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Comparative analysis of the MyTH4-FERM 
myosins reveals insights into the determinants 
of actin track selection in polarized epithelia

ABSTRACT  MyTH4-FERM (MF) myosins evolved to play a role in the creation and function of 
a variety of actin-based membrane protrusions that extend from cells. Here we performed an 
analysis of the MF myosins, Myo7A, Myo7B, and Myo10, to gain insight into how they select 
for their preferred actin networks. Using enterocytes that create spatially separated actin 
tracks in the form of apical microvilli and basal filopodia, we show that actin track selection is 
principally guided by the mode of oligomerization of the myosin along with the identity of 
the motor domain, with little influence from the specific composition of the lever arm. Chime-
ric variants of Myo7A and Myo7B fused to a leucine zipper parallel dimerization sequence in 
place of their native tails both selected apical microvilli as their tracks, while a truncated 
Myo10 used its native antiparallel coiled-coil to traffic to the tips of filopodia. Swapping lever 
arms between the Class 7 and 10 myosins did not change actin track preference. Surprisingly, 
fusing the motor-neck region of Myo10 to a leucine zipper or oligomerization sequences 
derived from the Myo7A and Myo7B cargo proteins USH1G and ANKS4B, respectively, re-
encoded the actin track usage of Myo10 to apical microvilli with significant efficiency.

INTRODUCTION
Myosins are a superfamily of actin-based motors that participate in 
numerous cellular processes such as cell motility, control of mem-
brane protrusions and cellular shape, and the intracellular transport 
of cargo molecules (Heissler and Sellers, 2016). The defining feature 
of this superfamily is a conserved N-terminal motor domain that 
binds actin and hydrolyzes ATP to convert chemical energy to me-
chanical force. Following the motor domain is a short neck region 

that contains a variable number of “IQ” motifs that associate with 
light chains that stabilize the neck, allowing the neck to act as a rigid 
lever arm during force production (Uyeda et al., 1996). In some myo-
sins, the lever arm is extended using sequences that fold into a sta-
ble single α-helix (SAH) (Baboolal et al., 2009). Finally, myosins con-
tain a C-terminal tail region which is the most diverse sequence 
found across the superfamily. One group of interest are the myosins 
that contain coupled MyTH4-FERM (myosin tail homology–band 
4.1, ezrin, radixin, moesin; MF) domains in their tails. A MF tandem 
domain is comprised of an N-terminal helical MyTH4 domain and a 
C-terminal clover leaf-shaped FERM domain, with the latter typically 
playing the dominant role in associating with binding partners 
(Planelles-Herrero et al., 2016; Li et al., 2017b). Vertebrate myosins 
that possess MF domains include the Class 7, 10, and 15 myosins. 
These myosins are proposed to use their tails to function, at least in 
part, as cargo transporters along actin tracks associated with mem-
brane protrusions that extend from cells (Weck et al., 2017; Hou-
dusse and Titus, 2021).

A prevailing theory in the field is that MF myosins must dimerize 
in order to bring together two motor domains to allow them to 
“walk” on actin in a processive manner (Siththanandan and Sellers, 
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2011). This is well studied for Myo10 which plays a critical role in the 
formation and extension of filopodia, dynamic protrusions that cells 
use to probe their environment. Myo10 contains a neck region com-
prised of three IQ motifs and a SAH motif, followed by a coiled-coil 
sequence that mediates antiparallel dimerization to promote a pro-
cessive form of the myosin (Lu et al., 2012). Importantly, the C-termi-
nal cargo-binding tail of Myo10 is dispensable for its ability to track 
to filopodia tips (Tokuo et al., 2007). Detailed studies have begun to 
produce a model of how Myo10 traffics on the parallel-bundled ac-
tin of filopodia. Antiparallel dimerization and an unusually large 
powerstroke swing angle (∼120°) promote a geometry of the lever 
arms that place the two motor domains of the Myo10 dimer rela-
tively far apart during stepping. The innate length of the Myo10 le-
ver arm is ∼24 nm, allowing the myosin to achieve steps of ∼52, 40, 
and possibly 57 nm when in an antiparallel dimer (Ropars et  al., 
2016). Large step sizes between 47 and 57 nm are not easily 
achieved on single actin filaments due to the actin filament twist 
that places myosin binding sites on opposite faces of the actin fila-
ment between these distances. Rather, stepping of Myo10 is pro-
posed to be compatible with the bundled actin found in filopodia, 
in which myosin binding sites on neighboring filaments are located 
at distances of 52, 57, 38, and 19 nm. This suggests the geometry 
of Myo10 favors walking on the surface of bundled actin in which 
the myosin dimer straddles two adjacent filaments to accommodate 
its large step size (Nagy et al., 2008; Ropars et al., 2016).

In contrast to Myo10, much less is known about the stepping 
mechanics of the two Class 7 MF myosins found in vertebrates, 
Myo7A and Myo7B (Bement et al., 1994; Chen et al., 1996, 2001). 
Myo7A has been largely characterized as part of the Usher syn-
drome adhesion complex associated with stereocilia of the inner ear 
that mediates sound reception (Weil et  al., 1995, 1996). Myo7B 
functions in a homologous manner as part of the intermicrovillar 
adhesion complex (IMAC) found at the distal tips of brush border 
(BB) microvilli on the surface of the solute-transporting epithelia of 
the intestine and kidney (Crawley et al., 2014b, 2016; Weck et al., 
2016; Choi et al., 2020). Myo7A and Myo7B each possess five ho-
mologous IQ motifs in their lever arm, while the post-IQ region of 
Myo7A also contains a SAH motif. Their five IQ motifs would span a 
theoretical length of ∼19 nm when stabilized by light chains, with 
the SAH motif of Myo7A further extending the lever arm an addi-
tional ∼9 nm (Li et  al., 2017a). The powerstroke swing angles of 
these myosins have not been measured to date. Both of these myo-
sins have a tail comprised of a pair of MF domains separated by an 
intervening SH3 domain, but lack an intrinsic dimerization sequence 
and are thought to be monomeric on their own (Chen et al., 2001; 
Umeki et al., 2009; Yang et al., 2009). Binding of oligomeric cargo to 
their tail sequences is one mechanism proposed to promote their 
processive forms. Previous groups have successfully used forced di-
merization systems (e.g., variants of leucine zippers and the FK506 
binding protein inducible dimerization domain) to study the proper-
ties of both Myo7A and Myo7B in the absence of cargo (Yang et al., 
2006; Sakai et al., 2011, 2015; Weck et al., 2016; Sato et al., 2017). 
The nature of oligomerization imparted from IMAC or Usher com-
plex cargo molecules, and how oligomerization would influence le-
ver arm geometry, is not presently clear for the Class 7 myosins.

MF myosins associate with a variety of membrane protrusions 
that have a core common feature: each protrusion is supported by a 
parallel-bundled array of actin filaments that have their barbed ends 
oriented toward the distal tip of the protrusion. However, the di-
mensions of the specific type of protrusion, the number of actin fila-
ments they contain, and the actin cross-linking proteins that orga-
nize them differ partially across each protrusion type. For example, 

the largest stereocilia of the inner ear achieve a height of ∼100 μm 
and are supported by hundreds of actin filaments that are cross-
linked to an interfilament distance of ∼10 nm by a variety of actin 
bundling factors including espin, fimbrin/plastin, fascin-2, XIRP2, 
and TRIOBP (Sekerkova et al., 2006; Kitajiri et al., 2010; Chou et al., 
2011; Francis et al., 2015; Scheffer et al., 2015; Taylor et al., 2015). 
In comparison, BB microvilli range in length from 0.5 to 3 μm and 
contain 30–40 actin filaments that are bundled primarily by espin, 
fimbrin/plastin, and villin with a reported interfilament distance of 
∼13 nm (Bretscher and Weber, 1979, 1980; Mooseker et al., 1980; 
Matsudaira et al., 1983; Bartles et al., 1998; Ohta et al., 2012). Filo-
podia can be upward of 10 μm in length and contain 10–30 actin 
filaments that are bundled primarily by fascin that packs adjacent 
filaments ∼12 nm apart (Yang et al., 2013). Interestingly, these differ-
ent types of actin-based protrusions can often coexist on the same 
cell, leading to an important series of questions: can the MF myosins 
differentiate between distinct parallel-bundled actin networks? If so, 
what are the structural features of these myosins that allow them to 
do so?

Here we performed a comparative analysis of Myo7A, Myo7B, 
and Myo10 using CACO-2BBE enterocytes as a model. The advan-
tage of this system is that CACO-2BBE cells create well-developed 
apical microvilli that are spatially separated from basal filopodia due 
to the columnarlike shape the cells attain on polarization. This allows 
us to easily observe which of these two parallel-bundled actin net-
works that a particular myosin “chooses” when expressed in this cell 
line. We questioned whether we could influence actin track selec-
tion by modulating either the lever arm composition or the mode of 
oligomerization of the myosin in order to control the overall lever 
arm geometry. Together, our study provides novel insights into the 
mechanism underlying how myosins are able to select between dif-
ferent parallel-bundled actin networks in polarized cells.

RESULTS
Full-length Myo7A does not target to the apical domain 
of enterocytes
To begin to dissect how the MF myosins select for their preferred 
actin networks in cells, we first questioned whether Myo7A was able 
to utilize BB actin as a track similar to Myo7B. Myo7A and Myo7B 
exhibit an overall identity of ∼56% (Supplemental Figure S1A) and 
associate with a homologous set of cargo molecules within their re-
spective adhesion complexes (Crawley et al., 2014a). Previous pro-
teomic analysis of isolated enterocyte BBs detected low amounts of 
Myo7A in addition to the abundant levels of Myo7B (McConnell 
et al., 2011). We confirmed by immunoblot analysis that Myo7A is 
indeed expressed in the gut alongside Myo7B (Supplemental Figure 
S1B). However, localization studies in mouse duodenal tissue re-
vealed only minor levels of fluorescence signal for Myo7A within the 
BB (Supplemental Figure S1C), in contrast to the robust signal of 
Myo7B detected at microvillar tips (see the arrows in the zoom inset 
in Supplemental Figure S1D and the line-scan analysis in Supple-
mental Figure S1E). To further explore the BB-targeting capabilities 
of Myo7A, we expressed the full-length protein (Figure 1A; Myo7A 
FL) as an EGFP-fusion in CACO-2BBE cells. CACO-2BBE cells are a 
malleable enterocyte model system that utilizes the IMAC to con-
struct a near tissuelike BB after an extended period in cell culture 
(Peterson and Mooseker, 1993; Crawley et  al., 2014b). Targeting 
was quantified by calculating the ratio of EGFP signal found in the 
BB versus the cytosol. As a control, a cell line expressing EGFP-
tagged full-length Myo7B was created (Figure 1A; Myo7B FL). While 
Myo7B exhibited robust targeting to BB microvilli (Figure 1, B and 
G), Myo7A was largely cytosolic with only low amounts of the myosin 
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FIGURE 1:  Myo7A does not target to apical microvilli in polarized CACO-2BBE cells. (A) Diagram of EGFP-fusion 
constructs used to assess the apical targeting ability of Myo7A in CACO-2BBE cells. Amino acid position numbers are 
shown for full-length (FL) Myo7A and Myo7B to illustrate relative size of domains. (B–F) Confocal images of 12-d 
polarized CACO-2BBE cells stably expressing EGFP-fusion constructs tested. Dashed lines indicate the position where X-Z 
sections were taken; X-Z sections are shown below each en face image. Scale bars, 10 μm. (G) Scatterplot quantification 
of the BB:cytosol ratios of EGFP signal for all EGFP-fusion constructs tested. Bars indicate mean and SD. R.U = relative 
units. **p < 0.001, ***p < 0.0001, two-tailed t test. (H) Line-scan analysis of EGFP-Myo7B FL (orange) and EGFP-Myo7A-
7B tail chimera (green) signal intensity collected parallel to the microvillar axis in stably transduced CACO-2BBE cells. 
Microvillar length has been normalized, where 0 = base of microvilli, and 1 = distal tip of microvilli. N.U = normalized units.
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localizing to the BB (Figure 1, C and G). We next explored whether 
the lack of robust targeting of Myo7A was due to differences in its 
cargo-binding properties compared with Myo7B. It has previously 
been shown that the isolated tail of Myo7B can target to microvilli 
through interactions with endogenous IMAC cargo (Weck et  al., 
2016). To test whether Myo7A exhibited similar properties, the tail 
domains of Myo7A and Myo7B were stably expressed in CACO-
2BBE cells (Figure 1A; Myo7A tail, Myo7B tail). Similar to the full-
length proteins, the tail of Myo7B was able to target to the BB 
(Figure 1, D and G), while the tail of Myo7A was found in the cytosol 
(Figure 1, E and G). Consistent with this, swapping the tail domain 
of Myo7B into full-length Myo7A (Figure 1A; Myo7A-7B tail) pro-
moted targeting of this chimera to the BB (Figure 1, F and G), where 
it exhibited a similar enrichment at the microvillar tips as seen with 
full-length Myo7B (Figure 1H).

Myo7A is thought to exist in an autoinhibited conformation in 
which the tail domain folds back to silence motor activity (Umeki 
et al., 2009; Yang et al., 2009). Evidence suggests that cargo bind-
ing to the tail relieves inhibition, providing a mechanism for correct 
temporal activation of Myo7A in cells (Sakai et al., 2011; Liu et al., 
2021). We reasoned that the lack of targeting of full-length Myo7A 
could result from either its motor domain not being “compatible” 
with using BB actin as a track (perhaps due to differences in actin 
cross-linking proteins found between BB and stereocilia that could 
impact actin structure),or that Myo7A was not being properly acti-
vated in enterocytes due to lack of correct cargo for its tail domain. 
To begin to assess this, we tested whether our Myo7A-Myo7B tail 
chimera could rescue the BB assembly defects associated with the 
loss of endogenous Myo7B. Stable knockdown (KD) of Myo7B from 
CACO-2BBE cells disrupts proper IMAC distal tip targeting and ad-
hesion activity, leading to impaired microvillar clustering and the 
formation of abnormal BBs (Figure 2, A and B; Supplemental Figure 
S2, A and B). Successful rescue of these defects requires both a 
functional motor domain and the intact tail of Myo7B (Weck et al., 
2016). We attempted to rescue proper IMAC-mediated microvillar 
clustering in stable Myo7B KD cells by expressing EGFP-tagged KD-
refractory versions of Myo7B FL, Myo7A FL, and our Myo7A-Myo7B 
tail chimera. While Myo7A FL was unable to rescue microvillar clus-
tering, both Myo7B FL and the Myo7A-Myo7B tail chimera restored 
microvillar clustering to similar levels (Figure 2, A and B). In sum, 
these data suggest Myo7A and Myo7B are not functionally redun-
dant in the gut, and that differences between their tail domains 
rather than their motor activity likely specify their proper in vivo 
roles.

A forced dimer of Myo7A can utilize BB actin tracks
Previous studies have employed forced dimer systems to explore 
the properties of the Class 7 myosins in the absence of cargo bind-
ing (Yang et al., 2006; Sakai et al., 2011, 2015; Weck et al., 2016; 
Sato et al., 2017). Fusing the motor-neck region of Myo7B with a 
GCN4 parallel dimer leucine zipper motif (Figure 3A; Myo7B-MN-
GCN4) promoted targeting of the chimera to the distal tips of BB 
microvilli when expressed in CACO-2BBE cells (Figure 3, B and G). 
We used an identical approach to further investigate whether the 
motor domain of Myo7A was able to use the actin track found in BB 
microvilli in the absence of any associated tail sequence. For our 
analysis, targeting of constructs was quantified by binning cells into 
one of three categories: those exhibiting no targeting, apical target-
ing (but not exclusively at the distal tips of microvilli), or distal tip 
targeting of the EGFP-fusion protein. Similar to Myo7B, a forced 
dimer of Myo7A (Figure 3A; Myo7A-MN-GCN4) targeted to the dis-
tal tips of microvilli (Figure 3, C and G). Incorporating a mutation 

(R212A) expected to block phosphate release and inhibit actin bind-
ing of Myo7A abolished apical targeting, confirming that motor ac-
tivity was essential for its correct localization (Figure 3, D and G).

We used this forced dimer system to explore how differences in 
the lever arm between Myo7A and Myo7B impacted targeting. 
Both myosins have five homologous IQ motifs following their motor 
domains, while Myo7A has a further SAH motif that extends its neck. 
Deletion of the IQ motifs abolished targeting of the Myo7A forced 
dimer, suggesting that the SAH motif alone cannot function as an 
adequate lever arm and that loss of the IQ motifs may lead to im-
paired motor function (Figure 3, E and G). Surprisingly, shortening 
the lever arm of Myo7A by deleting the SAH motif (Figure 3A; 
Myo7A-MNΔSAH-GCN4) had an intermediate effect: this deletion 
mutant was able to target to the BB, but did not appear exclusively 
restricted to the distal tips of microvilli (Figure 3, F and G). This was 
easily observed by comparing targeting of this construct versus 
wild-type forced dimers in mature microvilli that were undergoing 
IMAC-mediated clustering (Supplemental Figure S3, A–D). We con-
firmed this by measuring the signal distribution across the BB axis 
using line-scan analysis. While the wild-type Myo7A forced dimer 
displayed obvious enrichment toward the distal tips of microvilli, 
deleting the SAH motif resulted in signal being detected across the 
entire microvillar axis (Figure 3, H and I). This suggests that the 
Myo7A SAH motif is an integral component of its neck region and 
likely plays a more complex role beyond simply lengthening the le-
ver arm compared with Myo7B. Together, these results reveal that a 
forced parallel dimer of Myo7A can target to the distal tips of BB 
microvilli, and that the longer theoretical length of the Myo7A lever 
arm does not preclude this myosin from associating with apical 
microvilli.

MF myosin lever arm identity does not define 
actin track usage
We next sought to directly compare two MF myosins that utilize dif-
ferent actin networks in cells. For this, we compared Myo7B that 
targets to microvillar actin tracks to Myo10 that has evolved to traffic 
on filopodia actin. More specifically, we first questioned whether 
lever arm identity could help specify which actin network a MF myo-
sin utilizes. This could occur through the lever arm sensing local 
calcium levels found in distinct actin networks in order to control 
motor activity based on location, or perhaps due to differences in 
the lever arm-influenced step sizes of myosins that may be fine-
tuned to match specific actin networks. Previous work has shown 
that the minimal processive form of Myo10 (herein referred to as 
“minimal Myo10”) that tracks to filopodia tips requires its motor 
domain, neck region, and native antiparallel coiled-coil (Figure 4A; 
Myo10-MN-CC) (Berg and Cheney, 2002). We tested whether mini-
mal Myo10 could target correctly to the basal region in CACO-2BBE 
cells. To assess this, a stable cell line expressing EGFP-tagged mini-
mal Myo10 was created and imaged at both an early confluency 
time point (∼1 d after plating, prior to BB assembly) to visualize filo-
podia only (Supplemental Figure S4B) and at a 12-d postconfluency 
polarized time point to observe mature microvilli and basal filopodia 
in the same cell (Figure 4C). Minimal Myo10 was exclusively associ-
ated with the basal region of cells at both time points, exhibiting 
prominent targeting to filopodia protrusions that were easily identi-
fied at the early confluency stage. Importantly, minimal Myo10 did 
not target to apical microvilli in polarized cells, identical to previous 
observations examining expression of full-length Myo10 in MDCK 
kidney epithelial cells (Liu et al., 2012). This suggests that the deter-
minants for actin track selection utilized by Myo10 in epithelia are 
likely encoded in the minimal form of the myosin. The efficiency of 
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basal targeting was quantified by de-
tecting the number of EGFP puncta 
above a set threshold value, ex-
pressed per unit of basal surface area 
(see Materials and Methods for de-
tails). This revealed that the level of 
basal targeting of minimal Myo10 
was only slightly lower in polarized 
cells compared with early confluency 
cells (compare Figure 4B and Sup-
plemental Figure S4A).

A variant of minimal Myo10 lack-
ing its SAH motif was engineered to 
test whether shortening the lever arm 
would cause Myo10 to change its 
actin track preference (Figure 4A; 
Myo10-MN-ΔSAH-CC). Deletion of 
the Myo10 SAH motif did not result in 
apical targeting, but did significantly 
reduce basal targeting at both early 
confluency (Supplemental Figure S4, 
A and C) and polarized time points 
(Figure 4, B and D). We further inves-
tigated whether the specific identity 
of the lever arm could influence actin 
track selection by testing two more 
variants of Myo10: one in which 
Myo10 retained its native SAH motif 
but the IQ motifs of Myo7B were 
swapped in (Figure 4A; Myo10-MN-
7BIQs-CC) and another in which the 
Myo7B IQ motifs alone served as the 
lever arm for Myo10 (Figure 4A; 
Myo10-MN7BIQs-ΔSAH-CC). Minimal 
Myo10 containing the IQ motifs of 
Myo7B still exhibited striking selectiv-
ity for filopodia actin tracks and did 
not target to apical microvilli in polar-
ized cells (Figure 4E). The level of tar-
geting to the basal region for this 
construct was similar to wild-type 
minimal Myo10 at early confluency 
(Supplemental Figure S4, A and D), 
but decreased below wild-type levels 
in polarized cells (Figure 4, B and E). 
The variant of minimal Myo10 in 
which the Myo7B IQ motifs served as 
the sole lever arm (Myo10-MN7BIQs-
ΔSAH-CC) exhibited reduced track-
ing to filopodia tips at both early 

FIGURE 2:  Myo7A is not functionally redundant to Myo7B in supporting IMAC-mediated BB assembly 
in polarized CACO-2BBE cells. (A) Confocal images of 12-d polarized CACO-2BBE cells stably expressing 
either an shRNA construct or both shRNA and an EGFP-fusion rescue construct. Cells were stained for 
F-actin (red) and either Myo7B (green) for scramble and KD cell lines, or EGFP (green) for rescue cell 
lines. Boxed regions denote areas in zoomed panels for each image set. Scale bars, 20 μm 
(B) Quantification of microvillar clustering in KD and rescue CACO-2BBE cell lines. For quantification 

of rescue cell lines, only EGFP-
positive cells were scored. Scramble 
control, n = 384 cells; Myo7B KD 715, 
n = 345 cells; Myo7B KD 715 rescue 
EGFP-Myo7B FL, n = 156 cells; Myo7B 
KD 715 rescue EGFP-Myo7A FL, 
n = 187 cells; Myo7B KD 715 rescue 
EGFP-Myo7A-7B tail chimera, n = 121; 
ns = not significant, ***p < 0.0001, 
two-tailed t test. Bars indicate 
mean ± SD.
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FIGURE 3:  A GCN4-mediated forced dimer of Myo7A targets to the distal tips of BB microvilli in polarized CACO-2BBE 
cells. (A) Diagram of EGFP-fusion constructs used to assess the apical targeting ability of forced dimer variants of motor-
neck (MN) regions of Myo7A and Myo7B. (B–F) Confocal images of 12-d polarized CACO-2BBE cells stably expressing 
EGFP-fusion constructs tested. Boxed regions denote areas in zoomed panels for each figure. Dashed lines indicate the 
position where X-Z sections were taken; X-Z sections are shown below each en face image. Scale bars, 20 μm. 
(G) Quantification of apical targeting. Myo7B-MN-GCN4, n = 56 cells; Myo7A-MN-GCN4, n = 52 cells; Myo7A-MR212AN-
GCN4, n = 76 cells; Myo7A-MNΔSAH-GCN4, n = 64 cells; Myo7A-MNΔIQ-GCN4, n = 49 cells. Stacked bars indicate mean. 
(H, I) Line-scan analysis of EGFP-Myo7A-MN-GCN4 (blue) and Myo7A-MNΔSAH-GCN4 (red) signal intensity collected 
parallel to the microvillar axis. Microvillar length has been normalized, where 0 = base of microvilli and 1 = distal tip of 
microvilli. N.U = normalized units.
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FIGURE 4:  Lever arm identity does not dictate actin track selection of Myo10 expressed in polarized CACO-2BBE cells. 
(A) Diagram of EGFP-fusion constructs that were used to assess the role of the lever arm in actin track selection of 
Myo10 variants expressed. Amino acid position numbers are shown for Myo10-MN-CC to illustrate relative size of 
domains. (B) Quantification of the number of EGFP puncta per 10,000 μm2 of basal surface area from 12-d polarized 
CACO-2BBE cells stably expressing EGFP-tagged variants of Myo10. See Materials and Methods for details. **p < 0.001, 
***p < 0.0001, two-tailed t test. Bars indicate mean ± SD. (C–F) Confocal images of the apical (top panels) and basal 
regions (bottom panels) from a representative image stack of 12-d polarized CACO-2BBE cells stably expressing 
EGFP-fusion constructs tested. Boxed regions denote areas in zoomed panels for each figure. Scale bars, 20 μm.
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confluency (Supplemental Figure S4, A and E) and polarized time 
points (Figure 4, B and F), but also did not target to apical microvilli.

To gain insight into whether modulating the lever arm of Myo7B 
could influence actin track selection, we first imaged our wild-type 
EGFP-tagged Myo7B forced dimer at early confluency to examine if 
targeting to basal filopodia occurred prior to the onset of BB assem-
bly. This revealed diffuse localization of the Myo7B forced dimer in 
the cytoplasm, with no obvious localization to basal actin structures 
(Supplemental Figure S5A). On polarization, the Myo7B forced di-
mer targeted to apical microvilli while still exhibiting no localization 
to the basal region of cells (Figure 5, B and C). Indeed, direct side-
by-side comparison of the Myo7B forced dimer to minimal Myo10 
expressed in polarized cells exemplified the striking selectivity in 
actin track usage by these two myosins (Supplemental Figure S5, C 
and D). We proceeded to swap the IQ motifs and the SAH motif of 
Myo10 into our Myo7B forced dimer (Figure 5A; Myo7B-MN10neck-
GCN4) to test whether the identity of the neck region could influ-
ence actin track selection for Myo7B. This variant of Myo7B exhib-
ited targeting to apical microvilli similar to the wild-type Myo7B 
forced dimer, with no apparent basal targeting at either early conflu-
ency (Supplemental Figure S5B) or after polarization (Figure 5, B 
and D). In sum, these results suggest that the specific identity of the 
lever arm does not dictate which actin network is used by the MF 
myosins.

Mode of oligomerization and motor domain identity 
influence actin track selection
While the innate length of the lever arm contributes to the distance 
that can be achieved between two motor domains of a dimerized 
myosin (Uyeda et al., 1996), the mode of dimerization (parallel vs. 
antiparallel) plays a greater role in dictating the “reach” of a dimer-
ized motor during stepping. To explore whether the specific mode 
of dimerization could influence actin track selection of the MF myo-
sins, we tested a GCN4 leucine zipper parallel dimerization motif in 
place of the native antiparallel coiled-coil of Myo10. We first con-
firmed that deletion of the antiparallel coiled-coil motif from mini-
mal Myo10 (Figure 6A; Myo10-MN) abolished trafficking to filopo-
dia tips at both early confluency (Supplemental Figure S6, A–C) and 
polarized time points in CACO-2BBE cells (Figure 6, B–D). This dem-
onstrated that oligomerization is strictly required for targeting of 
Myo10 in our cell system. We utilized a similar design as previously 
described to create a parallel dimerized Myo10 (Caporizzo et al., 
2018), in which a GCN4 sequence was fused in register with its SAH 
motif (Figure 6A; Myo10-MN-GCN4). This form of Myo10 was 
shown to be active in vitro, exhibiting processive motility on both 
single actin filaments and fascin-bundled actin (Caporizzo et  al., 
2018). We observed robust targeting of the parallel dimerized 
Myo10 to tips of basal protrusions in our CACO-2BBE cells imaged 
at early confluency (Supplemental Figure S6, A–D). In contrast, the 
parallel dimerized Myo10 shifted to target predominantly to the dis-
tal tips of apical microvilli in polarized cells (Figure 6, B and E). We 
did observe rare examples of cells that had both apical and basal 
targeting at the same time, though these cells were likely immature 
in terms of polarization and were typically associated with areas of 
the monolayer that had small gaps (Supplemental Figure S6E, see 
the zoom panel in the basal view). Quantification revealed that the 
efficiency of apical targeting of the parallel dimerized Myo10 was 
lower compared with our Myo7B forced dimer (Figure 6, B and F).

Given that the GCN4 parallel dimerization sequence could sup-
port Myo10 targeting to both basal filopodia and apical microvilli, 
we questioned whether the antiparallel coiled-coil of Myo10 could 
be utilized by Myo7B and whether it influenced actin track selection. 

Surprisingly, fusing either the Myo7B motor-neck fragment to the 
isolated antiparallel coiled-coil of Myo10 (Figure 7A; Myo7B-MN-10 
CC) or the isolated Myo7B motor domain to both the lever arm and 
the antiparallel coiled-coil of Myo10 (Figure 7A; Myo7B-MN10neck-10 
CC) failed to support targeting to apical microvilli in polarized 
monolayers (Figure 7, B–E) or basal filopodia in early confluency 
cells (Supplemental Figure S7, A and B). Indeed, we did not observe 
any case of targeting of Myo7B to basal filopodia irrespective of the 
design of the particular construct, suggesting that the motor do-
main of Myo7B may be a limiting factor in preventing targeting to 
basal filopodia. Together, these results indicate that the mode of 
dimerization along with the identity of the motor domain can guide 
actin track selection by members of MF myosins.

Sequences from the cargos ANKS4B and USH1G can 
support apical targeting of Myo7B
One of the binding partners of Myo7B within the IMAC is the scaf-
fold ANKS4B. We recently identified a robust BB targeting sequence 
in ANKS4B that is essential for the scaffold to promote IMAC-medi-
ated apical assembly of enterocytes (Graves et al., 2020). This se-
quence targets to apical microvilli in an autonomous manner and 
does not directly interact with the other IMAC components. We 
termed this targeting sequence the “linker segment” (LK), as it links 
the highly conserved N-terminal ankyrin-repeat domain of ANKS4B 
to the central (CEN) domain that associates with Myo7B (Supple-
mental Figure S8A). The ANKS4B LK segment contains a highly pre-
dicted coiled-coil motif along with a putative membrane-binding 
basic-hydrophobic repeat sequence that are both required for its BB 
targeting ability. Studies with recombinant ANKS4B LK segment 
show that it behaves as an oligomer in vitro (Graves et al., 2020). 
The targeting and oligomerization properties of the ANKS4B LK 
segment may make it an ideal candidate sequence within the IMAC 
that could support targeting of Myo7B to microvillar tips. To explore 
this, the ANKS4B LK segment was fused to a motor-neck fragment 
of Myo7B (Figure 8A; Myo7B-MN-4B LK) to assess whether this se-
quence could support Myo7B tip targeting, as seen with the GCN4 
leucine zipper motif. Targeting of this construct was compared with 
full-length Myo7B, the isolated motor-neck of Myo7B with no GCN4 
motif, and the forced dimer of Myo7B. Imaging the Myo7B-ANKS4B 
LK chimera revealed prominent targeting to apical microvilli (Figure 
8, E and G). However, in most cases, this protein was found across 
the entire axis of microvilli and not exclusively at the distal tips 
(Figure 8E). This is likely due to the direct apical targeting ability of 
the ANKS4B LK segment that may “saturate” binding sites found in 
the microvilli when the chimera is expressed at high levels. In agree-
ment with this, cells expressing lower amounts of the Myo7B-
ANKS4B LK chimera appeared to have a signal that was more re-
stricted to the distal tips (Supplemental Figure S8B; see arrows in 
the zoom panels), similar to what is seen with both full-length Myo7B 
(Figure 8B) and the Myo7B forced dimer (Figure 8D). In contrast, the 
isolated motor-neck fragment of Myo7B was predominately cyto-
plasmic (Figure 8, C and G).

The functional homolog of ANKS4B that operates in the Usher 
complex is the scaffold USH1G (Supplemental Figure S8A). While 
the USH1G LK segment does not exhibit the inherent ability to tar-
get to microvilli when expressed in CACO-2BBE cells (Supplemental 
Figure S8, D and E), previous studies have shown that USH1G does 
oligomerize (Adato et al., 2005; Sorusch et al., 2017) and have par-
tially mapped this property to a region of the scaffold that includes 
its LK segment (Supplemental Figure S8A). We fused the USH1G LK 
sequence to a motor-neck fragment of Myo7B (Figure 8A; Myo7B-
MN-1G LK) to test whether it could support Myo7b targeting. Unlike 
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the Myo7B-ANKS4B LK chimera, the Myo7B-USH1G LK construct 
targeted to the distal tips of apical microvilli (Figure 8, F and G). 
Line-scan analysis comparing the relative distribution of these two 
chimeras across the microvillar axis clearly showed that the USH1G 
chimera was enriched toward the distal tips of microvilli, while the 
Myo7B-ANKS4B LK chimera localized across the entire axis of BB 
microvilli (Figure 8H). We interpret these results as suggesting that 
the oligomerization ability of the USH1G LK segment promotes api-
cal targeting of the Myo7B-USH1G LK chimera in a manner similar 
to a GCN4 forced dimer. Furthermore, targeting of the Myo7B-
ANKS4B LK chimera may be supported by both the oligomerization 
properties and the direct BB targeting ability of the ANKS4B LK 
sequence.

IMAC and Usher complex cargo sequences can re-encode 
the actin track usage of Myo10
We were curious to investigate whether the oligomerization proper-
ties of the LK segments could influence what type of actin track that 
Myo10 targeted to in polarized epithelial cells. We generated con-
structs in which the native coiled-coil of Myo10 was replaced with 
the isolated LK segments of ANKS4B (Figure 9A; Myo10-MN-4B LK) 

and USH1G (Figure 9A; Myo10-MN-1G LK) and tested their target-
ing. Both chimeras exhibited robust targeting to basal filopodia at 
the early confluency time point, displaying similar levels compared 
with the wild-type minimal Myo10 (Supplemental Figure S9, A–D). 
On polarization, Myo10-ANKS4B LK and Myo10-USH1G LK chime-
ras changed actin tracks and targeted to the BB, where they local-
ized toward the distal tips of microvilli (Figure 9, B, C, and E). This 
was especially surprising for the Myo10-USH1G LK chimera, since 
the isolated USH1G LK segment does not exhibit the inherent abil-
ity to target to apical microvilli, unlike its counterpart found in 
ANKS4B (Supplemental Figure S8, C and D). We noted, however, 
that the Myo10-USH1G LK chimera did exhibit a lower level of tar-
geting compared with the Myo10-ANKS4B LK construct, suggest-
ing that the direct BB targeting ability of the ANKS4B LK segment 
likely contributes to robust tip targeting when fused to Myo10. In 
agreement with this, a motor-dead variant of the Myo10-ANKS4B 
LK chimera still exhibited partial targeting to apical microvilli, though 
it did not appear restricted to the distal tips (Figure 9D). In contrast, 
the same motor mutation completely abolished apical targeting of 
the Myo10-USH1G LK chimera (Figure 9F). Although basal filopodia 
targeting of these chimeras was substantially reduced in polarized 

FIGURE 5:  Lever arm identity does not dictate actin track selection of Myo7B expressed in polarized CACO-2BBE cells. 
(A) Diagram of EGFP-fusion constructs that were used to assess the role of the lever arm in actin track selection of 
Myo7B. (B) Quantification of apical and basal targeting properties of EGFP-fusion constructs tested. Myo7B-MN-GCN4, 
n = 76 cells; Myo7B-MN10neck-GCN4, n = 82 cells. Stacked bars indicate mean. (C, D) Confocal images of the apical (top 
panels) and basal regions (bottom panels) from a representative image stack of 12-d polarized CACO-2BBE cells stably 
expressing EGFP-fusion constructs tested. Boxed regions denote areas in zoomed panels for each figure. Scale bars, 
20 μm.
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cells, it was not completely absent. Distinct examples of residual fi-
lopodia targeting could be observed in cells also exhibiting promi-
nent apical targeting (Supplemental Figure S9E; see arrows in the 

basal zoom panel). These results demonstrate that oligomeric se-
quences from the IMAC and Usher complex cargo molecules, 
ANKS4B and USH1G, respectively, have the ability to bias actin 

FIGURE 6:  Parallel dimerized Myo10 utilizes apical microvilli as an actin track in polarized CACO-2BBE cells. (A) Diagram 
of EGFP-fusion constructs that were used to assess the role of the mode of dimerization on actin track selection by 
Myo10. (B) Quantification of apical and basal targeting properties of EGFP-fusion constructs tested. Myo10-MN-CC, 
n = 118 cells; Myo10-MN, n = 115 cells; Myo10-MN-GCN4, n = 103 cells; Myo7B-MN-GCN4, n = 105 cells. Bars indicate 
mean ± SD. (C–F) Confocal images of the apical (top panels) and basal regions (bottom panels) from a representative 
image stack of 12-d polarized CACO-2BBE cells stably expressing EGFP-fusion constructs tested. Boxed regions denote 
areas in zoomed panels for each figure. Scale bars, 20 μm.
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FIGURE 7:  Antiparallel dimerization of Myo7B does not support apical or basal targeting in polarized CACO-2BBE cells. 
(A) Diagram of EGFP-fusion constructs that were used to assess influence of the mode of dimerization on Myo7B 
targeting in CACO-2BBE cells. (B) Quantification of apical and basal targeting properties of EGFP-fusion constructs 
tested. Myo7B-MN-GCN4, n = 76 cells; Myo7B-MN-10 CC, n = 89 cells; Myo7B-MN10neck-10 CC, n = 71 cells. Stacked 
bars indicate mean. (C–E) Confocal images of the apical (top panels) and basal regions (bottom panels) from a 
representative image stack of 12-d polarized CACO-2BBE cells stably expressing EGFP-fusion constructs tested. Boxed 
regions denote areas in zoomed panels for each figure. Scale bars, 10 μm.
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FIGURE 8:  The LK segments of ANKS4B and USH1G support apical targeting of Myo7B in CACO-2BBE cells. 
(A) Diagram of constructs used to assess the ability of the ANKS4B and USH1G LK segments to support Myo7B 
targeting. (B–F) Confocal images of 12-d polarized CACO-2BBE cells stably expressing EGFP-fusion constructs tested. 
Boxed regions denote areas in zoomed panels for each figure. Dashed lines indicate the position where X-Z sections 
were taken; X-Z sections are shown below each en face image. Scale bars, 10 μm. (G) Quantification of targeting 
properties of the EGFP-fusion constructs tested. Myo7B FL, n = 67 cells; Myo7B-MN, n = 82 cells; Myo7B-MN-GCN4, 
n = 54 cells; Myo7B-MN-4B LK, n = 84 cells; Myo7B-MN-1G LK, n = 73 cells. Stacked bars indicate mean. (H) Line-scan 
analysis of EGFP-Myo7B-MN-4B LK (yellow) and EGFP-Myo7B-MN-1G LK (blue) signal intensity collected parallel to the 
microvillar axis in stably transduced CACO-2BBE cells. Microvillar length has been normalized, where 0 = base of 
microvilli and 1 = distal tip of microvilli. N.U = normalized units.
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FIGURE 9:  Fusion of the ANKS4B and USH1G LK segments to a motor-neck fragment of Myo10 re-encodes actin track 
selection to target the myosin to apical microvilli in polarized CACO-2BBE cells. (A) Diagram of constructs used to assess 
the ability of ANKS4B and USH1G LK segments to re-encode actin track selection of Myo10. (B) Quantification of apical 
and basal targeting properties of EGFP-fusion constructs tested. Myo10-MN-4B LK, n = 106 cells; Myo10-MR221AN-4B 
LK, n = 114 cells; Myo10-MN-1G LK, n = 113 cells; Myo10-MR221AN-1G LK, n = 107 cells. Bars indicate mean ± SD. 
(C–F) Confocal images of the apical (top panels) and basal regions (bottom panels) from a representative image stack 
of 12-d polarized CACO-2BBE cells stably expressing EGFP-fusion constructs tested. Boxed regions denote areas in 
zoomed panels for each figure. Scale bars, 10 μm.
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track selection of a myosin toward apical microvilli in polarized epi-
thelial cells.

DISCUSSION
We were struck by the observation that members of the MF myosin 
family are able to select between distinct parallel-bundled actin net-
works that can coexist in cells, even in the absence of information 
from their cargo-binding tail domains.

We undertook this study to begin to define the sequence fea-
tures of these myosins that impart this ability (see Supplemental 
Table S1 for a summary of constructs used in this study and their 
targeting properties). Our results support the idea that the geome-
try of the lever arms of a dimerized myosin, which largely influences 
the distance that can be achieved between the two motor heads 
during stepping, plays a significant role in determining the type of 
actin network a myosin can utilize. We observed that the native an-
tiparallel coiled-coil of Myo10 biases this motor toward trafficking 
on basal filopodia, while being incompatible with trafficking on the 
actin network found in apical microvilli. In contrast, artificially dimer-
izing Myo10 with a GCN4 parallel coiled-coil allowed for targeting 
to both filopodia and apical microvilli. Recent in vitro studies have 
demonstrated that the specific oligomerization sequence associ-
ated with Myo10 influences how the motor behaves toward differ-
ent types of actin (Caporizzo et al., 2018). Native antiparallel Myo10 
dimers exhibited selective processivity on fascin-bundled actin, 
while artificial parallel Myo10 dimers trafficked on both bundled ac-
tin and single actin filaments. One possibility is that differences in 
the actin bundle architecture between microvilli and filopodia pre-
vent native antiparallel dimerized Myo10 from using microvilli as a 
track. Electron tomography studies of microvillar actin bundles show 
that their actin filaments do not lie exactly parallel to each other; 
instead, they are twisted in a clockwise coil with a pitch of ∼120°/μm 
(Ohta et al., 2012). This may arrange myosin binding sites on adja-
cent actin filaments in a configuration that supports the reach of a 
parallel dimer of Myo10, but is not optimal for an antiparallel dimer-
ized motor. In agreement with this bias, Myo7B microvillar targeting 
was not supported by the antiparallel coiled-coil from Myo10, while 
parallel dimerization of Myo7B by a GCN4 leucine zipper promoted 
robust apical targeting. Strikingly, we did not observe Myo7B tar-
geting to filopodia under any circumstances. This begs the question 
of how Myo7B becomes restricted against utilizing filopodia as a 
track, given that we saw significant targeting of the Myo10-GCN4 
chimera on basal protrusions. The identity of the motor domain may 
also play a role in biasing a particular myosin toward a specific actin 
track that has a distinct composition of actin-binding proteins and 
exhibits different dynamics. Studies have shown that the motor do-
main of Myo5a is sensitive to the specific isoform of tropomyosin 
that decorates actin filaments, suggesting that actin-associated pro-
teins can influence actin track selection behavior by a myosin 
(Sckolnick et al., 2016). It is important to note, however, that there 
are examples of Class 7 myosins from other species that exhibit 
tracking to the tips of filopodialike protrusions. A forced dimer of 
Drosophila Myo7A motor-neck induces filopodia and tracks to their 
tips in Drosophila S2 cells (Liu et al., 2021), similar to the single Class 
7 myosin found in Dictyostelium that creates and tracks to the tips 
of filopodialike protrusions in the social amoebae (Arthur et  al., 
2019). Going forward, it may be informative to express these ex-
amples of Class 7 myosins along with their cognate light chains in an 
epithelial cell system to observe whether they exhibit motility and 
assess what type of actin network they are biased toward. Further-
more, modulating the properties of basal filopodia by expressing 
BB-specific actin cross-linking proteins in fibroblastlike cells in an 

attempt to reconstitute motility of the vertebrate Class 7 myosins 
will also likely shed light on how actin bundle structure may influ-
ence myosin recruitment.

Cargo is proposed to mediate oligomerization of the Class 7 
myosins, allowing these motors to traffic on actin structures 
(Siththanandan and Sellers, 2011). A recent study of Drosophila 
Myo7A and its binding partner M7BP revealed that they predomi-
nately formed a 2:2 stochiometric complex to become processive 
both in vitro and in cells (Liu et al., 2021). We previously identified an 
oligomeric apical targeting sequence found in ANKS4B that lies di-
rectly upstream of the Myo7B-binding domain in this scaffold (Graves 
et al., 2020). We show here that when fused to a motor-neck frag-
ment of Myo7B, the ANKS4B LK segment promoted apical targeting 
of the myosin. A similar construct using the USH1G LK segment 
(which lacks the inherent ability to target to the BB) accumulated at 
the tips of apical microvilli. The LK sequences from ANKS4B and 
USH1G were also able to support Myo10 targeting to the tips of filo-
podia and apical microvilli, similar to a GCN4 parallel dimerization 
sequence. Although our results suggest that the LK segments from 
these scaffolds can support motility of a myosin, it is currently unclear 
whether these sequences are directly responsible for promoting the 
active, oligomeric form of Myo7A or Myo7B within their respective 
adhesion complex. It is interesting to note that the targeting ability 
of the LK segment of ANKS4B appears to be tightly regulated in the 
context of the full-length protein. Activation of the LK segment apical 
targeting properties within ANKS4B is dependent on its interaction 
with the other IMAC scaffold USH1C (Crawley et al., 2016). This is 
likely a mechanism to ensure that ANKS4B only becomes active 
when associated with its correct binding partners. Future studies in-
vestigating whether activation of ANKS4B by USH1C also promotes 
the oligomerization of the ANKS4B LK segment along with its BB 
targeting ability will yield important information. One can envision an 
elegant mechanism in which combining apical targeting and oligo-
merization properties into a single sequence in an IMAC scaffold that 
is under tight regulation could contribute to both the correct tempo-
ral assembly and the spatial positioning of the IMAC at the distal tips 
of BB microvilli by forming an active motor–cargo complex.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Molecular biology
The human cDNA constructs used in this study are as follows: 
ANKS4B, GI: 1519246130, UniProtKB-Q8N8V4; Myo7A, GI: 
1519245357, UniProtKB-Q13402; Myo7B, GI: 122937511, Uni-
ProtKB-Q6PIF6; USH1G, GI: 1519473545, UniProtKB-Q495M9. The 
bovine Myo10 cDNA construct used in this study was GI: 1755048, 
UniProtKB-P79114. DNA encoding these components were gener-
ated by PCR and TOPO cloned into the pCR8 entry vector (Invitro-
gen). All constructs were verified by sequencing. Domain boundar-
ies and the design of constructs were guided by information from 
Uniprot and past studies, especially when structural data were avail-
able (Lu et al., 2012; Ropars et al., 2016; Li et al., 2017a). The do-
main boundaries for Myo7B used are as follows: Myo7B-MN (aa 
1–968), Myo7B full-length tail (aa 923–2116). The domain boundar-
ies for the Myo7A constructs used are as follows: Myo7A-MN (aa 
1–1014), Myo7A-MNΔSAH-GCN4 (aa 1–876), Myo7A-MNΔIQ-GCN4 
(aa 1–1014, Δ742–849), Myo7A full-length tail (aa 1017–2215). The 
domain boundary for the ANKS4B and USH1G constructs are as 
follows: ANKS4B LK (aa 119–252) and USH1G LK (aa 120–294). 
The domain boundaries for the Myo10 constructs used are as 
follows: Myo10-MN-CC (aa 1–944), Myo10-MN (aa 1–876), and 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e20-07-0494
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Myo10-MNΔSAH (aa 1–944; Δ814–861). For Myo7B oligomerization 
chimeras, a motor-neck fragment of Myo7B (aa 1–968) was fused in 
frame using a small connecting sequence (connecting sequence is 
in boldfaceand underlined) to a GCN4 leucine zipper motif (….
DVDGLSTMKQLE….) to generate Myo7B-MN-GCN4, and the 
ANKS4B LK segment (130–252;….DVDGLRGKKVTR….) and USH1G 
LK segment (130–294; ….DVDGLRGKLVGK…..) to generate 
Myo7B-MN-4B LK and Myo7B-MN-1G LK, respectively. A motor-
neck fragment of Myo7A (aa 1–1014) was fused in frame to a GCN4 
leucine zipper motif to generate Myo7A-MN-GCN4 (….QGTTT
GSTGSRMKQLED….). A motor-neck fragment of Myo10 (aa 1–890) 
was fused in frame to a GCN4 leucine zipper motif to generate 
Myo10-MN-GCN4 (….KQVEETSMKQLED….). The motor domain 
of Myo7B (aa 1–754) was fused in frame to the neck and coiled-coil 
motif of Myo10 (aa 734–944; no connecting sequence was neces-
sary) to generate Myo7B-MN10neck-10 CC. A motor-neck domain of 
Myo7B (aa 1–968) was fused in frame to the coiled-coil domain of 
Myo10 (aa 879–944; ….DVDGLRGLEKQK….) to generate Myo7B-
MN-10 CC. The lever arm of Myo7B (aa 752–884) replaced the IQ 
motifs of Myo10 (aa 1–893; replaced aa 731–812) to generate 
Myo10-MN7BIQs-CC. The lever arm of Myo7B (aa 752–884) replaced 
the IQ motifs and SAH motif of Myo10 (aa 1–893; replaced aa 731–
861) to generate Myo10-MN7BIQs-ΔSAH-CC. All constructs were 
expressed using the pINDUCER20 EGFP-C1 vector (Crawley et al., 
2016), which tags EGFP to the N-terminus of the protein and utilizes 
the inducible TRE2 promoter to drive expression. Cloning into this 
vector results in generation of a connecting sequence (SGLRSRIT-
SLYKKAGSEFAL) between the end of EGFP and the starting methio-
nine of the construct. The KD shRNA clones targeting Myo7B were 
expressed in the pLKO.1vector and has been previously validated in 
CACO-2BBE cells (Weck et al., 2016). These constructs correspond 
to TRC clones TRCN0000247713 and TRCN0000247715 (Open 
Biosystems). Point mutations were introduced into constructs using 
the QuikChange site-directed mutagenesis kit (Agilent, Cat#200523).

Cell culture, lentivirus production, and stable cell line 
generation
CACO-2BBE and HEK293FT cells were cultured at 37°C and 5% CO2 
in a humidified incubator using DMEM with high glucose and 2 mM 
L-glutamine. Medium was supplemented with 20% fetal bovine se-
rum (FBS) for CACO-2BBE cells and 10% FBS for HEK293FT cells. All 
CACO-2BBE cell lines within this study were generated by stable se-
lection of lentiviral transduced cultures. Lentivirus particles were 
generated by cotransfecting HEK293FT cells (10-cm dish at 80% 
confluency) with 6 μg of lentiviral overexpression plasmid with 4 μg 
psPAX2 packaging plasmid and 0.8 μg pMD2.G envelope plasmid 
using polyethylenimine reagent (Polysciences). Cells were incubated 
with transfection medium for 12 h, after which they were exchanged 
with fresh medium. Cells were subsequently incubated for 2 d to 
allow for lentiviral production into the medium. Medium containing 
lentiviral particles was collected and filtered with a 0.45-μm syringe 
filter. Lentiviral particles were concentrated and recovered using 
with Lenti-X concentrator reagent according to the recommended 
protocol (Takara). For lentivirus transduction, CACO-2BBE cells were 
grown to 90% confluency in T25 flasks. The medium was then sup-
plemented with 8 μg/ml polybrene after which ∼300 μl of concen-
trated lentiviral particle solution was added. After 12 h of incubation 
with lentivirus, the cells were reseeded into 10-cm dishes and grown 
for 3 d. Cells were then reseeded into T182 flasks with medium con-
taining 50 μg/ml puromycin or 1 mg/ml G418 and passaged to se-
lect for stable integration. Induction of pINDUCER20 EGFP con-
structs was driven by including 1 μg/ml doxycycline in the media.

Microscopy
Samples were imaged using a Leica SP8 laser-scanning confocal mi-
croscope equipped with HyVolution deconvolution software. 
CACO-2BBE monolayers were washed once in warm phosphate-
buffered saline (PBS) and incubated briefly with 0.02% Saponin 
(Sigma) in warm PBS, then fixed for 15 min with 4% paraformalde-
hyde in warm PBS containing 0.1% Triton X-100 (Sigma). After fixa-
tion, cells were washed three times with warm PBS and blocked 
overnight in 5% bovine serum albumin solution. Immunostaining 
was performed using anti-Myo7B (1:25; Sigma Cat#HPA039131) or 
anti-GFP (1:200; Aves Labs Cat#GFP1020) primary antibodies at 
37°C for 2 h. Coverslips were washed three times with warm PBS 
and incubated for 1 h with Alexa Fluor-488 donkey anti-rabbit or 
Alexa Fluor-488 goat anti-chicken (1:200) secondary antibodies 
(where appropriate) along with Alexa Fluor-568 Phalloidin (1:200). 
Coverslips were then washed five times in PBS and mounted with 
Prolong Diamond anti-fade reagent (Invitrogen). Images shown are 
either en face maximum projections through the full height of the 
BB or maximum projections encompassing the basal membrane 
marked by the stress fibers, with the exception of X-Z sections, 
which are single plane confocal images. Paraffin-embedded mouse 
intestinal tissue sections were deparaffinized using Histo-clear II so-
lution (Fisher), rehydrated in a descending graded ethanol series, 
and stained using anti-Myo7B (1:25; Sigma Cat#HPA039131) or 
anti-Myo7A (1:200; Proteintech Cat#20720-1-AP) along with anti-
Villin (1:50; Santa Cruz Cat#sc-58897), followed by Alexa Fluor-488 
donkey anti-rabbit (1:200; Invitrogen) and Alexa Fluor-568 donkey 
anti-mouse (1:200; Invitrogen). Sections were then dehydrated in an 
ascending graded ethanol series and mounted with Prolong Dia-
mond anti-fade (Invitrogen).

Analysis of microvillar clustering in CACO-2BBE cells
Scramble, Myo7B KD, and Myo7B KD-rescue CACO-2BBE stable cell 
lines were allowed to polarize for 12 d on coverslips after reaching 
confluency and were subsequently stained for F-actin and Myo7B 
(scramble and KD cell lines) or EGFP (KD-rescue cell lines). Individ-
ual cells were scored according to whether they exhibited nonclus-
tering microvilli or microvillar clustering (i.e., possessing one or 
more distinct clusters of five or more microvilli). For rescue cell lines, 
only EGFP-positive cells were scored. Data were analyzed in a 
blinded manner.

Image analysis
Image analysis was performed using ImageJ (National Institutes of 
Health [NIH]). For analysis of relative targeting, we calculated the 
ratio of BB to cytosolic signal intensity as previously described 
(Crawley et al., 2014b). Ratios at or below 1.2 were considered non-
targeting, while those above 1.2 were considered to have apical 
targeting. Cells exhibiting apical targeting were then assessed for 
the distribution of the EGFP signal along the axis of microvilli using 
line-scan analysis. For line-scan signal analysis of X-Z sections or tis-
sue cross-sections, a line was drawn through the BB oriented paral-
lel to the microvillar axis as judged by the F-actin signal. The inten-
sity of the EGFP channel 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 v.6, 
GraphPad), which revealed the position of peak signal intensity and 
distribution width (SD) relative to the microvillar axis. Constructs dis-
playing a peak signal position of 0.8 or above were considered tip 
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targeted. Assessment of basal targeting was performed by first lim-
iting the Z-stack to the basal region, as judged by the appearance of 
abundant stress fibers. Targeting to the basal region was assessed 
using a maximum projection image of the basal stacks, in which 
EGFP-positive cells exhibiting 3+ EGFP puncta above a set thresh-
old (see below for thresholding procedure) were considered to have 
basal targeting. Data were analyzed in a blinded manner.

Analysis of basal targeting in CACO-2BBE cells
For CACO-2BBE cells, stable cell lines were plated at ∼20% conflu-
ency on coverslips housed in 6-well dishes and allowed to adhere 
and polarize for ∼1–2 d for early confluency samples and for 12 d for 
the polarized time point. Data were collected from fields of view 
that were 91.2 μm × 91.2 μm in size, with the image stack encom-
passing the full height of the cells across the monolayer. Stacks were 
then limited to the basal region, as judged by the appearance of 
abundant stress fibers. Maximum projection images of basal stacks 
were processed by setting signal threshold for the EGFP channel 
between 15,000 and 65,535 for the 16-bit image. Signal was then 
detected using the “Analyze Particles” function in ImageJ, with a 
minimum cut-off size value of 0.05 μm and a circularity range set to 
0–1. Targeting was expressed as the number of EGFP puncta de-
tected per 10,0000 μm2. The percentage of cells expressing EGFP 
signal was determined by counting EGFP-positive cells across 15 
fields of view and was used to normalize between samples to ac-
count for minor differences among expression levels between differ-
ent stable cell lines. Data were analyzed in a blinded manner.

Immunoblot analysis
For analysis of CACO-2BBE KD cell lines, monolayers were allowed 
to polarize for 21 d after which cells were washed once in PBS, re-
covered by a cell scraper, and frozen for storage at –80°C. Cells 
were thawed on ice; resuspended in ice-cold CelLytic M buffer 
(Sigma) containing 2 mM ATP, 1× cOmplete ULTRA protease inhibi-
tor cocktail (Roche), and 1 mM Pefabloc SC (Roche); and lysed by 
several rounds of needle aspiration (27G × 11/4 needle). Cell ly-
sates were centrifuged at 16,000 × g and the soluble material was 
recovered. Protein samples were separated on 4–12% Bis-Tris gels 
(Novex) and immunoblot analysis was performed using the follow-
ing antibody dilutions, anti-Myo7B (1:100; Sigma Cat#HPA039131) 
and anti-GAPDH (1:10,000; Proteintech Cat#60004), and used for 
immunoblot analysis. Immunostaining was performed using anti-
Myo7B (1:25; Sigma Cat#HPA039131). For analysis of mouse intes-
tinal tissue samples, ∼2-mm2 tissue sections were dissected from a 
mouse duodenum and immediately homogenized using a Dounce 
tissue grinder in ice-cold CelLytic M buffer (Sigma) containing 2 
mM ATP, 1× cOmplete ULTRA protease inhibitor cocktail (Roche), 
and 1 mM Pefabloc SC (Roche). Tissue lysates were centrifuged at 
16,000 × g and the soluble material was recovered. Protein sam-
ples were separated on 4–12% Bis-Tris gels (Novex) and immuno-
blot analysis was performed using the following antibody dilutions: 
anti-Myo7B (1:100; Sigma Cat#HPA039131), anti-Myo7A (1:200; 
Proteintech Cat#20720-1-AP), and anti-GAPDH (1:100; Proteintech 
Cat#60004).

Statistical analysis
All graphs were generated and statistical analyses were performed 
using Prism v.6 (GraphPad). For all figures, error bars represent SD. 
Unpaired two-tailed t tests were employed to determine statistical 
significance between reported values. For all experiments, data 
were from three independent immunostaining experiments from 
stable cell lines that were independently derived twice.
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