region denotes the area in the zoomed panel. The dashed line indicates the position where the
x–z section was taken; the x–z section is shown below the en face image. Scale bar, 15mm.D, cartoon showing the revised domain structure of ANKS4B. E, scat-
ter plot quantification of the BB:cytosol ratios of EGFP signal for all EGFP-fusion constructs tested. Nomotif found in the LK segment of ANKS4B exhibits apical
targeting on its ownwhen expressed in CACO-2BBE cells. The data are derived from three independent immunostaining experiments. At least 25 BB:cytosol ra-
tio data points were collected from cells for each plot variable. ***, p, 0.0001, t test. The bars indicatemeans6 S.D.

Figure 7. Structure–function analysis of the Usher complex scaffold USH1G in CACO-2BBE cells. A, constructs used to assess the BB-targeting ability of
the Usher complex scaffold, USH1G. B–G, confocal images of 12-day polarized CACO-2BBE cells stably expressing EGFP-fusion constructs tested. USH1G exhibits
low-level targeting to the apical domain when expressed in CACO-2BBE cells because of a divergence in its LK sequence compared with ANKS4B. The boxed
regions denote areas in the zoomed panels for each figure. The dashed lines indicate the positions where the x–z sections were taken. The x–z sections are
shown below each en face image. Scale bars, 10 mm. H, scatter plot quantification of the BB:cytosol ratios of EGFP signal for all EGFP-fusion constructs tested.
The data are derived from three independent immunostaining experiments. At least 50 BB:cytosol ratio data points were collected from cells for each plot vari-
able. ***, p, 0.0001, t test. The bars indicatemeans6 S.D.
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C and D). In sum, these results identify a functional divergence
betweenANKS4B andUSH1G and further highlight the impor-
tance of the putative membrane-binding BHB motif in the api-
cal targetingmechanism of ANKS4B.

Recombinant ANKS4B LK segment forms a functional
oligomer

To begin to investigate the biophysical properties of the LK
segment of ANKS4B, we attempted to express and purify
recombinant ANKS4B LK from bacteria to test its oligomeriza-
tion properties. Although the isolated LK segment on its own
expressed poorly in bacteria, we discovered that fusing this
fragment of ANKS4B to a mNEON tag allowed for soluble
fusion protein to be recovered in quantities amenable to analy-
sis (Fig. 9A and Fig. S9A). We explored the oligomeric state of
mNEON–ANKS4B LK using size-exclusion chromatogra-
phy. As controls, we used mNEON alone, which is mono-
meric (34), and mNEON fused to the CCmotif of Myosin-10
(Myo10 CC), which forms an antiparallel dimer in solution
(35). Both controls expressed well and were purified to near
homogeneity (Fig. 9A and Fig. S9B). An added advantage of
using Myo10 CC as a control is that it is similar in molecular
weight compared with the LK segment of ANKS4B (Fig. 9A),
which allowed us to make a direct comparison between their
behavior. We observed that mNEON–ANKS4B LK eluted
with a similar value from the size-exclusion column com-

pared with mNEON–Myo10 CC, suggesting that the LK
segment was also an oligomer (Fig. 9, B and C). Together,
these data are consistent with our pulldown results (Fig. 5A)
showing that the ANKS4B LK segment can form an
oligomer.
To assess whether this recombinant ANKS4B LK segment

protein was biologically active, we incubated the purified
mNEON–ANKS4B LK protein with BBs isolated from polar-
ized CACO-2BBE cells (11). BBs were subsequently recovered af-
ter protein incubation using low-speed centrifugation, washed
numerous times to remove unbound protein, and visualized for
NEON signal using a blue light transilluminator. As a control,
we used mNEON alone, which does not target to the apical do-
main when expressed in CACO-2BBE cells. In contrast to our
mNEON alone control, we observed robust mNEON–ANKS4B
LK signal associated with the final BB pellet (Fig. 9D).We noted,
however, that the mNEON–ANKS4B LK signal was relatively
unstable (especially at room temperature), possibly being lost
because of degradation. We observed similar behavior during
our initial attempts to assess the oligomeric state of the protein
when we ran our size-exclusion column at room temperature
(Fig. S9C). Under these conditions, the recombinant mNEON–
ANKS4B LK protein eluted primarily as degradation products
(Fig. S9D). In sum, these data suggest that the recombinant oli-
gomeric ANKS4B LK protein can functionally associate with
BBs.

Figure 8. The BHB motif of ANKS4B is essential for ANKS4B LK segment targeting. A, diagram of the constructs used to interrogate the apical targeting
contribution of motifs found in the ANKS4B LK segment through chimeric and point mutation (arrow) analysis. B–E, confocal images of 12-day polarized
CACO-2BBE cells stably expressing EGFP-fusion constructs tested. The BHB motif plays an essential role in apical targeting. The boxed regions denote areas in
the zoomed panels for each figure. The dashed lines indicate the positions where the x–z sections were taken; the x–z sections are shown below each en face
image. Scale bars, 10 mm. F and G, scatter plot quantification of the BB:cytosol ratios of EGFP signal for all EGFP-fusion constructs tested. The data are derived
from three independent immunostaining experiments. At least 50 BB:cytosol ratio data points were collected from cells for each plot variable. ***, p, 0.0001,
t test. The bars indicatemeans6 S.D.
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Discussion

Currently, little is known about how the IMAC targets to and
assembles in the apical domain of enterocytes during their
polarization program. We previously observed that formation
of a tripartite complex between ANKS4B, USH1C, and Myo7b
occurs in an ordered manner, in which USH1C first activates
both ANKS4B and Myo7b to allow for stable tripartite binding
interactions (9). In agreement with this, ANKS4B and Myo7b
both fail to target to apical microvilli in USH1C KOmice, result-
ing in severe BB assembly defects in this mouse model (8, 9). This
may explain why patients with genetic defects in USH1C have

been reported to suffer from severe inflammatory enteropathy
with intractable diarrhea (20). In the absence of functional
USH1C, the IMAC is unable to promote correct assembly of the
intestinal BB, which could lead to perturbed barrier function in
the gut. We undertook the present study to further explore the
molecular determinants that mediate apical assembly of the
IMAC, focusing on the contribution of the scaffold ANKS4B.

The role of BHB motifs in cellular localization

Weused structure–function analysis to define a region of the
scaffold ANKS4B that specifically targets to BB microvilli. Our

Figure 9. The LK segment of ANKS4B forms an oligomer. A, Coomassie Blue–stained SDS-PAGE analysis of mNEON–ANKS4B LK, mNEON–Myo10 CC, and
mNEON alone. B, elution profile of the size-exclusion chromatography of purified recombinant mNEON–ANKS4B LK, mNEON–Myo10 CC, and mNEON alone.
mNEON–ANKS4B LK elutes with a similar value compared with mNEON–Myo10 CC, which forms an antiparallel dimer in solution. RU, relative units. C, Coomas-
sie Blue–stained SDS-PAGE analysis of the eluate peak from mNEON–ANKS4B LK size-exclusion chromatography. D, incubation of mNEON alone (top panels)
or mNEON–ANKS4B LK protein (bottom panels) with BBs that were isolated from 21-day polarized CACO-2BBE cells. NEON signal is visualized used a blue light
transilluminator. For both mNEON alone and mNEON–ANKS4B LK, BBs were incubated with 100mg of purified recombinant protein for 20 min. BBs were then
recovered andwashed five times to remove unbound protein. The flow-through (FT) supernatant of the initial incubation mixture, and supernatant from each
wash (W1–W5) is shown for each series. The final tube for each series shows the BB pellet. mNEON–ANKS4B LK associates with the BB pellet, in contrast to
mNEON alone. The boxed regions denote areas in the zoomed panels for each series. Scale bars, 1 cm.
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results demonstrate that this targeting domain, which we
dubbed the ANKS4B LK segment, localizes to apical microvilli
independent of a direct interaction with the other known
IMAC components, suggesting that it could function to “seed”
the IMAC in the apical domain during the initial stages of BB
assembly. Sequence analysis of the ANKS4B LK segment
revealed the presence of a strongly predicted BHB motif that,
when mutated, abolished BB targeting. BHB motifs are
detected as two basic sequences separated by a hydrophobic
sequence, although they lack a canonical consensus sequence
and do not exhibit appreciable sequence homology between
occurrences (33, 36). In agreement with this, BHB motifs are
thought to associate with acidic phospholipids as unstructured
membrane-binding sites. BHB motifs have been shown to be
critical for the cellular localization and function of members of
the class 1 myosins, which often play a role in linking the actin
cytoskeleton to cellular membranes. These include members of
the class 1 myosins fromDictyostelium (37), as well as mamma-
lian Myo1a (Myosin-1a) (38). Pertinent to our study, mamma-
lian Myo1a is highly enriched in the enterocyte BB, where it
plays a critical role in linking the microvillar membrane to the
underlying F-actin core to promote BB structure. Loss of
Myo1a results in BB defects in which the apical membrane
appears to herniate away from the underlying cytoskeleton of
enterocytes (39). Similar to our observations with ANKS4B,
mutating the BHB motifs found in the tail domain of Myo1a
perturbs proper BB localization of themyosin (38).
Although disrupting the BHB motif of ANKS4B abolished

apical targeting, the isolated BHB sequence on its own did not
display significant enrichment in the BB. This suggests that fur-
ther sequences beyond the BHB motif of ANKS4B are neces-
sary for apical targeting. We show that a putative CC sequence
found upstream of the BHB motif in the ANKS4B LK segment
also plays an essential role in mediating BB localization. Our
preliminary characterization of the ANKS4B LK segment sug-
gests that it can oligomerize, which may indicate that two or
more of these sequences may need to self-associate before
reaching a threshold level of membrane-binding activity that
can mediate robust apical targeting in enterocytes. Going for-
ward, it will be important to investigate the underlying determi-
nants that allow the BHBmotif of ANKS4B to function in apical
targeting.

Functional comparison of ANKS4B and USH1G

Despite serving tissues with different physiological functions,
the IMAC and Usher complex exhibit striking homology in
both their composition and interactome. Indeed, each compo-
nent of the core Usher complex has a functional homolog that
operates in the IMAC (1). We speculated, however, that the
individual components of each complex might be fine-tuned to
function in their respective tissues of origin. With this in mind,
we used a compare-and-contrast approach to shed light on the
functional similarities and differences between ANKS4B in the
IMAC and USH1G in the Usher complex. Both scaffolds are
known to interact with USH1C and the myosin motor protein
found in their complex (9, 12, 13). However, whether they share
other similarities or differences in their properties was not pre-

viously known. USH1G has been shown to interact with other
binding partners, includingmyomegalin, membrane-associated
guanylate kinase inverted-2, and components of the intraflagel-
lar transport system. This suggests that USH1G could partici-
pate in a variety of cellular functions beyond theUsher complex
(40–42). Sequence analysis of the USH1G LK segment did
detect weakly predicted CC and BHBmotifs in similar positions
compared with ANKS4B, and the LK segment of USH1G is also
thought to promote oligomerization of the scaffold as we
observed for ANKS4B (43, 44). Despite this, the USH1G LK
segment failed to localize to the BB when expressed in CACO-
2BBE cells. This points to a divergence in function between the
two scaffolds, where ANKS4B has become specialized to act as
an apical targeting factor to localize the other cytosolic compo-
nents of the IMAC to the BB domain, allowing them to form a
stable complex at the microvillar tips. In agreement with this,
genetic disruption of ANKS4B in CACO-2BBE cells results in
markedly reduced cellular levels of the other known IMAC
components.
It is interesting to note that a specific splice isoform of

USH1C found expressed during inner-ear development (con-
ventionally known as the Harmonin-b isoform) has the ability
to bind to and bundle F-actin (45). This activity is not found in
the USH1C splice isoform (Harmonin-a) used in the IMAC.
Whether USH1C, rather than USH1G, has evolved to play a
role in targeting the Usher complex in hair cells by associating
with the F-actin core of stereocilia will be an interesting ques-
tion to pursue.
Structure–function andKD studies of individual IMAC com-

ponents using the malleable CACO-2BBE cell line suggest that
all components are required to achieve correct targeting and
function of the adhesion complex at the distal tips of BBmicro-
villi (8–10). Mounting evidence suggests that this interdepend-
ency is likely directly encoded in the structure of the IMAC
components. Biochemical and cell-based studies investigating
the two scaffolds, USH1C and ANKS4B, have revealed that
each are regulated by autoinhibition (9, 46). USH1C has been
shown to adopt a closed conformation that controls its interac-
tion with binding partners. This is mediated by intramolecular
binding of its C-terminal PBM to its N-terminal NPDZ1 supra-
module domain (46). Relevant to our study here, the targeting
ability of ANKS4B is strictly regulated in the context of the full-
length molecule. Deletion of the C-terminal PBM of ANKS4B,
which blocks binding to USH1C, abolishes apical targeting of
the scaffold (9). This suggests that the LK segment is either
masked or in an inactive form in the full-length autoinhibited
conformation of the scaffold. Understanding the mechanism of
how the apical targeting ability of the LK segment of ANKS4B
is regulated during BB assembly is a clear future goal.

Experimental procedures

Molecular biology

The human cDNA constructs used in this study are as fol-
lows: ANKS4B, GI: 148664245; USH1C, GI: 225690577; Myo7b,
GI: 122937511; CDHR2, GI: 285002213; and CDHR5, GI:
285002197. The mouse Myo10 cDNA construct used in this
study was GI: 130507684. DNA encoding these components
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were generated by PCR and TOPO cloned into the pCR8 entry
vector (Invitrogen). The domain boundaries for theMyo7b con-
structs used are as follows: Myo7b full-length tail (aa 916–
2116), Myo7bMF1SH3 (aa 916–1542), andMyo7b SH3MF2 (aa
1501–2116). The domain boundaries for the ANKS4B con-
structs used are as follows: ANKS4B ANKRmin (aa 1–126),
ANKS4B LK (aa 119–252), ANKS4BCC (aa 119–173), ANKS4B
SRP (aa 164–197), ANKS4B BHB (aa 187–252), ANKS4B CEN
(aa 253–346), ANKS4B SAM (aa 348–417), ANKS4B ANKR–
LK (aa 1–252), ANKS4B ANKRCEN (aa 1–346), and ANKS4B
CENSAM (aa 253–417). The domain boundaries for the
USH1C constructs used are as follows: NPDZ1 (aa 1–193),
PDZ2 (aa 194–295), PDZ2CC (aa 194–451), PDZ3 (aa 379–
553), CCPDZ3 (aa 294–553), NPDZ12 (aa 1–302), and
PDZ2CCPDZ3 (aa 194–553). The domain boundaries for the
USH1G constructs used are as follows: USH1GANKRmin (aa 1–
124), USH1G LK (aa 120–294), USH1G CEN (aa 295–389), and
USH1G SAM (aa 385–461). The domain boundary for Myo10
construct is Myo10 CC (aa 877–942). The protocadherin con-
structs used in this study are as follows: cytoplasmic domain of
CDHR5 (aa 697–845) and cytoplasmic domain of CDHR2 (aa
1178–1310). The pINDUCER20 lentiviral vector (47) was modi-
fied to include an EGFP tag upstream of the Gateway recombi-
nation cassette to create pINDUCER20–EGFP–C1. This vector
was used for the generation of stable cell lines expressing most
of the constructs used in the study. Vectors used for expression
of FLAG andMyc-tagged proteins in this study have been previ-
ously described (8, 9). Constructs used for the bacterial expres-
sion of the cytoplasmic domains (CDs) of the protocadherins
have been previously described (8). The construct used for the
bacterial expression of proteins fused to mNEON that contains
an N-terminal hexahistidine tag were generate by cloning into
the pNCS–mNEONGreen vector (Allelebiotech). The shRNA
clones targeting ANKS4B were expressed in the pLKO.1 vec-
tor and correspond to TRC clones TRCN0000122345 and
TRCN0000139080. These shRNAs have been previously vali-
dated (9). A nontargeting scramble shRNA cloned into the
pLKO.1 vector was used as a control (Addgene; plasmid
1864). For rescue experiments, the QuikChange site-directed
mutagenesis kit (Agilent, catalog no. 200523) was used to
introduce refractory silent mutations into the region of
ANKS4B targeted by the shRNA construct. The primers used
for mutagenesis were RF45 sense (TCCTCTACTGCAGAT-
TATCTCCAAAGCTTCCAAGTTCCCATGGTAG) and RF45
antisense (CTACCATGGGAACTTGGAAGCTTTGGAG-
ATAATCTGCAGTAGAGGA).

Cell culture, lentivirus production, and stable cell line
generation

CACO-2BBE, HEK293T, and HEK293FT cells were cultured
at 37 °C and 5%CO2 in a humidified incubator usingDulbecco’s
modified Eagle’s medium with high glucose and 2 mM L-gluta-
mine. Medium was supplemented with 20% FBS for CACO-
2BBE cells and 10% FBS forHEK293T andHEK293FT cells. Len-
tivirus particles were generated by cotransfecting HEK293FT
cells (10-cm dish at 80% confluency) with 6mg of lentiviral over-
expression plasmid with 4mg of psPAX2 packaging plasmid and

0.8 mg of pMD2.G envelope plasmid using polyethylenimine re-
agent (Polysciences). The cells were incubated with transfection
medium for 12 h, after which they were exchanged with fresh
medium. The cells were subsequently incubated for 2 days to
allow for lentiviral production into the medium. Medium con-
taining lentiviral particles was collected and filtered with a 0.45-
mm syringe filter. Lentiviral particles were concentrated and
recovered using with Lenti-X concentrator reagent according to
the recommended protocol (Clontech). For lentivirus transduc-
tion, CACO-2BBE cells were grown to 90% confluency in T25
flasks. For lentiviral infection, the medium was first supple-
mented with 8 mg/ml Polybrene, after which;300ml of concen-
trated lentiviral particle solution was added. After 12 h of incu-
bation with lentivirus, the cells were reseeded into 10-cm dishes
and grown for 3 days. The cells were then reseeded into T182
flasks with medium containing 50 mg/ml of puromycin or 1 mg/
mlG418 and passaged to select for stable integration.

Protein production

For pulldown assays using glutathione S-transferase fusions
of the CDs of CDHR2 and CDHR5, the constructs were trans-
formed into BL21(DE3) bacteria, expressed, and purified using
GSH resin using standard conditions as previously described
(8). For production of mNEON alone, mNEON–ANKS4B LK,
and mNEON–Myo10 CC, the constructs were transformed
into the E. coli strain DH5a, expressed, and purified using Ni–
NTA–agarose (Qiagen) using standard conditions. Purifica-
tions were performed at 4 °C unless otherwise noted. The cells
were harvested, resuspended in cold lysis buffer (50 mM

NaPO4, pH 8.0, 300 mM NaCl, 10 mM imidazole, 1 mg/ml lyso-
zyme, 1 mM phenylmethylsulfonyl fluoride), lysed by sonica-
tion, and centrifuged at 15,000 3 g for 1 h. The soluble lysate
material was recovered and incubated with a 2-ml bed volume
of pre-equilibrated Ni–NTA–agarose resin (Qiagen). The res-
ins were incubated with cell lysates for 1 h on a rocking plat-
form. The lysate–Ni–NTAmixture was then loaded into a col-
umn and subsequently washed with wash buffer (50 mM

NaPO4, pH 8.0, 300 mM NaCl, 20 mM imidazole) by gravity
chromatography. Recombinant protein was eluted from the
Ni–NTA resin using elution buffer (50 mM NaPO4, pH 8.0, 300
mM NaCl, 250 mM imidazole). Eluates were analyzed by SDS-
PAGE, and those fractions containing recombinant protein
were pooled, and further purification steps were performed
using an €AKTA start protein purification system (GE Health-
care). Fractions containing recombinant protein were desalted
using a HiTrap desalting column with an isocratic elution in
100 mM NaPO4, pH 7.4 buffer. mNEON alone and mNEON–
ANKS4B LK samples were pooled separately and loaded onto a
HiTrap SP HP column (GE Healthcare) and eluted across a lin-
ear gradient from 0 to 1 M NaCl in 100 mM NaPO4, pH 7.4.
mNEON–Myo10 CC fractions were pooled and loaded on a
HiTrap Q HP column (GE Healthcare) and eluted across a lin-
ear gradient from 0 to 1 MNaCl in 20mMTris-HCl, pH 7.5. Elu-
ates were analyzed by SDS-PAGE, and those containing
recombinant protein were pooled, loaded back onto Ni–NTA
resin (Qiagen) to concentrate the sample, and eluted in 1-ml
fractions with elution buffer (50 mM NaH2PO4, pH 8.0, 300 mM
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NaCl, 250 mM imidazole). Eluates were then subjected to size-
exclusion chromatography analysis using a HiPrep Sephacryl S-
100HR column equilibrated in 100 mM NaPO4, pH 7.4, 150 mM

NaCl.

Microscopy

Cells and tissue sections were imaged using a Leica SP8
laser-scanning confocal microscope equipped with HyVolution
deconvolution software. Paraffin-embedded intestinal tissue
sections from mice were prepared as previously described (8).
The samples were stained using anti-ANKS4B (1:200; Abnova
catalog no. H00257629-M03), and anti-pERM (1:200; Cell Sig-
naling catalog no. 3726) followed by Alexa Fluor 488 donkey
anti-mouse (1:200; Invitrogen) and Alexa Fluor 568 donkey
anti-rabbit (1:200; Invitrogen). CACO-2BBE monolayers were
washed once in warm PBS, incubated briefly with 0.02% sapo-
nin (Sigma) in warm PBS, and then fixed for 15 min with 4%
paraformaldehyde in warm PBS containing 0.1% Triton X-100
(Sigma). After fixation, the cells were washed three times with
warmPBS and blocked overnight in 5% BSA solution. Immuno-
staining was performed using anti-ANKS4B (1:200; Abnova
catalog no. H00257629-M03), anti-CDHR2 (1:75; Sigma cata-
log no. HPA012569), anti-USH1C (1:70; Sigma catalog no.
HPA027398), anti-Myo7b (1:25; Sigma catalog no. HPA039131),
and anti-GFP (1:200; Aves laboratory catalog no. GFP1020) pri-
mary antibodies at 37 °C for 2 h. The coverslips were washed
three times with warm PBS and incubated for 1 h with Alexa
Fluor 488 donkey anti-rabbit, Alexa Fluor 488 donkey anti-mouse
(1:200), and Alexa Fluor 488 goat anti-chicken (1:200) secondary
antibodies (where appropriate) along with Alexa Fluor 568 phal-
loidin (1:200). The coverslips were then washed five times in PBS
and mounted with Prolong Diamond anti-fade reagent (Invitro-
gen). All images shown are en facemaximumprojections through
the full height of the BB, with the exception of the x–z sections,
which are single plane confocal images. HeLa cells were washed
once in warm PBS, fixed for 15min with 4% paraformaldehyde in
warm PBS, and then incubated with 0.1% Triton X-100 (Sigma)
for 7 min. After fixation and permeabilization, the cells were
washed three timeswithwarmPBS and blocked overnight in a fil-
tered 5% BSA solution. Staining was performed with Alexa Fluor
568 phalloidin (1:200) at 37 °C for 2 h. The coverslips were then
washed five times in PBS and mounted with Prolong Diamond
anti-fade reagent (Invitrogen). All images shown are en facemaxi-
mumprojections through the full height of the cells.

Image analysis

Image analysis was performed using ImageJ (National Insti-
tutes of Health). For line-scan signal analysis, a line was drawn
through the BB oriented parallel to the microvillar axis as
judged by either the F-actin signal. The intensity of the various
channel signals along that line was subsequently recorded and
normalized to the maximum grayscale value for an 8-bit image
(i.e. 255). The corresponding positions for each intensity value
was normalized so that the base of the microvillus was equal to
0 and the tip was equal to 1. Normalized line scans were then
plotted together and fit to a single Gaussian using nonlinear
regression (Prism version 6, GraphPad), which revealed the

position of peak signal intensity and distribution width (S.D.)
relative to the microvillar axis. For analysis of construct enrich-
ment inmicrovilli, we calculated the ratio of BB to cytosolic sig-
nal intensity as previously described (8). The data were ana-
lyzed in a blinded fashion.

Analysis of microvillar clustering in CACO-2BBE cells

The cells expressing either EGFP–ANKS4B LK or CDHR2–
EGFPwere allowed to polarize for 12-day after reaching conflu-
ency and were subsequently stained for F-actin and EGFP. Indi-
vidual cells were scored according to whether they exhibited
nonclustering microvilli (see cell in Fig. S3A, zoomed panel, for
example) or robust microvillar clustering (i.e. possessing one or
more distinct clusters of five or more microvilli; see asterisk-
denoted cells in Fig. S3, B and C, zoomed panels). The cells were
then scored for EGFP expression levels (low or high) as follows.
Each EGFP-positive cell was outlined in ImageJ, and the ratio of
the integrated relative fluorescence signal density to area was
determined. The cells possessing a ratio 1–40 were assigned as
low-expressing cells and greater than 40 as high-expressing cells.

Isolated BB binding assays

BBs were isolated from 21-day polarized CACO-2BBE cells as
previously described (11). For binding assays using recombi-
nant mNEON-tagged proteins, BB material was first resus-
pended in 1ml of blocking solution (20mM imidazole, pH 7.2, 4
mM EDTA, 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride,
2.5% BSA, and 1 tablet of Roche protease inhibitor mixture per
10 ml of volume) for 30 min. Material was recovered by spin-
ning at 3300 3 g at 4 °C for 5 min in a cooling tabletop centri-
fuge. The recovered pellet was resuspended in BB blocking so-
lution (500 ml) containing 100 mg of recombinant mNEON
alone or mNEON–ANKS4B LK protein. The mixtures were
incubated for 20 min on a rocking platform at 4 °C. The mate-
rial was then recovered by spinning at 3300 3 g at 4 °C for 5
min and washed 5 3 500 ml with blocking solution. After the
final wash, material was recovered by spinning at 33003 g at 4 °
C for 5 min, and the mNEON signal was visualized using a blue
light transilluminator.

Pulldown assays

For pairwise pulldown assays, HEK293T cells were grown in
10-cm dishes to 90% confluency and transfected using polye-
thylenimine reagent (Polysciences). After 48 h, the cells were
washed once in warm PBS, recovered using a cell scraper, and
lysed in ice-cold CelLytic M buffer (Sigma) containing 2 mM

ATP, 13 cOmplete ULTRA protease inhibitor mixture
(Roche), and 1 mM Pefabloc SC (Roche). The lysates were cen-
trifuged at 16,000 3 g, and the soluble fraction was recovered
and incubated with a 50-ml bed volume of either pre-equili-
brated anti-Flag M2 resin (Sigma) or GSH resin (Sigma)
coupled with glutathione S-transferase fused to the CDs of the
IMAC protocadherins. Resins were incubated with cell lysates
for 2 h of rocking at 4 °C; pelleted by a low-speed spin; washed
four times using radioimmune precipitation assay buffer supple-
mented with 2 mM ATP, 13 cOmplete ULTRA protease inhibi-
tor mixture (Roche), and 1 mM Pefabloc SC (Roche); and eluted
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by boiling in 23 SDS buffer to recover bound material. Resin-
bound material was detected by either staining with Coomassie
Blue or Western blotting analysis with the following antibody
dilutions: mouse anti-Flag M2 (1:1000; Sigma catalog no. F3165)
andmouse anti-GFP (1:1000; Santa Cruz catalog no. sc-9996). All
pulldown assays were repeated at least three times in independ-
ent experiments, and the results shown are representative.

Statistical analysis

All graphs were generated and statistical analyses was per-
formed using Prism v.6 (GraphPad). For all figures, the error
bars represent standard deviations. Unpaired t tests were
employed determine statistical significance between reported
values.

Data availability

All the data are found within the article.
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