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Specialized transporting and sensory epithelial cells employ
homologous protocadherin-based adhesion complexes to
remodel their apical membrane protrusions into organized
functional arrays. Within the intestine, the nutrient-transport-
ing enterocytes utilize the intermicrovillar adhesion complex
(IMAC) to assemble their apical microvilli into an ordered brush
border. The IMAC bears remarkable homology to the Usher
complex, whose disruption results in the sensory disorder type 1
Usher syndrome (USH1). However, the entire complement of
proteins that comprise both the IMAC and Usher complex are
not yet fully elucidated. Using a protein isolation strategy to
recover the IMAC, we have identified the small EF-hand protein
calmodulin-like protein 4 (CALML4) as an IMAC component.
Consistent with this finding, we show that CALML4 exhibits
marked enrichment at the distal tips of enterocyte microvilli,
the site of IMAC function, and is a direct binding partner of the
IMAC component myosin-7b. Moreover, distal tip enrichment
of CALMLA4 is strictly dependent upon its association with myo-
sin-7b, with CALML4 acting as a light chain for this myosin. We
further show that genetic disruption of CALML4 within entero-
cytes results in brush border assembly defects that mirror the
loss of other IMAC components and that CALML4 can also
associate with the Usher complex component myosin-7a. Our
study further defines the molecular composition and protein-
protein interaction network of the IMAC and Usher complex
and may also shed light on the etiology of the sensory disorder
USH1H.

Transporting and sensory epithelial cells construct elaborate
arrays of actin-based membrane protrusions on their apical
surfaces that allow them to interact with the external environ-
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ment and mediate their specific physiological functions. Prime
examples of this can be seen with transporting enterocytes of
the intestine and sensory hair cells of the inner ear. Intestinal
enterocytes construct a brush border (BB):* a densely packed
collection of apical microvilli that are enriched in nutrient-pro-
cessing and transport channels (1). Sensory hair cells assemble
an apical hair bundle: a staircase-like array of specialized
microvilli, known as stereocilia, that decode sound information
into neural signals (2). It has recently become appreciated that
these epithelia use adhesion as a conserved mechanism to cre-
ate and maintain the exquisite order of their apical membrane
protrusions (1, 3). In each case, protocadherin-based adhesion
is used to create physical linkages that connect neighboring
protrusions together, thereby promoting the desire apical
architecture. Two homologous protocadherin adhesion com-
plexes generate these physical adhesion links. The IMAC is uti-
lized by transporting epithelia, whereas the “Usher complex”
functions in sensory epithelia.

Despite serving tissues with divergent physiological func-
tions, the IMAC and Usher complex exhibit striking homology
in both their composition and interactome. The IMAC is com-
prised of the adhesions molecules CDHR2 (also known as pro-
tocadherin-24) and CDHR5 (also known as mucin-like or
p-protocadherin), the PDZ-based scaffold USH1C (also known
as harmonin), the ankyrin repeat scaffold ANKS4B, and the
myosin motor protein myosin-7b (Myo7b) (4, 5). In the intes-
tine, these proteins target to the distal tips of enterocyte
microvilli, where they create intermicrovillar adhesion links
that physically couple neighboring microvilli together. During
the intermediate stages of BB assembly, intermicrovillar adhe-
sion results in microvilli clustering together on the apical sur-
face. This adhesion between neighbors ultimately results in the
assembly of microvilli into highly organized, tightly packed
hexagonal arrays that cover the entire apical surface of the
mature enterocyte.

2The abbreviations used are: BB, brush border; IMAC, intermicrovillar adhe-
sion complex; GST, glutathione S-transferase; USH1, type 1 Usher syn-
drome; ED, ectodomain; EC, extracellular cadherin; EGFP, enhanced GFP;
KD, knockdown; KO, knockout; aa, amino acids; CD, cytoplasmic domain;
BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RACE, rapid ampli-
fication of cDNA ends.
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The Usher complex is comprised of the adhesions molecules
cadherin-23 (CDH23) and protocadherin-15 (PCDH15), the
scaffolds USH1C and USHI1G (also known as Sans), and the
motor myosin-7a (Myo7a) (6). Importantly, the USH1C scaf-
fold is shared genetically between the IMAC and Usher com-
plex, although different splice isoforms are utilized between
these two complexes (4). The Usher complex has been princi-
pally characterized in the inner ear, where it forms “tip-links”
that connect adjacent stereocilia on the surface of mechanosen-
sory hair cells (7). More recently, it has been proposed that the
Usher complex also plays a role in organizing the actin-based
microvilli-like calyceal processes that span the inner and outer
segments of photoreceptor cells (8, 9). Genetic disruption of
components of the Usher complex results in type 1 Usher syn-
drome (USH1), a form of severe deafness-blindness in humans
(10-16). Depending on which component of the Usher com-
plex is mutated, patients are classified as having a different var-
iant of USH1 (e.g. patients with deleterious genetic defects in
Myo7a suffer from USH1B). Of note, the causative genes for
three USH1 subtypes (USH1E, USH1K, and USH1H) still have
not been identified, suggesting that more Usher complex com-
ponents may remain to be discovered (17-19). A similar situa-
tion is seen with the IMAC; structure-function studies of this
complex clearly point toward the idea that the full interactome
is not yet known (5, 20, 21).

In this study, we sought to further elucidate the molecular
composition of the IMAC. To that end, we devised a protein
isolation strategy to recover components of the complex asso-
ciated with CDHR2 and have identified the small EF-hand pro-
tein calmodulin-like protein 4 (CALML4) as an additional
adhesion complex factor. CALML4 shares 45% sequence iden-
tity with conventional calmodulin; however, the functional
properties of CALML4 have not been studied to-date. Our
interactome analysis suggests that CALML4 incorporates into
the IMAC by functioning as a light chain for Myo7b. Given the
striking homology between the IMAC and Usher complex, this
led us to test and demonstrate that CALML4 is a direct binding
partner for the Usher complex motor, Myo7a. In sum, our
results suggest that CALML4 may represent the second adhe-
sion complex component that is shared genetically between the
IMAC and the Usher complex and therefore may play an
important role in both gut and inner ear biology.

Results

Recovery strategy for the CDHR2-associated cytoplasmic
complex

The ability of CDHR2 to promote BB assembly depends on
its interaction with an ill-defined cytosolic complex that is nec-
essary for both proper targeting and function of the cadherin at
the distal tips of enterocyte microvilli (4). Toward the goal of
identifying additional components of the IMAC, we devised a
protein isolation strategy to recover endogenous CDHR2 and
its cytoplasmic complex from enterocyte BBs. We reasoned
that we could use the innate adhesion of the IMAC protocad-
herins as a mechanism to affinity isolate CDHR2. Similar tech-
niques have been used to dissect signaling pathways that are
activated by mechanical tension applied to cells (22). Within
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the BB, CDHR2 and CDHR5 reside at the microvillar tips and
interact to form “intermicrovillar adhesion links” that physi-
cally couple neighboring microvilli together (4). Our protocol
involves incubating magnetic beads coated with the ectodo-
main (ED) of CDHR5 with isolated BBs to affinity-purify
CDHR2. BB-bead incubation is first done in the absence of cal-
cium, a condition under which intermicrovillar adhesion links
are disrupted. A calcium switch is then performed to induce
adhesion bond formation between the beads and endogenous
CDHR2 (Fig. 1A). Subsequently, CDHR2 and its associated
cytoplasmic complex are recovered using a typical bead-based
protein pulldown protocol. The power of this recovery strategy
is 2-fold; it exploits the inherent specificity encoded in the
trans-heterophilic adhesion mediated between the CDHR2 and
CDHR5 as an affinity purification step while also benefitting
from the fact that the source material used for the purification,
namely isolated enterocyte BBs, is highly enriched in the IMAC.

BB isolation does not disrupt IMAC localization

Successful recovery of the CDHR2 cytoplasmic complex
using our strategy rests on two principal caveats: that the cyto-
plasmic complex associated with CDHR2 remains intact during
the preparation of our BB source material and that our CDHR5
ED- coated beads are able to make functional interactions with
endogenous CDHR2 found in BB microvilli. To begin to test the
feasibility of our approach, we first assessed whether the IMAC
remains intact in isolated BB source material. Whereas previ-
ous proteomic analysis of isolated mouse enterocyte BBs
revealed the presence of all known IMAC components (23), it is
unclear whether the cytoplasmic complex associated CDHR2
remains intact after BB preparation. To assess the integrity of
the CDHR2 cytoplasmic complex, native BBs were isolated
from rat small intestinal tissue and stained for USH1C (Fig. 1, B
and C). The scaffold USH1C serves as an excellent marker to
assess the CDHR2-associated cytoplasmic complex, as it
directly interacts with CDHR2, ANKS4B, and Myo7b and has
been shown to be essential for proper distal tip localization of
both ANKS4B and Myo7b (4, 5). Confocal imaging of rat BBs
stained for USH1C revealed marked enrichment of this scaffold
at the distal tips of microvilli, the normal site of IMAC function
(Fig. 1C). We also sometimes observed signal at the base of the
BB microvilli in the region containing the presumptive terminal
web, although this staining was also seen in our secondary anti-
body control and staining for other IMAC components, sug-
gesting that it is nonspecific binding (see CDHR5 BB staining
(Fig. S1A) and secondary antibody control (Fig. S1F)). We fur-
ther investigated the integrity of the CDHR2-associated com-
plex using BBs isolated from polarized CACO-245; cells, an
enterocyte model system that uses the IMAC to construct near
tissue-like BBs after an extended period in cell culture (4, 24).
Similar to the localization of USH1C in BBs isolated from native
intestinal tissue, we observed striking examples of USH1C,
CDHR2, ANKS4B, and Myo7b at the distal tips of microvilli
derived from this polarized cell line (Fig. S1, B—E). Thus, in line
with previous proteomic data (23), our localization studies sug-
gest that the CDHR2 cytoplasmic complex remains intact at the
distal tips of microvilli from isolated BBs.
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Figure 1. Validation of the strategy used to recover the CDHR2-associated cytoplasmic complex from isolated BBs. A, recovery strategy for the
CDHR2-associated cytoplasmic complex. See “Results” for details. B, purified BBs isolated from rat intestinal tissue. The red arrow points to the band of purified
BBs found at the 40-60% sucrose gradient interface from the final equilibrium density gradient centrifugation step. C, isolated rat BB stained for F-actin (red)
and USH1C (green). The arrows point to USH1C at the distal tips of BB microvilli. Scale bar, 2 pm. D and E, CACO-2g monolayers stably expressing EGFP-CDHR2
that were incubated with either CDHR5 ED- or AEC1-CDHR5- coated beads. Green, EGFP-CDHR2; red, F-actin. Boxed regions denote area in zooms. The arrows
point to beads. Average bead diameter was ~3 um. Scale bars, 10 wm. F, CDHR2 KD CACO-2g, monolayer incubated with CDHR5 ED- coated beads. The boxed
region denotes the area in zoom. The arrows point to bead-shaped areas devoid of microvilli. Scale bar, 10 um. G, quantification of beads remaining on the cell
surface under various experimental conditions. Each data point is derived from a different field of view that has been normalized to an area of 10,000 pum?.
Different fields of view were imaged across three coverslips generated by three independent experiments. Total areas quantified were as follows: for CDHR2-
EGFP monolayers, CDHR5 ED beads (47,000 um?) and AEC1-CDHRS5 (45,000 um?); for CDHR2 KD monolayers, CDHRS5 ED beads (47,000 um?). *, p < 0.01, t test.
Error bars, S.D.

CDHRS5 ED- coated beads associate with BB microvilli beads could make functional interactions with BB microvilli.

Human CDHRS5 exhibits robust heterophilic interaction To this end, we utilized a CACO-2. cell line stably expressing
with CDHR2, with little CDHR5 homophilic adhesion detected = CDHR2-EGFP, which served as a marker for the IMAC.
using both bead aggregation assays and conventional protein CDHR2-EGFP CACO-2; cells were allowed to polarize for 6
pull-downs (4). We next assessed whether CDHR5 ED—coated  days, after which CDHR5 ED- coated beads were added to the
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Figure 2. CALMLA4 is recovered as part of the CDHR2 cytoplasmic complex. Immunoblot analysis of the eluate recovered from incubating CDHR5 ED- or
AECT1-CDHR5- coated beads with isolated BBs derived from polarized CACO-255 monolayers. Amount of sample loaded were 1% for input blots and 20% for

eluate blots.

apical surface and cells were allowed to polarize an additional 6
days. As a control, beads coated with the ED of CDHR5 lacking
the first extracellular cadherin (EC) domain (AEC1-CDHR5
ED) were also seeded onto CDHR2-EGFP CACO-2y cells.
Adhesion between CDHR5 and CDHR?2 was previously shown
to be strictly dependent upon the first EC domain within the
ectodomain of both cadherins (4). These CACO-255 monolay-
ers were then washed extensively while being held at a 90° angle
in a coverslip rack to remove unbound beads. Cells were subse-
quently fixed, stained for F-actin, and visualized by confocal
microscopy. We observed abundant examples of BB microvilli
forming intimate contact with the CDHR5 ED- coated beads,
especially cells in the monolayer overexpressing CDHR2-EGFP
(Fig. 1, D and G). In most cases, BB microvilli seemed to be
drawn toward and directly attached to the beads (Fig. S1G). We
confirmed this using scanning EM, which showed clear exam-
ples of microvilli directly bound to beads (Fig. S1H). In stark
contrast, monolayers that were seeded with AEC1-CDHR5
ED- coated beads were largely devoid of beads after extensive
washing (Fig. 1, E and G).

To ensure that the interaction of our CDHR5 ED- coated
beads with microvilli was solely dependent upon interaction
with CDHR2 (and not some unknown CDHR5-adhesive bind-
ing partner), we incubated our beads with polarized CACO-
255k cells lacking endogenous CDHR2. Microvilli from CDHR2
KD CACO-25; failed to retain CDHR5 ED- coated beads (Fig.
1, F and G). Interestingly, we noted the appearance of “bead-
shaped” voids of space lacking microvilli on the apical surface of
these CDHR2 KD cells. However, CDHR2 KD cells that were
not incubated with beads also displayed identical structures,
demonstrating that these voids are not a result of the applica-
tion of the beads themselves (compare Fig. 1F with Fig. S2A4). In
sum, we conclude that CDHR5 ED- coated beads are able to
form functional adhesion bonds with native BB microvilli in a
manner dependent upon interaction with CDHR2.

Identification of CALML4 as a CDHR2 cytoplasmic complex
component

We proceeded by incubating BBs isolated from polarized
CACO-245 monolayers with CDHR5 ED-coated beads for
our IMAC recovery strategy. We chose to utilize BBs derived
from CACO-2y5; cells because we had previously validated
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specific antibodies toward each IMAC component using this
cell line that work well for both immunofluorescence and
immunoblot analysis, and CACO-2;. cells can also be genet-
ically manipulated for control experiments. BBs were incubated
with CDHR5 ED- coated beads first in the absence of calcium
for 20 min, after which a calcium switch step was performed to
engage adhesion between the BBs and the beads. As a control,
we utilized beads that had been coated with AEC1-CDHR5 ED.
Beads were subsequently recovered, washed with extraction
buffer, eluted with SDS sample buffer, and subjected to immu-
noblot analysis for the known IMAC components. We con-
firmed that CDHR2, USH1C, Myo7b, and ANKS4B were all
recovered using CDHR5 ED-coated beads, consistent with
these components forming a stable complex in BBs (Fig. 2).
Interestingly, analysis of the eluates also detected the presence
of the small EF-hand protein CALML4 (Fig. 2). Importantly,
beads coated with AEC1-CDHRS5 ED failed to recover both the
known IMAC components and CALML4. To further confirm
that CALML4 is recovered using this strategy as a result of its
direct association with the IMAC, we attempted to repeat these
assays using BBs derived from CACO-2 monolayers lacking
CDHR?2. However, given the key role that CDHR?2 plays in BB
assembly, we were unable to adequately recover isolated BBs
from CDHR2 KD cells due to their highly disorganized nature,
which makes them mechanically fragile (Fig. S2A4) (4). We
therefore chose to use CDHR2 KD whole-cell lysates as the
starting material for these pull-downs. Pull-downs using the
CDHR5 ED- coated beads from polarized CDHR2 KD CACO-
25ge cells failed to recover CALMLA4 (Fig. S2B). In contrast,
polarized CACO-255: cells expressing a negative control
(scramble) shRNA resulted in the recovery of CALMLA.
Together, these data identify CALML4 as a putative compo-
nent of the IMAC that is associated with the CDHR2 cytoplas-
mic complex.

CALML4 is found across the human intestinal tract

As a starting point to characterize CALML4 as part of the
IMAC, we first set out to identify the CALML4 splice isoforms
that are found as transcripts in the intestinal tract. The
CALML4 gene is predicted to encode four different transcript
variants in humans. The longest isoform (transcript variant 1)
exhibits ~45% amino acid sequence identity to conventional
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Figure 3. CALML4 transcript is expressed across the human intestinal tract. A, sequence of CALML4 showing the four predicted coding transcript variants
(tv) and the demonstrated “long” (CALMLA4-L, equivalent to tv1) and “short” (CALMLA4-S) transcripts identified within the human intestinal tract. Underlined
sequence shows the region that is spliced out in tv2. The N-terminal extension found in CALMLA4-L is green, whereas CALML4-S is red. B, DNA agarose gel of 3’
RACE reactions performed using gene specific primers toward the 5’ of tv1, tv3, and tv4. C, DNA agarose gel of a 5 RACE reaction using a gene-specific primer
toward the 3’ of CALMLA4. D, schematic diagram of the two splice isoform transcripts identified from RACE reactions. E, DNA agarose gel of PCRs for the
CALMLA4-L and CALMLA4-S transcripts across the human intestinal tract. GAPDH is shown as a positive reaction control. F,immunoblot analysis for CALML4 and

actin using human intestinal whole-tissue and isolated mucosa cell lysates.

calmodulin (Fig. S34) and encodes for a protein 196 amino
acids in length that contains an extended N terminus followed
by the typical two globular EF-hand- based lobes (denoted here
as N-lobe and C-lobe) that are seen with other calmodulin/
calmodulin-like protein family members (Fig. 3, A and D). Pro-
teins encoded by transcript variants 3 and 4 result from utilizing
internal start codons compared with transcript variant 1,
whereas transcript variant 2 is spliced to remove 47 amino acids
internally (Fig. 34). In each case, these shorter variants would
encode for CALML4 isoforms that deviate away from the typi-
cal bilobed structure by lacking an intact N-lobe. Using gene-
specific primers designed against the three different predicted
start sites (transcript variants 1, 3, and 4), we performed 3’
RACE against a pool of linker-adapted cDNA derived from
human small intestinal tissue (Fig. 3B). Cloning and sequencing
of the products revealed a common 3’-coding end with no evi-
dence of internal splicing that would be seen with transcript
variant 2. We proceeded to perform 5" RACE using a gene-
specific primer toward the 3’ end of CALML4 utilizing the
same linker-adapted human intestinal cDNA library. Interest-
ingly, whereas we did detect a minor band that corresponds to
the full-length isoform (transcript variant 1), cloning and
sequencing of the major product revealed a variant that did not
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correspond to any of the predicted CALML4 transcripts (Fig.
3C). Rather, this transcript utilizes another internal methionine
as its start codon and encodes an intact bilobed protein that is
identical in sequence compared with transcript variant 1,
except that it would lack the N-terminal extension preceding
the N-lobe (Fig. 3D). We designated the proteins encoded by
transcript variant 1 and this novel transcript variant as the
“long” and “short” isoforms of CALML4 (referred to as
CALMLA4-L and CALMLA4-S), respectively (Fig. 3, A and D).
We investigated the transcript levels of CALML4 across the
length of the intestinal tract by screening a human gastrointes-
tinal cDNA panel. We used a primer set specific to CALML4-L
and also a set containing a forward oligonucleotide that anneals
to the start of the CALMLA4-S coding sequence. Although the
CALMLA-S 5’ annealing site is also found in the long isoform,
we reasoned that we could gain insight into whether the short
isoform transcript is also present in tissues by comparing the
relative abundance of long versus short isoform product gen-
erated in these two reactions. While transcript for the
CALMLA4-L isoform was detected across the entire human
intestinal tract, the reaction targeting the CALML4-S
sequence consistently gave more product across the entire
tissue panel, suggesting that the short isoform is likely the
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dominant transcript in the intestine (Fig. 3E). Consistent
with this, immunoblot analysis for CALML4 using lysates
derived from whole tissue and isolated mucosa of human
small intestine detected a dominant band at ~17 kDa, which
is the predicted size of CALML4-S (Fig. 3F). In sum, these
data suggest that CALML4 is expressed across the entire
human intestinal tract with the short variant likely function-
ing as the dominant isoform.

CALMLA4 targets to the tips of BB microvilli

The recovery of CALML4 alongside the other known IMAC
components using our purification strategy suggests that
CALML4 is a novel IMAC component. To further validate this,
we first examined CALML4 localization in mouse intestinal
tissue. Confocal imaging revealed high levels of CALML4 in the
small intestine (Fig. 4A4), with signal found in both mature
enterocytes on the villus surface and immature cells that reside
in the crypt stem-cell niche (Fig. S44). Calculation of the ratio
of apical to cytoplasmic signal of CALML4 in enterocytes along
the crypt-villus axis demonstrated that CALML4 becomes api-
cally enriched after enterocytes emerge from the crypt domain
(Fig. S4B). This apical enrichment of CALML4 coincides with
development of a prominent BB, as detected using the BB-spe-
cific F-actin cross-linking protein, villin (Fig. S4C). Higher-
magnification imaging of mature enterocytes revealed striking
enrichment of CALML4 at the distal tips of BB microvilli, the
site of IMAC function (Fig. 44, zoom panels). Line scan analysis
of the CALML4 signal along the axis of microvilli revealed an
average peak signal at 0.84 = 0.09 (Fig. 4B), when plotted as a
function of normalized microvillar length (where 0 = base and
1 =tip). The enrichment of CALML4 in the BB was also evident
by immunoblot analysis when comparing a cytosolic protein
faction and protein fraction derived from isolated BBs with a
prominent band migrating at an approximate molecular mass
of ~17 kDa in the BB lysate sample (Fig. 4C). This size suggests
that that the isoform expressed in mouse intestinal tissue cor-
responds to the CALML4-S human ortholog.

We further employed stem-derived enteroids and CACO-
255 cells as intestinal cell culture models to examine the
expression and localization of CALMLA4. In both of these sys-
tems, endogenous CALML4 displayed marked enrichment of
the distal tips of BB microvilli (Fig. 4, D and E). We noted that
this localization was even retained in isolated BBs derived from
polarized CACO-2,p; cells, consistent with the idea that
CALML4 was specifically recovered as an IMAC component
using our isolation strategy (Fig. 4F). To directly examine
whether the two splice isoforms of CALML4 exhibit any differ-
ences in BB targeting, we created stable CACO-2,;. cell lines
expressing CALML4-L and CALMLA4-S as AcGFP fusion pro-
teins. Both isoforms exhibited identical targeting to the distal
tips of BB microvilli, suggesting that the N-terminal extension
found specific to CALML4-L does not play a direct role in pro-
tein localization (Fig. S4, D and E). Closer inspection of endog-
enous and AcGFP-tagged CALML4 targeting in CACO-25,
monolayers revealed that CALML4 is only apically enriched in
cells that have clustering microvilli, indicating that CALML4 is
found specially in protrusions that contain active IMAC (Fig.
4E; compare zoom panels 1 and 2 with panel 3). Indeed, analysis
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of the appearance of microvillar clustering relative to endoge-
nous CALML4 expression levels in CACO-24p; cells revealed a
strong positive correlation between these metrics (Fig. 4G).
Finally, we reasoned that if CALML4 is a component of the
IMAC, endogenous CALML4 should colocalize with other
IMAC components. Consistent with this prediction, triple
labeling of CACO-2: monolayers for CDHR2, CALML4, and
F-actin showed colocalization of CALML4 with CDHR?2 at the
tips of clustering microvilli (Fig. 4H). Thus, collectively, these
data demonstrate that CALML4 is highly enriched in the BB
and is positioned correctly at the distal tips of microvilli to be a
bona fide component of the IMAC.

CALML4 interacts with Myo7b

To begin to shed light on the role of CALML4 within the
IMAC, we performed pairwise protein pulldowns of CALML4
with the other known components of this adhesion complex.
Pulldown analyses using recombinant cytoplasmic domains of
CDHR2 and CDHRS5 fused to glutathione S-transferase (GST)
incubated with COS-7 cell lysates expressing EGFP-tagged
CALMLA4 failed to detect interaction between these compo-
nents (Fig. S5A). Similarly, no interactions were detected
between FLAG-tagged CALML4 and any of the domains of the
scaffolding molecules USH1C or ANKS4B tagged with Myc and
EGEP, respectively (Fig. S5, B and C). Pulldown analyses did
reveal, however, a robust interaction between V5-tagged
CALML4 and FLAG-tagged Myo7b. We noted that this inter-
action did not depend on the presence of calcium (data not
shown). Domain mapping studies demonstrated that CALML4
interacts specifically with the neck region of Myo7b and, there-
fore, may act as a light chain for this myosin (Fig. 5, A and B).
Consistent with this, we noted that the expression of endoge-
nous CALML4 across a polarization time course in CACO-25,r
cells parallels the expression profile of Myo7b, with cellular
levels only increasing upon the onset of polarization and BB
assembly (Fig. 5C). Interestingly, CALML4 was recently
reported to be expressed in hair cell epithelia and found to be
enriched in stereocilia (25). To investigate whether CALML4
may also function as a direct binding partner for the Usher
complex motor, Myo7a, we performed further pulldown anal-
yses using these two molecules. As we observed for Myo7b,
V5-tagged CALML4 bound to the neck region of FLAG-tagged
Myo7a (Fig. 5D). Thus, CALML4 incorporates into the IMAC
by function as a light chain for Myo7b (Fig. 5E) and may also
function as a light chain for Myo7a in stereocilia.

CALML4 targeting to the BB requires Myo7b

Given that we detected an interaction between CALML4 and
Myo7b, we investigated whether targeting of CALMLA4 to the
BB depended upon this association. We first assessed the tar-
geting of endogenous CALML4 in CACO-25;. cell lines that
were knocked down (KD) for Myo7b (Fig. S5D). In contrast to
CACO-245g cells stably transduced with a control shRNA,
CALMLA4 failed to accumulate in the BB in Myo7b KD cells (Fig.
5, F and G). We further explored CALML4 apical targeting
using intestinal tissue sections from a Myo7b knockout (KO)
mouse. As was observed with our cell culture model, CALML4
was not enriched in the BB of Myo7b KO enterocytes (Fig. 5, H
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Figure 4. CALMLA4 localization in native intestinal tissue and enterocyte models. A, mouse duodenal tissue stained for CALML4 (green) and villin (red). The
boxed region in the merge denotes the area in zooms. The arrows point to CALML4 signal enrichment. Scale bar, 20 um. B, line scan analysis of CALML4 (green)
and villin (red) signal intensity parallel to the microvillar axis in mouse duodenal tissue sections. The plot shows a collection of 10 normalized scans taken from
three independent immunostaining experiments from tissue sections from three mice. C, immunoblot analysis for CALML4 and Actin using protein lysates
derived from mouse intestinal whole-tissue samples or isolated mouse BBs (5 g of total protein loaded). D, mouse intestinal organoid stained for CALML4
(green), F-actin (red), and DNA (gray). The boxed regions denote the area in zooms. The arrows point to the CALML4 signal enrichment. Scale bar, 20 um. E, 12-day
polarized CACO-2g; cells stained for CALML4 (green) and F-actin (red). The boxed regions denote the area in zooms. The arrows point to the CALML4 signal
enrichment in clustering BB microvilli. Scale bar, 20 um. F, isolated BB derived from 21-day polarized CACO-2g, cells stained for CALMLA4 (green) and F-actin
(red). The arrows point to signal enrichment at the distal tips of microvilli. The boxed regions denote the area in zooms. Scale bar, 5 um. G, quantification of
microvillar clustering as a function of endogenous CALML4 levels (n = 412 cells) in 12-day polarized CACO-25 monolayers. Data are derived from three
independentimmunostaining experiments. ***, p < 0.0001, t test. H, 12-day polarized CACO-2; cells stained for CDHR2 (blue), F-actin (magenta), and CALML4
(green). The boxed region denotes the area in zoom. Scale bar, 20 um. Error bars, S.D.

and /). Line scan analysis of the distribution of CALML4 along  (Fig. 5/). Interestingly, CALML4 appears to become slightly
the microvillar axis of Myo7b KO intestinal tissue clearly dem- enriched at the junctional margins of tissue enterocytes in the
onstrated that the small amounts of CALML4 still found in the absence of endogenous Myo7b (Fig. S5E). Together with our
BB fail to enrich at the microvillar tips in the absence of Myo7b  protein pulldown data, these studies suggest that CALMLA4 tar-
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gets to the enterocyte BB by directly interacting with the IMAC
component Myo7b.

CALMLA4 is required for normal BB assembly

CACO-245; enterocytes serve as a robust model to study the
role of the IMAC in BB assembly. Intermicrovillar adhesion
leads to the formation of overt clusters of microvilli on the
apical surface of CACO-2,y;. cells during construction of the
BB, providing a readily observable metric of IMAC activity.
Importantly, loss of the previously identified components of the
IMAC disrupts microvillar clustering and proper BB assembly
in this cell line (4, 5, 26). To assess the role of CALML4 in BB
assembly, we used lentivirus-mediated transduction to create
stable CACO-255: shRNA KD cell lines targeting CALMLA4.
We screened four different CALML4 shRNA constructs and
identified two independent shRNAs with a KD efficiency above
90% as assessed by immunoblot analysis and immunostaining
for CALML4 (Fig. S6, A and B). Both of these cell lines were
allowed to polarize for 12 days past confluence and were then
processed to visualize endogenous CALML4 and the F-actin
cytoskeleton by confocal microscopy. In both cases, scoring of
CACO-2, monolayers showed that depletion of endogenous
CALMLA resulted in a significant loss of microvillar clustering
relative to scramble control cells (Fig. 6, A and B). Specifically,
only ~20% of the cells in CACO-255: CALML4 KD monolayers
exhibited microvillar clusters, whereas ~70% of WT CACO-
2sge cells had clusters (Fig. 6, A and B). Importantly, KD of
CALMLA4 in CACO-25; cells phenocopies the loss of Myo7b
(26). To confirm the specificity of our KD phenotype, we cre-
ated stable cell lines that reintroduced a refractory EGFP-
CALMLA4 construct into the KD background. We observed that
EGFP-positive cells regained the ability to organize their
microvilli into well-structured clusters, consistent with the idea
that CALML4 is important for IMAC function (Fig. 6, A and B).
In combination with our pulldown data, our results here sug-
gest that CALML4 is a critical light chain for Myo7b and that
loss of CALML4 disrupts BB assembly likely through Myo7b
dysfunction.

Loss of CALML4 results in mistargeting of other IMAC
components

Myo7b has previously been shown to promote targeting of
the IMAC to the distal tips of BB microvilli (26). We reasoned
that if CALML4 is an obligate light chain required for Myo7b
function in CACO-2y;. cells, then loss of CALML4 may also

EDITORS’ PICK: CALML4 is a myosin-7B light chain

result in defects in IMAC targeting. To assess this, we stained
our CALML4 KD cells for individual IMAC components and
determined their localization by confocal microscopy. Similar
to the loss of Myo7b, KD of CALML4 resulted in significant
defects in IMAC targeting (Fig. 7A and Fig. S7A). When
expressed as a ratio of apical to total cell signal, we observed a
marked reduction in apical targeting of CDHR2, USHIC,
Myo7b, and ANKS4B in our CALML4 KD cells, whereas apical
levels of CDHR5 were not significantly affected (Fig. 7B).
Although rare compared with our scramble control cells, exam-
ples of tip targeting for CDHR2, USH1C, Myo7b, and ANKS4B
could still be observed in our CALML4 KD cell lines (Fig. 7A).
The microvilli from CALML4 KD cells that still exhibited tip-
targeting of these IMAC components appeared to be organized
into rudimentary clusters (see Fig. 7A, zoom panels), suggesting
that some level of IMAC adhesion may still exist in these pro-
trusions. Immunoblot analysis of CALML4 KD cell lysates for
the individual IMAC components revealed a trend toward
decreased total cellular levels of CDHR2, USH1C, Myo7b, and
ANKS4B, whereas CDHR5 was, again, not significantly affected
(Fig. 7C and Fig. S7B). Together, these results are consistent
with the premise that CALML4 functions as a critical light
chain for Myo7b that is required for efficient targeting of the
IMAC to the tips of BB microvilli.

Discussion
CALML4 is a novel IMAC component

In this report, we utilized a protein isolation strategy to
enrich for factors that are associated with the cytoplasmic
domain of CDHR?2. In doing so, we have identified CALML4 as
anovel IMAC component. In addition to the fact that CALML4
was discovered using this protocol, the evidence that CALML4
is a bona fide component of the IMAC may be summarized as
follows: (i) endogenous CALML4 is highly enriched at the tips
of BB microvilli in intestinal tissue and CACO-245; cells, the
site of IMAC function; (ii) when expressed in CACO-2,;. cells,
an AcGFP-tagged CALML4 exhibits robust targeting to the tips
of BB microvilli; (iii) CALMLA4 directly interacts with the IMAC
component, Myo7b; (iv) BB targeting of CALML4 is strictly
dependent upon Myo7b; and finally (v) loss of CALML4 dis-
rupts microvillar clustering, which phenocopies the loss of
other IMAC components. We believe that these data provide
convincing evidence that CALML4 represents a new, sixth
member of the IMAC.

Figure 5. CALMLA4 localization to the BB requires its association with the neck region of Myo7b. A and B, mapping the interaction between CALML4 and
the subdomains of Myo7b; FLAG-tagged Myo7b constructs served as bait, whereas V5 or EGFP-tagged CALML4 served as prey. PD, pulldown. C, immunoblot
analysis for endogenous CALML4 and Myo7b across a CACO-2g;; differentiation time series. D, mapping the interaction between CALML4 and Myo7a;
FLAG-tagged Myo7a constructs served as bait, whereas V5-tagged CALML4 served as prey. £, domain model summarizing how CALML4 incorporates into the
IMAC interactome. F, 12-day polarized CACO-2gg; cells stably transduced with either a scramble shRNA or an shRNA targeting Myo7b. Cells are stained for
CALMLA4 (green) and F-actin (red). The boxed regions denote the area in zooms. Dashed lines, locations where the x-z sections were taken; x-z sections are shown
below each en face image. The arrow points to CALML4 enrichment at the distal tips of BB microvilli. Scale bar, 20 um. G, scatterplot quantification of the
BB/cytosol ratios of CALML4 signal in scramble and Myo7b KD cell lines. Data points from 20 independent x-z sections were taken for each plot, derived from
three independentimmunostaining experiments. ***,p < 0.0001, t test. H, WT and Myo7b KO mouse duodenal tissue stained for CALML4 (green) and villin (red).
The boxed region in the merge denotes the area in zoom. The arrows demarcate CALMLA4 signal enrichment at the distal tips of BB microvilli. Scale bar, 20 pwm.
I, scatterplot quantification of the BB/cytosol ratios of CALML4 signal in enterocytes from WT and Myo7b KO mice. 12 data points were taken from independent
images at mid-villus sections for each plot, derived from WT and KO (n = 3; ***, p < 0.0001, t test). J, line-scan analysis of CALML4 signal intensity parallel to the
microvillar axis in WT and Myo7b KO mice duodenal tissue sections. The plot shows a collection of 10 normalized scans for each line trace, taken from three
independent immunostaining experiments using different tissue sections. The microvillar axis has been normalized to 0 = base and 1 = tip (WT and KO, n =
3). N.U., normalized units. Error bars, S.D.
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Figure 6. Loss of CALML4 in CACO-2, cells disrupts IMAC-mediated microvillar clustering. A, 12-day polarized CACO-2gg, cells stably expressing either
a scramble shRNA construct or two independent shRNAs targeting CALML4 (KD 5582 and KD 5583), stained for F-actin (red) and CALML4 (green). The rescue
CALML4 KD 5582 line expresses EGFP-CALML4-S that has been made refractory to KD. Rescue cells are stained for F-actin (red) and GFP (green). The boxed
regions in merge images denote areas in zooms. Scale bars, 15 um. B, quantification of microvillar clustering in scramble, CALML4 KD, and CALML4 rescue
CACO-2;g cell lines. Only EGFP-positive cells were scored for rescue. Data are from stable cell lines that were independently derived twice (scramble control,
n =683 cells; CALML4 KD 5582, n = 612 cells; CALML4 KD 5584, n = 576 cells; CALML4 KD 5582 refractory rescue EGFP-CALML4-S, n = 684 cells). ***,p < 0.0001,

t test. Error bars, S.D.

CALMLA4 functions as a light chain for Myo7b

CALMLA4 belongs to the calmodulin superfamily of small EF-
hand proteins that are known to interact with a diverse set of
target proteins that function in numerous cellular pathways.
Members of the calmodulin superfamily share the signature
“EF-hand” motif, typically found in pairs that constitute a stable
structural domain or “lobe” among family members (27). A sin-
gle EF-hand is a helix-loop-helix motif in which the interhelical
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loop region positions amino acids that are able to coordinate a
calcium ion with a physiologically relevant affinity. This allows
members to act as calcium sensors and buffers within the cell
(28). In some cases, however, the EF-hands of calmodulin
superfamily members have deviated away from the canonical
residues involved in calcium ligation, rendering them nonfunc-
tional. These members typically play calcium-insensitive struc-
tural roles when bound to their target molecules.
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Figure 7. CALMLA4 is required for normal IMAC localization in CACO-2gg, cells. A, 12-day polarized CACO-2gg, cells stably expressing either a scramble
shRNA construct or an shRNA targeting CALML4, stained for F-actin (red) and either CDHR2, CDHR5, USH1C, Myo7b, or ANKS4B (green). The boxed regions
denote the areain zooms. Scale bars, 15 um. B, scatterplot quantification of apical/total signal ratios of all of the IMAC components in scramble and CALML4 KD
CACO-2gg cells. Data are from stable cell lines that were independently derived twice. Data points are from six independent x-z sections taken for each plot.
Each data point represents the ratio of the entire apical signal found in the x-z section compared with the total signal of the x-z section. ***, p < 0.0001, t test;
** p < 0.001. C, immunoblot analysis of endogenous CALML4, CDHR2, CDHR5, USH1C, Myo7b, ANKS4B, and actin levels in lysates from 21-day polarized
scramble control or two independent shRNA CALML4 KD stable CACO-2gg lines. GAPDH was used as a loading control. Error bars, S.D.

Among members of the calmodulin superfamily, CALML4
bears appreciable sequence identity to conventional calmodu-
lin (~45%), while being more distantly related to the other
calmodulin-like protein family members (CALML3, 40%;
CALMLS5, 28%; CALML6, 30%). A prominent function of con-
ventional calmodulin is to act as a light chain for members of
the myosin family (29). Our domain-mapping studies revealed
that CALMLA4 associates with the neck region of Myo7b, sug-
gesting that it also functions as a myosin light chain. Structur-
ally, light chains function to stabilize the a-helical myosin neck

SASBMB

region, thereby allowing the neck to act as a rigid lever arm
during force production. In agreement with our findings, pre-
vious studies observed that recombinant mouse Myo7a and
Drosophila Myo7b co-expressed with calmodulin alone (using
the baculovirus expression system) purify with substoichiomet-
ric amounts of light chain compared with the five IQ motifs
found within the neck region of Myo7a and Myo7b. This may
indicate that one or more of the IQ motifs in the neck are unoc-
cupied when these myosins are purified under these conditions
(30-32). Indeed, the length of the bent conformation of full-
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length recombinant Drosophila Myo7a observed using EM is
less than expected for a motor that has a five-IQ motif lever arm
(33). Direct binding studies of recombinant human Myo7a
lever arm with calmodulin revealed that it binds two molecules
of calmodulin in the absence of calcium and three molecules in
the presence of calcium. This further suggests that Myo7a has
evolved one or more IQ motifs that recognize a “unique” light
chain (32).

Along with playing a structural role in stabilizing the neck
region of myosins, light chains can also serve as sites for regu-
lation of myosin activity. Regulation can occur either through
light chain phosphorylation or by the direct binding of Ca>" to
the light chain. Relevant to our discussion, the motor activity of
the Usher complex motor, Myo7a, has been shown to be regu-
lated by Ca®". Prior to activation, Myo7a exists in an autoinhib-
ited state in which the cargo-binding tail folds back to contact
and inhibit the motor-neck region of the myosin (32-34).
Whereas the details are still unclear, one mechanism that
relieves tail autoinhibition is Ca®>" binding to the light chains
associated with the neck region of Myo7a. It is not currently
known whether Myo7b also exhibits tail-mediated autoinhibi-
tion of its motor activity or if its associated light chains have a
role in regulating this myosin. It was recently discovered, how-
ever, that cargo binding to the tail of Myo7b occurs in an
ordered manner, possibly due to the tail being found in an auto-
inhibited state (5). Whether calcium binding to the light chains
associated with the neck region of Myo7b can induce changes in
the fold of the tail domain is currently not known. In the future,
it will be important to determine whether CALML4 or other
light chains play a role in regulating the catalytic or motile prop-
erties of Myo7b.

CALML4 in enterocyte BB assembly

We observed that loss of CALML4 results in significant per-
turbations to BB formation in CACO-2g;. cells. In the absence
of CALMLA4, BB microvilli fail to form organized clusters, sug-
gesting that CALMLA4 is required for IMAC function. Similar
effects are seen with loss of other IMAC components in CACO-
25ge cells, including CDHR2, CDHR5, ANKS4B, and Myo7b (4,
5, 26). In agreement with this, apical levels of CDHR2, USH1C,
ANKS4B, and Myo7b are markedly reduced in CALML4 KD
cells. Because CALML4 was only detected to interact with
Myo7b, it is likely that this effect is due to Myo7b dysfunction.
Using a knockdown-rescue approach in CACO-24; cells, it
was previously shown that only a full-length, motor-active ver-
sion of Myo7b is able to support normal levels of tip targeting of
the IMAC (26). Interestingly, a mutant version of Myo7b
(I482A) that has its catalytic activity uncoupled from mechan-
ical force generation was able to support a partial rescue of
CDHR?2 targeting, suggesting that the ability of Myo7b to func-
tion as an actin-binding molecular tether may also contribute to
retention of cargoes at microvillar tips independent of force
generation (26, 35). Indeed, whereas the overall levels of
CDHR2, USHIC, ANKS4B, and Myo7b in the absence of
CALML4 were reduced, we did note that discrete examples
of tip targeting for these IMAC components could still be seen
in our CALML4 KD cell lines. This suggests that if Myo7b does
target the IMAC to the distal tips of microvilli using an active
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transport process, it may still possess low-level motility in the
absence CALMLA4, or there may be other light chains that can
compensate for the loss of CALMLA4. Alternatively, Myo7b may
still be able to function as a molecular tether to localize cargo to
the microvillar tips without CALML4. Mapping the particular
IQ motif(s) with which CALML4 associates within the neck
region of Myo7b will be informative toward understanding if
CALMLA4 is an obligate light chain for Myo7b or whether other
light chains can partially compensate for the loss of CALMLA4.

CALML4: a USH1H candidate gene

Deleterious mutations in Usher complex components result
in USH1, the most common form of deafness-blindness in
humans, affecting ~6/100,000 people in the general population
(36). Whereas most USH1 patients only suffer from deafness-
blindness, it was noted early on that some patients with muta-
tions in the scaffold USH1C also present with severe inflamma-
tory enteropathy and nephropathy (11, 37). The discovery that
USHI1C is a shared component of the IMAC and Usher com-
plex provided an explanation for the transporting epithelia dys-
function exhibited by these patients (4). Our study here poten-
tially identifies CALML4 as the second component shared
genetically between the IMAC and Usher complex. Consistent
with this, CALML4 was previously reported to be highly
expressed in hair cell epithelia with a particular enrichment in
stereocilia and was also found as part of an immunoaffinity-
isolated fraction of stereocilia proteins that associate with
Myo7a (25). Furthermore, CALML4 is one of 27 candidate
genes found within the genetic region mapped to contain the
causative allele for USH1H, a variant of type 1 Usher syndrome
in which the gene responsible has not yet been identified (17). If
CALML4 is the USH1H gene, we would predict that USH1H
patients suffer neurosensory deficits due to a dysregulation of
Myo7a and may also have undiagnosed gut problems. Interest-
ingly, there are known point mutations within the neck region
of Myo7a that cause USH1 (38), lending support to the idea that
myosin dysregulation can occur as a result of mutations that
disrupt myosin heavy chain-light chain interaction. Going for-
ward, it will be imperative to investigate the localization and
localization determinants of CALML4 in hair cells and to deter-
mine whether or not CALML4 is the gene responsible for
USHI1H.

Experimental procedures
Animal model

Details on generation of the Myo7b KO mouse line can be
found under RRID:MGI_5757392. Exons between 32013021
and 32014869 of chromosome 18 were deleted to generate the
Myo7b null mouse.

Cell culture conditions

CACO-245; (male), COS-7, HEK293T, and HEK293FT cells
were cultured at 37 °C and 5% CO, in Dulbecco’s modified
Eagle’s medium with high glucose and 2 mm L-glutamine
(Sigma—Aldrich). Medium was supplemented with 20% FBS
(Gibco) for CACO-245; cells and 10% FBS for COS-7 and
HEK293FT cells. Cell lines were regularly checked with the
LookOut Mycoplasma PCR Detection Kit (Sigma—Aldrich).
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Table 1
Oligonucleotide sequences
Oligonucleotide Sequence
5"and 3’ RACE

CALMLA4 tvl (LONG) 5'-ATGGCAGCCGAGCATTTATTACCCGG-3'
CALMLA4 tv3 5'-ATGGTGGCCATGAGGTGCCTG-3'
CALMLA tv4 5'-ATGCACATGCAAATAAAACAAG-3'
CALMLA4 3’ 5’'-GCGGCCGCCCCTTTCAATAGTCC-3’

Adaptor primer 1 (RACE kit)

5'-CCATCCTAATACGACTCACTATAGGGC-3'

Human digestive system MTC panel PCR screening
CALML4 tvl (LONG)
CALMLA4-S (SHORT)

5'-ATGGCAGCCGAGCATTTATTACCCGG-3'
5'-ATGGCCAAGTTTCTTTCCCAAGACC-3'

CALMLA4 3’ 5'-GCGGCCGCCCCTTTCAATAGTCC-3'
CALML4 K, shRNA refractory silent mutations
CALMLA4 RF5582 sense 5'-TTCTTTCTTTGGGTCTTCTTGTTTGATCTGCATGTGCATAATGGTCAGAAAA -3
CALML4 RF5582 antisense 5'-TTTTCTGACCATTATGCACATGCAGATCAAACAAGAAGACCCAAAGAAAGAA-3'
Molecular biology tions were performed using the Human Small Intestine Mara-

The human cDNA constructs used in this study are as fol-
lows: CALML4 (GIL: 110227593), ANKS4B (GI: 148664245),
USHI1C (GI: 225690577), Myo7b (GIL: 122937511), CDHR2
(GIL: 285002213), CDHR5 (GI: 285002197), and Myo7a (GI:
189083797). DNA encoding these components were generated
by PCR and TOPO cloned into the pCR8 entry vector (Thermo
Fisher Scientific). The domain boundaries for the Myo7b con-
structs used are as follows: Myo7b Motor (aa 1-779), Myo7b
Motor-1Qs (aa 1-893), Myo7b full-length tail (aa 916-2116),
Myo7b MF1SH3 (aa 916-1542), and Myo7b SH3MF2 (aa
1501-2116). The domain boundaries for the ANKS4B con-
structs used are as follows: ANKS4B ANKR (aa 1-252),
ANKS4B CEN (aa 253-346), ANKS4B SAM (aa 348—417),
ANKS4B ANKRCEN (aa 1-346), and ANKS4B CENSAM (aa
253—417). The domain boundaries for the USHI1C constructs
used are as follows: NPDZ1 (aa 1-193), PDZ2 (aa 194-295),
PDZ2CC (aa 194-451), PDZ3 (aa 379-553), CCPDZ3 (aa
94.-553), NPDZ12 (aa 1-302), and PDZ2CCPDZ3 (aa 194—
553). The domain boundaries for the Myo7a constructs used
are as follows: Myo7a Motor (aa 1-741), Myo7a Motor-1Qs (aa
1-876), Myo7a full-length tail (aa 965-2215), Myo7a MF1SH3
(aa 965-1687), and Myo7a SH3MF2 (aa 1603-2215). The pro-
tocadherin constructs used in this study are as follows: ectodo-
main of CDHR5 (residues 1-472), AEC1-CDHR5 ectodomain
(residues 1-472, A27-119), cytoplasmic domain of CDHR5
(residues 697—845), and cytoplasmic domain of CDHR2 (resi-
dues 1178-1310). The pLVX-AcGFP-C1 lentiviral vector
(Takara) was adapted to Gateway technology using the Gate-
way Conversion kit (Thermo Fisher Scientific) to generate
pLVX-AcGFP-C1-GW. This vector was used for the genera-
tion of the stable cell line expressing AcGFP-CALML4. The
pINDUCER?20 lentiviral vector (39) was modified to include an
EGEFP tag downstream of the Gateway recombination cassette,
to create pINDUCER20-EGFP-N1. This vector was used for the
generation of stable cell lines expressing PCDH24-EGFP fusion
protein. Vectors used for expression of FLAG, Myc, Fc, and
V5-tagged proteins in this study have been described previously
(4, 5). Gateway LR reactions were performed using LR Clonase
II Plus mix (Thermo Fisher Scientific) according to the manufa-
cturer’s instructions and were transformed into DH5-« cells for
screening (Thermo Fisher Scientific). Constructs used for the
bacterial expression of the cytoplasmic domains (CDs) of the
protocadherins have been described previously (4). RACE reac-
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thon-Ready ¢cDNA kit (Takara) according to the manufactu-
rer’s instructions. Screening of the Human Digestive System
MTC Panel (Takara) was performed according to the manufa-
cturer’s instructions. Knockdown shRNA clones targeting
CALML4 and CDHR?2 were expressed in the pLKO.1 vector
and correspond to TRC clones TRCNO0000365582 and
TRCNO0000365583 for CALML4 and TRCN0000117862 and
TRCNO0000117865 for CDHR2 (Open Biosystems). A nontar-
geting scramble control shRNA was expressed from the
pLKO.1 vector (Addgene; plasmid 1864).

Oligonucleotide sequences

Oligonucleotide sequences for 5" and 3’ RACE, MTC panel
PCR screening, and CALML4 KD shRNA refractory silent
mutations are listed in Table 1.

Lentivirus and stable cell line generation

Lentivirus particles were generated by co-transfecting
HEK293FT cells (T75 flasks at 80% confluence) with 6 ug of
pLVX-AcGFP-CALML4 or pINDUCER20-PCDH24-EGFP
overexpression plasmid with 4 ug of psPAX2 packaging plas-
mid (Addgene #12260) and 0.8 ug pMD2.G envelope plasmid
(Addgene #12259) using polyethyleneimine reagent (Poly-
sciences). Cells were incubated with transfection medium for
12 h, after which they were exchanged with fresh medium. Cells
were subsequently incubated for 2 days to allow for lentiviral
production. Medium containing lentiviral particles was col-
lected and filtered, and lentiviral particles were concentrated
with the addition of Lenti-X concentrator reagent (Takara). For
lentivirus transduction, CACO-255 cells were grown to 90%
confluence in T25 flasks. Prior to lentiviral infection, the
medium was supplemented with 8 ug/ml polybrene (Sigma—
Aldrich). After 12 h of incubation with lentivirus, the cells were
reseeded into T75 flasks and grown for 3 days. Cells were then
reseeded into T182 flasks with medium containing 50 ug/ml
puromycin (Santa Cruz Biotechnology) or 1 mg/ml G418
(Santa Cruz Biotechnology) and passaged to select for stable
integration. Intestinal organoids were generated from mice and
processed for immunostaining as described previously (40).

Protein production

To produce recombinant ectodomain fusion proteins,
HEK293T cells were grown in T182 flasks to 90% confluence
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and transfected with polyethyleneimine reagent (Polysciences)
according to the protocol outlined by the manufacturer. Cells
were allowed to recover for 12 h, after which the medium was
replaced with serum-free Dulbecco’s modified Eagle’s medium/
F-12 supplemented with 2 mm L-glutamine. Cells were then
grown for an additional 48 h to allow protein expression into
the medium. Medium containing the secreted fusion protein
was recovered, filtered, and concentrated using an Amicon
Ultra-15 centrifugal filter unit (EMD Millipore). Media con-
taining recombinant ectodomain Fc-fusion proteins were incu-
bated with 20 ul (settled bed volume) of Dynabeads Protein A
magnetic beads (Thermo Fisher Scientific) that had been equil-
ibrated in Hanks’ balanced saline solution. Beads were washed
three times in Hanks’ balanced saline solution to remove
unbound ectodomain Fc-fusion protein and then directly used
in assays. For pulldown assays using GST fusions of the CDs of
CDHR2 and CDHRS5, constructs were transformed into
BL21(DE3) bacteria (Thermo Fisher Scientific), expressed, and
purified using GSH resin using standard conditions.

Ectodomain bead cell adhesion assay

CACO-2,;; cells stably expressing CDHR2-EGFP were
seeded into coverslips placed into 6-well dishes at a density of
100,000 cells/well. Cells were observed until a confluent mono-
layer was achieved that marked “day 0.” Cells were then allowed
to polarize for 6 days, after which 10 ul (settled bed volume) of
either CDHR5- or AEC1-CDHR5 ectodomain—coated mag-
netic beads were added to each well. Cells were then allowed to
polarize for an additional 6 days, after which they were placed in
a coverslip rack to hold them at a 90° angle and washed with 6 X
30 ml of PBS, with gentle rocking agitation for 5 min between
PBS changes. Coverslips were subsequently processed either
for immunofluorescent imaging or scanning EM.

BB isolation, BB staining, and IMAC recovery

BBs were isolated from rat small intestinal tissue using pro-
tocols described previously (41, 42). For BB isolation from cul-
tured cells, CACO-2,;; cells were seeded into four 10-cm?
dishes at a density of 3 X 10° cells/dish and observed until a
confluent monolayer was achieved which marked “day 0.” The
cells were then allowed to polarize for 21 days, with the medium
being swapped every 3—4 days. Cells were then washed once
with warm PBS, collected in 10 ml of warm PBS per plate by cell
scrapping, combined, and recovered by centrifugation at 500 X
g at room temperature. The recovered cell volume was noted,
and the materials were transferred to an ice bucket. The mate-
rial was resuspended by pipetting in 10 volumes of cold BB lysis
buffer (20 mm imidazole, pH 7.2, 4 mm EDTA, 1 mm 4-benze-
nesulfonyl fluoride hydrochloride plus one tablet of Roche Pro-
tease Inhibitor mixture per 10 ml of volume). The material was
then Dounce-homogenized on ice for 30—40 strokes, after
which it was transferred to a prechilled conical tube and spun at
3300 X g at 4 °C for 15 min. The recovered pellet was resus-
pended in fresh cold BB lysis buffer and spun at 3300 X gat 4 °C
for 15 min. Materials after this step were used for either immu-
nostaining or IMAC recovery experiments. For immuno-
staining of BBs, material was then resuspended in 1 ml of block-
ing solution (1:1 mix of BB lysis buffer and 5% BSA) for 30 min.
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Material was recovered by spinning at 3300 X gat 4 °C for 5 min
in a cooling tabletop centrifuge. The recovered pellet was resus-
pended in BB blocking solution (500 ul) with primary antibody
and incubated for 1 h on ice. Material was then recovered by
spinning at 3300 X g at 4 °C for 5 min and washed four times
with 1 ml of blocking solution. After recovery, material was
resuspended in blocking solution (500 wl) containing the
appropriate secondary antibody along with Alexa Fluor 568
phalloidin and incubated for 30 min on ice. Material was then
recovered and washed as above and finally resuspended in a 1:5
mix of BB lysis buffer/Prolong diamond (~600-800-ul total
volume). This mixture was then applied at ~100 ul/glass slide
with a syringe and needle (a few drops per slide) and a coverslip
mounted on top. Gentle pressure was applied to the coverslip to
remove excess sample under coverslip, after which the cover-
slip was sealed with nail polish, and samples were imaged. For
the recovery of the IMAC from isolated BBs, BB material was
spun at 3300 X gat 4 °C for 5 min and then resuspended in 2 ml
of cold Hanks’ buffered saline supplemented with 2 mm EDTA
and incubated with 20 wul (settled bed volume) of either
CDHR5- or AEC1-CDHR5 ectodomain—coated magnetic
beads for 20 min on a rocking platform at 4 °C. After incuba-
tion, 5 mm CaCl, was added to the reaction to induce adhesion
bond formation between the beads and the isolated BBs. The
BB/bead mixture was incubated for 20 min on a rocking plat-
form at 4 °C. The beads were subsequently recovered using the
DynaMag-2 Magnet apparatus (Thermo Fisher Scientific),
washed four times with 1 ml of cold extraction buffer (20 mm
Tris, pH 7.5, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.05% SDS, 2 mm MgCl,, 2 mm ATP), and eluted
with 150 ul of 2X SDS sample buffer at room temperature.
Eluates were separated on 4—12% BisTris gels (Novex), and
Western blot analysis was performed using the following anti-
body dilutions: anti-human IgG (Fc-specific) antibody (1:1000;
Sigma—Aldrich, catalog no. 12136), anti-CALML4 (1:200; Pro-
teintech 15894-1-AP), anti-ANKS4B (1:200; Sigma—Aldrich
catalog no. HPA043523), anti-CDHRS5 (1:100; Sigma—Aldrich
catalog no. HPA009081), anti-CDHR2 (1:25; Sigma—Aldrich cata-
log no. WH0054825M1), anti-USH1C (1:250; Sigma—Aldrich
catalog no. HPA027398), and anti-Myo7b (1:100; Sigma-—
Aldrich catalog no. HPA039131).

Microscopy

Cells and tissue sections were imaged using a Leica SP8 or
Nikon A1R laser-scanning confocal microscope. Superresolu-
tion microscopy was performed using a GE Healthcare/Applied
Precision DeltaVision OMX. Scanning EM was performed
using a Quanta 250 Environmental scanning EM operated in
high-vacuum mode with an accelerating voltage of 5-8 kV.
Sample preparation for scanning EM was performed as
described previously (4). Paraffin-embedded duodenal tissue
sections from WT and MYO7B KO mice were prepared as
described previously (4). Samples were stained using anti-
CALMLA4 (1:200; Proteintech 15894-1-AP), anti-Myo7b (1:100;
Sigma-Aldrich catalog no. HPA039131), and anti-villin (1:50;
Santa Cruz Biosciences, catalog no. sc58897) followed by Alexa
Fluor 488 donkey anti-rabbit (1:200; Thermo Fisher Scientific)
and Alexa Fluor 568 donkey anti-mouse (1:200; Thermo Fisher
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Scientific). CACO-255: monolayers were washed once in warm
PBS and incubated briefly with 0.02% saponin (Sigma—Aldrich)
in warm PBS and then fixed for 15 min with 4% paraformalde-
hyde (Electron Microscopy Sciences) in warm PBS containing
0.1% Triton X-100 (Sigma—Aldrich). After fixation, cells were
washed three times with warm PBS and blocked overnight in a
filtered 5% BSA solution. Immunostaining was performed
using anti-CALML4 (1:200; Proteintech 15894-1-AP), anti-
ANKS4B (1:200; Sigma-Aldrich, catalog no. HPA043523), anti-
CDHR5 (1:100; Sigma-—Aldrich, catalog no. HPA009081),
anti-CDHR2 (1:25; Sigma—Aldrich, catalog no. HPA012569), anti-
USHIC (1:250; Sigma—Aldrich, catalog no. HPA027398), anti-
Myo7b (1:100; Sigma—Aldrich, catalog no. HPA039131), or
anti-GFP (1:200; Aves Labs, catalog no. GFP1020) at 37 °C for
2 h, after which coverslips were washed three times with PBS,
and Alexa Fluor 488 donkey anti-rabbit (1:200) secondary anti-
body or Alexa Fluor 488 goat anti-chicken (1:200) along with
Alexa Fluor 568 phalloidin (1:200; Thermo Fisher Scientific)
were applied for 1 h at room temperature. Coverslips were then
washed five times in PBS and mounted with Prolong Diamond
Antifade reagent (Thermo Fisher Scientific). All images shown
are en face maximum projections through the full height of the
BB, with the exception of x-z sections, which are single-plane
confocal images.

Image analysis

Image analysis was performed using Image] (43). For line
scan signal analysis, a line was drawn through the BB oriented
parallel to the microvillar axis as judged by the villin signal. The
intensity of the CALM4 signal along that line was subsequently
determined and normalized to the maximum grayscale value
for an 8-bit image (i.e. 255). The corresponding positions
for each intensity value were normalized where 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) to determine the position of peak CALML4 inten-
sity and distribution width * S.D. relative to the microvillar
axis. Image analysis for the ectodomain bead cell adhesion assay
was performed in a blinded fashion.

Pulldown assays

For pairwise pulldown assays, COS-7 cells were grown in T75
flasks to 90% confluence and transfected using Lipofectamine
2000 according to the manufacturer’s protocol. After 48 h, cells
were washed once in warm PBS, recovered using a cell scraper,
and lysed in ice-cold Cellytic M buffer (Sigma—Aldrich) con-
taining 2 mm ATP, 1X cOmplete ULTRA protease inhibitor
mixture (Thermo Fisher Scientific), and 1 mm Pefabloc SC
(Thermo Fisher Scientific). Lysates were centrifuged at
16,000 X g, and the soluble fraction was recovered and incu-
bated with a 50-ul bed volume of either pre-equilibrated anti-
FLAG M2 resin (Sigma—Aldrich) or GSH resin (Sigma—
Aldrich) coupled with GST fused to the CDs of the
protocadherins. Resins were incubated with cell lysates for 2 h,
rocking at 4 °C; pelleted by a low-speed spin, washed four times
using radioimmune precipitation assay buffer (Sigma-Aldrich)
supplemented with 2 mm ATP, 1X cOmplete ULTRA protease
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inhibitor mixture (Thermo Fisher Scientific) and 1 mm Pefabloc
SC (Thermo Fisher Scientific); and eluted by boiling in 2X SDS
buffer to recover bound material. Resin-bound material was
detected by either staining with Coomassie Blue or Western
blot analysis with the following antibody dilutions: mouse anti-
FLAG M2 (1:1000; Sigma—Aldrich, catalog no. F3165), mouse
anti-V5 (1:5000; Thermo Fisher Scientific, catalog no. R960-
25), or mouse anti-Myc 9E10 (1:1000; Thermo Fisher Scientific,
catalog no. M4439).

Statistical analysis

All graphs were generated and statistical analyses performed
using Prism version 6 (GraphPad). For all figures, error bars
represent S.D. Unpaired ¢ fests were employed to determine
statistical significance between reported values. Statistical
details of individual experiments can be found in figure legends
(***, p < 0.0001; **, p < 0.001; *, p < 0.01).

Data availability

All data are contained within the article and supporting
information.
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