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BioID2 screening identifies KIAA1671 as an EPS8 
proximal factor that marks sites of microvillus 
growth

ABSTRACT Microvilli are defining morphological features of the apical surfaces in diverse 
epithelial tissues. To develop our understanding of microvillus biogenesis, we used a biotin 
proximity–labeling approach to uncover new molecules enriched near EPS8, a well-studied 
marker of the microvillus distal tip compartment. Mass spectrometry of biotinylated hits iden-
tified KIAA1671, a large (∼200 kDa), disordered, and previously uncharacterized protein. 
Based on immunofluorescent staining and expression of fluorescent protein–tagged con-
structs, we found that KIAA1671 localizes to the base of the brush border in native intestinal 
tissue and polarized epithelial–cell culture models, as well as dynamic actin-rich structures in 
unpolarized, nonepithelial cell types. Live imaging also revealed that during the early stages 
of microvillar growth, KIAA1671 colocalizes with EPS8 in diffraction-limited puncta. However, 
once elongation of the core bundle begins, these two factors separate, with EPS8 tracking 
the distal end and KIAA1671 remaining behind at the base of the structure. These results 
suggest that KIAA1671 cooperates with EPS8 and potentially other assembly factors to initi-
ate growth of microvilli on the apical surface. These findings offer new details on how trans-
porting epithelial cells builds the brush border and may inform our understanding of how 
apical specializations are assembled in other epithelial contexts.

INTRODUCTION
Microvilli are actin bundle–supported protrusions that decorate the 
apical surfaces of diverse epithelial cell types, imparting these tis-
sues with specialized functions ranging from solute uptake to mech-
anosensation. In the case of transporting epithelia, microvilli are or-
ganized into densely packed arrays that maximize apical plasma 
membrane holding capacity and thus the functional surface area 
available for interacting with the luminal space. Known as “brush 
borders,” these critical solute-transporting organelles drive nutrient 
uptake in the intestinal tract and filtrate absorption in the kidney 

tubule (Welling and Welling, 1975; Helander and Fandriks, 2014). 
Exaggerated microvilli known as stereocilia also play central roles in 
the mechanosensory function of the cochlea and of vestibular epi-
thelial systems (McGrath et al., 2017). Though microvilli and similar 
fingerlike protrusions have evolved to function broadly in physiol-
ogy, our understanding of mechanisms that control the assembly of 
these structures during differentiation remains limited. The goal of 
this study was to identity new proteins that are well positioned to 
drive the growth of microvilli during the maturation of transporting 
epithelial cells.

Ultrastructural studies dating back several decades were the first 
to provide key details on microvillus architecture (Granger and 
Baker, 1950). An individual microvillus extends a micrometer or 
more from the apical surface, supported by a core bundle of 20–40 
actin filaments that are bundled in parallel (Mooseker and Tilney, 
1975a; Ohta et al., 2012). All filaments within the core bundle are 
oriented with their barbed ends—the preferred site of new actin 
monomer incorporation—out in the distal tip, whereas the pointed 
ends extend down into the subapical cytoplasm and are anchored 
in a filamentous network known as the terminal web (Mooseker and 
Tilney, 1975b). Subsequent biochemical studies revealed that actin 
filaments within the core are bundled through the action of villin-1 
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(VIL1), plastin-1 (PLS1, also known as fimbrin), espin (ESPN), and, 
most recently characterized, mitotic spindle positioning (MISP) 
(Bretscher and Weber, 1979, 1980; Bartles et al., 1998; Morales 
et al., 2022). Additionally, core actin bundles are linked to the over-
lying plasma membrane by the ezrin–radixin–moesin (ERM) family 
proteins ezrin (EZR), myosin-1a (MYO1A), and myosin-6 (MYO6; 
Bretscher, 1983; Howe and Mooseker, 1983; Berryman et al., 1993; 
Hegan et al., 2012), which collectively provide long-term structural 
stability and prevent individual protrusions from fusing with their 
neighbors (Tyska et al., 2005; Casaletto et al., 2011; Hegan et al., 
2012).

Long-standing hypotheses on how microvilli form during differ-
entiation were inspired by TEM images that revealed electron–
dense plaque at the distal ends of these protrusions (Mooseker and 
Tilney, 1975a); similar features were eventually found at the distal 
ends of stereocilia and filopodia as well (Svitkina et al., 2003; Rzadz-
inska et al., 2004). Situated between the plasma membrane and the 
barbed ends of core bundle actin filaments, factors in this complex 
would be well positioned to regulate actin monomer incorporation 
and thus protrusion growth (Tilney and Cardell, 1970; Mooseker and 
Tilney, 1975b). Consistent with this proposal, proteins that localize 
to the distal tip compartment have been implicated in protrusion 
elongation in several investigations. For microvilli, one example is 
brain-specific angiogenesis inhibitor 1-associated protein 2-like pro-
tein 1 (BAIAP2L1, also known as insulin receptor tyrosine kinase sub-
strate; Postema et al., 2018). In addition to its N-terminal I-BAR do-
main, BAIAP2L1 contains a central SH3 domain and a WH2 domain 
that binds to actin (Yamagishi et al., 2004; Millard et al., 2007; 
Postema et al., 2018). In live cells, BAIAP2L1 tracks the ends of 
growing protrusions and knockdown of BAIAP2L1 in human intesti-
nal epithelial cells results in shorter microvilli, suggesting a function 
in protrusion elongation under normal conditions (Postema et al., 
2018).

Epidermal growth factor receptor pathway substrate 8 (EPS8) is 
another tip-localized factor that stands out, based on its remarkably 
specific enrichment at the distal ends of microvilli, stereocilia, and 
filopodia (Croce et al., 2004; Manor et al., 2011; Zampini et al., 
2011; Zwaenepoel et al., 2012; Chou et al., 2014; Avenarius et al., 
2017; Postema et al., 2018). EPS8 contains an N-terminal phospho-
tyrosine-binding domain (PTB), an src-homology 3 (SH3)-binding 
domain, proline–rich regions that interact with BAIAP2L1, and a C-
terminal actin-binding “effector region” (Mongiovi et al., 1999; Dis-
anza et al., 2004; Uhlik et al., 2005; Hertzog et al., 2010). Motifs in 
the actin-binding region of EPS8 exhibit both filament bundling and 
capping activity in vitro (Hertzog et al., 2010), and studies in live 
cells indicate that these motifs do hold direct barbed end–binding 
activity (Gaeta et al., 2021a). However, EPS8 loss-of-function experi-
ments in a range of animal and cell culture models uniformly lead to 
shorter protrusions, suggesting that this factor promotes elongation 
rather than capping under normal conditions (Tocchetti et al., 2010; 
Manor et al., 2011; Zampini et al., 2011). Additional data in favor of 
this proposal come from recent studies of microvillus biogenesis, 
which showed that new core actin bundles grow de novo and as 
“daughters” from the sides of preexisting “mother” protrusions; in 
both cases, new bundles emerge from puncta marked by EPS8 and 
BAIAP2L1, which remain enriched on the distal ends of actively 
growing protrusions (Gaeta et al., 2021a). Finally, mutations in EPS8 
that disrupt actin binding also impair the formation of EPS8 puncta, 
core bundle formation, and microvillar motility observed in these 
live imaging assays (Meenderink et al., 2019; Gaeta et al., 2021a).

Given the exquisitely specific tip localization of EPS8 and the 
mounting evidence of its involvement in protrusion elongation, we 

leveraged this factor to screen for new distal-tip residents that might 
also hold the potential for controlling microvillar growth. Proteomic 
studies of isolated brush borders have contributed rich datasets on 
the molecular composition of the apical actin cytoskeleton, although 
conventional multidimensional protein identification technology ap-
proaches lack spatial resolution (McConnell et al., 2011; Revenu 
et al., 2012; Yoshida et al., 2016). One promising method for defin-
ing local proteomes involves proximity labeling, which takes advan-
tage of modified Escherichia coli biotin ligases that nonspecifically 
biotinylate surrounding proteins (Roux et al., 2012; Kim et al., 2016). 
By anchoring such a ligase to a protein of interest, neighboring pro-
teins can be biotinylated, isolated, and then identified using mass 
spectrometry. As an example, biotin proximity labeling using the 
modified enzyme TurboID was recently used to identify proteins at 
the apical noncentrosomal microtubule–organizing center in the in-
testine of Caenorhabditis elegans (Sanchez et al., 2021).

In this study, we used EPS8 to spatially anchor the BioID2 biotin 
ligase (Kim et al., 2016) at the distal tips of microvilli in human intes-
tinal epithelial-cell lines. This strategy allowed us to identify the un-
characterized protein KIAA1671 as a new resident of brush-border 
microvilli. KIAA1671 localizes to the base of the brush border in 
native intestinal tissue and polarized epithelial cell–culture models, 
and to dynamic actin-rich structures in nonepithelial-cell types. In 
time-lapse observations of microvillus biogenesis, we found that 
KIAA1671 localizes to sites of both de novo and daughter core-
bundle growth. We also observed that KIAA1671 initially colocalizes 
with EPS8 in diffraction-limited puncta, although once growth of a 
core bundle begins, these two factors separate, with EPS8 tracking 
the elongating distal end and KIAA1671 remaining behind at the 
base of the structure. Collectively, these results suggest that 
KIAA1671 might cooperate with EPS8 and potentially other core-
bundle assembly factors to initiate the growth of new microvilli on 
the apical surface. These results highlight the utility of proximity la-
beling for identifying features of local proteomes, even when spatial 
proximity is transient. These findings may also hold implications for 
understanding how apical specializations are assembled in other 
epithelial contexts.

RESULTS AND DISCUSSION
A BioID2 screen reveals new EPS8 proximal factors
To search for new distal tip residents that might function in micro-
villus biogenesis, we expressed variants of EPS8 tagged with the 
biotin ligase BioID2 in the Ls174T-W4 (W4) human intestinal epi-
thelial cell line to enable biotin proximity labeling of EPS8-labeled 
microvillus tips. W4 cells were engineered to activate the STRADα/
LKB1 pathway when treated with doxycycline, which in turn leads 
to polarity establishment and brush border formation (Baas et al., 
2004). W4 cells stably expressing EPS8-S-BioID2 (S = short linker, 
predicted labeling radius ∼10 nm), EPS8-L-BioID2 (L = long linker, 
predicted labeling radius ∼25 nm; Kim et al., 2014, 2016), or myc-
BioID2 as an unanchored negative control were incubated in bio-
tin-depleted media for ∼48 h before induction of brush border 
formation and supplementation with 50 μM biotin overnight. The 
next day, tagged proteins were collected by streptavidin pull-
down and then subjected to mass spectrometry for identification 
(Figure 1, A and B). As EPS8 targets the distal ends of microvilli, 
we expected that cells expressing BioID2-tagged EPS8 constructs 
would demonstrate higher levels of biotin incorporation in the 
brush border than cells expressing the myc-BioID2 control. In-
deed, cells expressing the EPS8-S-BioID2 and EPS8-L-BioID2 
constructs revealed extensive biotinylation in the brush border 
compared with controls, as detected by streptavidin staining 
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(Figure 1C). Western blotting for biotinylated proteins in whole-
cell lysates using a fluorescent streptavidin conjugate also con-
firmed biotin incorporation in all samples (Figure 1D). Biotinyl-
ated proteins in these samples were subsequently captured by 
streptavidin pulldown and identified using mass spectrometry, 
which revealed over 280 hits across all three samples, 56 of which 
were unique to the EPS8-S-BioID2 and EPS8-L-BioID2 conditions. 
As expected, we identified multiple known EPS8 binding part-

ners, including brain-specific angiogenesis inhibitor 1-associated 
protein 2 (BAIAP2), BAIAP2L1, ABI1 (Disanza et al., 2004, 2006; 
Postema et al., 2018), as well as other brush border–resident pro-
teins such as MISP and MYH14 (Chinowsky et al., 2020; Morales 
et al., 2022). However, one of the most striking hits was the un-
characterized protein KIAA1671, which demonstrated elevated 
total spectral counts in EPS8-S-BioID2 and EPS8-L-BioID2 sam-
ples (Figure 1, E and F).

FIGURE 1: Utilizing biotin proximity labeling to probe for molecules involved in microvilli biogenesis. (A) Schematic 
timeline of W4 induction and biotin supplementation before streptavidin pull down. (B) Schematic representation of a 
W4 cell expressing the myc-BioID2 construct and EPS8-S/L-BioID2 constructs. Upon addition of 50 µM biotin to cell 
culture medium overnight, the BioID2 construct will promiscuously biotinylate proteins within an ∼10–25 nm radius. 
(C) Representative cells expressing either the myc-BioID2 control, EPS8-BioID2-HA, or EPS8-13xL-BioID2-HA constructs 
(yellow) and stained with streptavin-488 (cyan) and phalloidin (magenta) to determine the extent of biotinylation in the 
brush border of W4 cells. (D) Biotinylated proteins from EPS8-S-BioID2-HA, EPS8-L-BioID2-HA, or myc-BioID2 samples 
separated by SDS page and detected with a fluorescent streptavidin conjugate (left). Coomassie staining of previously 
stated samples to confirm equal total protein input for pulldown (right). (E) Highlighted raw total spectra counts of 
known EPS8 interacting proteins or brush border resident proteins detected in myc-BioID2, EPS8-S-BioID2, and 
EPS8-L-BioID2 samples. (F) Plots comparing total spectral counts between proteins detected in myc-BioID2 vs. 
EPS8-s-BioID2 or EPS8-L-BioID2 samples. Connected blue data points indicate KIAA1671 spectral counts, and asterisks 
indicate spectral counts of EPS8-S/L-BioID2 protein in samples.
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Identification of KIAA1671 as a new resident of the brush 
border actin cytoskeleton
To further explore the utility of hits derived from our EPS8-an-
chored BioID2 screen, we decided to focus validation studies on 
the uncharacterized, KIAA1671 (1806 a.a., ∼196 kDa). Although 
KIAA1671 was previously identified in large-scale genomic and 
proteomic studies (Huttlin et al., 2017), its biological roles remain 
entirely unstudied. In silico domain analysis using IUPRED2A 
(Meszaros et al., 2018; Erdos and Dosztanyi, 2020) suggests that 

KIAA1671 is largely disordered (Supplemental Figure 1, A and B), 
although a tankyrase binding domain is annotated near the C-ter-
minus. Further validation by immunofluorescence and construct 
expression revealed that KIAA1671 robustly targets F-actin–rich 
networks (Figure 2). In mouse small intestinal tissue, endogenous 
KIAA1671 localizes to the subapical compartment in villus entero-
cytes, where the rootlet ends of microvilli embed in the terminal 
web (Figure 2A, zoom 1, and 2C); apical staining was also observed 
in intestinal crypts (Figure 2A, zoom 2). Similarly to native tissue, 

FIGURE 2: KIAA1671 is an uncharacterized protein that targets the brush border cytoskeleton. (A) A paraffin-
embedded mouse small-intestinal tissue section stained with anti-KIAA1671 (cyan) and anti-Villin (magenta) antibodies. 
Zoom 1 highlights apical staining on the villus, while Zoom 2 highlights apical staining in intestinal crypts. Scale bar = 
50 µm. (B) Representative W4 cell expressing an EGFP-KIAA1671 construct (cyan), stained with an anti-EPS8 antibody 
(yellow) and phalloidin to mark F-actin (magenta). Zoom 1 highlights KIAA1671 at the base of the brush border, while 
Zoom 2 highlights KIAA1671 localization in the cytoplasm. (C) Linescans measuring anti-KIAA1671 (Left) or EGFP-
KIAA1671 (Right) at the apical surfaces of intestinal tissue and W4 cells, respectively. n = 63 linescans of villus intestinal 
tissue from one independent staining; n = 40 line cans of W4 brush borders from three independent experiments. 
(D) Quantification of the fraction of overlap between KIAA1671 and F-actin. Bars indicate the fraction of total KIAA1671 
signal that overlaps with F-actin signal. n = 40 cells from three independent experiments. All images are displayed as 
maximum-intensity projections.
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W4 cells exhibited terminal web enrichment of EGFP-KIAA1671 
(Figure 2B, zoom 1, and 2C), and in this context a subpopulation 
also localized to F-actin–rich structures in the cytoplasm (Figure 2B, 
zoom 2). Costaining these cells for endogenous EPS8 revealed that 
most of this factor targeted microvillar tips as expected, although 
we noted a faint band of signal that overlapped with KIAA1671 in 
the terminal web (Figure 2B, zoom 1). Quantifying the fraction of 
overlap between the EGFP-KIAA1671 and phalloidin-568 signals 
in the cytoplasm of W4 cells revealed that the majority (66%) of 
total cytoplasmic EGFP-KIAA1671 signal merged with F-actin 
(Figure 2D). Taken together, these results confirm that KIAA1671 is 
a bona fide resident of the brush-border actin cytoskeleton in po-
larized epithelial cells.

KIAA1671 associates with dynamic F-actin networks in 
nonpolarized cells
To determine if the localization of KIAA1671 to F-actin–rich struc-
tures was unique to the highly specialized actin cytoskeleton found 
in polarized intestinal epithelial cells, we also expressed EGFP-
KIAA1671 in the nonpolarizing line B16F1. Transfection experiments 
revealed that EGFP-KIAA1671 localizes to F-actin positive linear 
features that labeled with a fluorescently tagged utrophin calponin 
homology (UtrCH) domain (mCherry-UtrCH; Figure 3, A and B). We 
also observed a prominent population of cytoplasmic puncta that 
were KIAA1671- and F-actin–positive. Time-lapse imaging of this 
population using spinning disk confocal microscopy showed that 

KIAA1671-/F-actin–containing puncta are motile, suggesting these 
are sites of active actin polymerization. Analysis of puncta motion 
over a 45-s window revealed that the trajectories of KIAA1671 and 
F-actin signals exhibited significant and sustained spatial overlap 
through time (Figure 3, C and D; Supplemental Video 1). Addition-
ally, two-dimensional analysis of KIAA1671 puncta that were associ-
ated with F-actin signal (Figure 3E, UtrCH +, n = 5701 representative 
puncta from a single cell) demonstrated higher mean intensities 
than for puncta that were not F-actin–associated (Figure 3E, UtrCH -, 
n = 1563 representative puncta from a single cell). Consistent with 
these analyses, when we correlated the intensities of many 
KIAA1671/F-actin puncta, we found a significant positive relation-
ship between these two signals across multiple cells (Figure 3F). 
Thus, higher levels of KIAA1671 are associated with higher levels of 
F-actin. KIAA1671’s general colocalization with F-actin–rich struc-
tures, comigration with F-actin–rich puncta, and positive correlation 
with F-actin content are suggestive of an actin-binding protein that 
may promote, either directly or indirectly, the accumulation of actin 
polymer.

KIAA1671 and EPS8 transiently colocalize in puncta during 
microvillus biogenesis
As alluded to, KIAA1671 localizes to F-actin networks in diverse 
contexts, although in the specific case of polarized epithelial cells, it 
localizes to the rootlet end of the microvillus, which is—paradoxi-
cally—the opposite end of the protrusion from where EPS8 resides. 

FIGURE 3: KIAA1671 overlaps with dynamic actin-rich structures in unpolarized cells. (A) A representative B16F1 cell 
expressing EGFP-KIAA1671 and mCherry-UtrCH to mark F-actin. Zooms highlight linear actin features. Scale bar = 
10 µm. (B) Linescan of linear features as highlighted in A, zoom. (C) B16F1 cell displaying cytoplasmic puncta of 
EGFP-KIAA1671 and mCherry-UtrCH. Scale bar = 10 µm. (D) Representative trajectory analysis of 6 EGFP-KIAA1671 
and mCherry-UtrCH puncta as represented in C. Traces measured at 5-s intervals sampled over a 45-s time period from 
a single imaging field. (E) 2D puncta analysis comparing mean EGFP-KIAA1671 intensities of puncta either associated 
(UtrCH +) or not associated (UtrCH-) with UtrCH puncta. Plots are representative from a single cell over a 15-min 
imaging window. **** p < 0.0001 using a two-tailed Mann–Whitney test, n = 1269 UtrCH + puncta; n = 279 UtrCH – 
puncta. Plots show mean ± SD. (F) Two-dimensional intensity correlations of EGFP-KIAA1671 puncta with mCherry-
UtrCH from six cells over two independent experiments. p values were calculated from a two-tailed test. All images are 
displayed as maximum intensity projections.
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Given the significant spatial separation between these compart-
ments (∼1 μm or more), how might an EPS8-anchored biotin ligase 
encounter a protein near the basal ends of microvilli? One potential 
answer derives from the fact that microvilli are actively growing on 
the surfaces of W4 cells during the biotinylation step in our labeling 
assay. Considering this point, EPS8 and KIAA1671 might only tran-
siently colocalize at some point during the growth process. To ex-
plore this possibility, we turned to live imaging of microvillar biogen-
esis using the LLC-PK1-CL4 (CL4) cell culture model. We previously 
used this system to directly visualize the motility and growth of indi-
vidual microvilli from an en face perspective (Meenderink et al., 
2019; Gaeta et al., 2021a,b). CL4 cells stably expressing EGFP-EPS8 
and mCherry-ESPN were transiently transfected with Halo-KIAA1671 
(labeled with JFx646) and then subjected to spinning-disk confocal 
microscopy to enable visualization of microvillus biogenesis. Time-
lapse datasets revealed a population of KIAA1671 and EPS8 that 
are microvillus–associated (Figure 4A) as well as a separate popula-
tion of colocalized punctate structures that lacked ESPN signal 
(Figure 4B). Analyzing the motion of KIAA1671 and EPS8 puncta at 
30-s intervals over a period of 30 min revealed overlapping trajecto-
ries, suggesting that these proteins are moving through the cyto-
plasm in complexes (Figure 4, B and D). We also observed that 
KIAA1671 and EPS8 coaccumulate at future sites of de novo micro-
villar growth; in many of these cases, minutes later, ESPN-positive 
actin bundles elongated from these puncta (Figure 4, C and E). 
Notably, as these core bundles elongate, EPS8 and KIAA1671 
signals separate, with EPS8 marking the growing distal tip of the 
microvillus and KIAA1671 remaining behind at the proximal end 
(Figure 4, F and G; Supplemental Video 2).

In addition to de novo growth, new “daughter” microvilli also 
grow from preexisting “mother” protrusions (Gaeta et al., 2021a), 
generating branched intermediates similar in appearance to the 
“forked” microvilli observed on the surfaces of diverse epithelial tis-
sues (Tilney and Cardell, 1970; Zhu et al., 2022). Careful inspection 
of our time-lapse datasets revealed that EGFP-KIAA1671 localizes 
at the basal end of a mother microvillus (marked by mCherry-ESPN) 
in the minutes leading up to daughter formation (Figure 5, A and B). 
Previous studies established that EPS8 marks the site of new daugh-
ter growth from an established mother (Gaeta et al., 2021a). Consis-
tent with this, KIAA1671 and EPS8 are both found at the base of 
nascent mother protrusion before elongation of a daughter micro-
villus begins (Figure 5C; Supplemental Video 3). Indeed, colocaliza-
tion map analysis of the 1-min time point in Figure 5A shows that 
before daughter core bundle elongation, KIAA1671 and EPS8 sig-
nals exhibit strong colocalization at the base of the microvillus 
(Figure 5, D and E).

Collectively, these time-lapse observations show that KIAA1671 
and EPS8 transiently colocalize in puncta at the earliest stages of 
microvillar growth, and then separate as the microvillus elongates 
(Figure 5F), which provides a likely explanation for the biotinylation 
of KIAA1671 in our EPS8 anchored proximity labeling screen.

Using a proximity labeling approach, we identified the previously 
uncharacterized protein KIAA1671 as a bona fide resident of the 
brush border actin cytoskeleton. In native intestinal epithelial cells, 
KIAA1671 localizes to the base of microvilli in the subapical terminal 
web, and expression studies in culture models also indicate that this 
factor localizes to dynamic actin networks independent of the cel-
lular context. However, we were presented with a paradox when we 
considered the localization of KIAA1671 relative to EPS8, which was 
used to anchor the BioID2 moiety in our screen. EPS8 localizes to 
the distal tips, while KIAA1671 is found at the bases of microvilli, 
separated by a distance of at least 1 μm, outside the predicted 

range of proximity labeling (∼25 nm, using the long linker). We em-
ployed live-cell imaging to investigate whether the interaction be-
tween EPS8 and KIAA1671 might be transient in nature. Indeed, 
time-lapse datasets revealed that EPS8 and KIAA1671 do associate 
in dynamic puncta with a subset giving rise to microvilli de novo. 
Remarkably, as the core actin bundle begins to elongate, the EPS8 
and KIAA1671 signals separate, with EPS8 occupying the elongat-
ing distal end as expected, and KIAA1671 remaining behind at the 
base of the protrusion. The end result is a microvillus with EPS8 
marking the distal end and KIAA1671 highlighting the rootlet, a dis-
tribution consistent with what we observe in fixed intestinal epithe-
lial tissue and cell culture models at steady state. We also observed 
a similar pattern of initial transient colocalization followed by spatial 
separation in instances of mother–daughter growth. Thus, using a 
spatially targeted proteomic screen, we identified a novel factor that 
may cooperate with EPS8 during the early stages of microvillus 
biogenesis.

Do our results implicate KIAA1671 as a binding partner of EPS8? 
Biotin proximity labeling in conjunction with live-cell imaging of 
KIAA1671 and EPS8 during microvillus biogenesis suggests that 
these proteins transiently associate in a complex. However, neither 
of these techniques implies direct protein–protein interaction, and 
thus further biochemical characterization is necessary to determine 
whether EPS8 and KIAA1671 are binding partners. In terms of 
structural mechanisms that could mediate direct binding, EPS8 
contains a central SH3 domain that mediates protein:protein inter-
actions by binding to proline-rich sequences in interacting proteins. 
The SH3 domain of EPS8 binds to PxxDY motifs instead of canoni-
cal PxxP motifs (Mongiovi et al., 1999), and primary sequence anal-
ysis of KIAA1671 indicates the presence of multiple proline-rich 
stretches. Such regions are common features of intrinsically disor-
dered proteins (Theillet et al., 2013), presenting a possibility for 
future studies aimed toward characterizing KIAA1671/EPS8 inter-
actions. Independent of the details of association, our data do indi-
cate that KIAA1671 and EPS8 cooperate early in this process of 
core bundle assembly. Interestingly, transmission electron micro-
graphs of microvillus regrowth events in native tissue revealed 
electron-dense plaques at the apical surfaces of intestinal cells, 
which were hypothesized to be microvillus precursors (Tilney and 
Cardell, 1970). KIAA1671 and EPS8 do colocalize in cytoplasmic 
puncta that lack ESPN signal, and it is tempting to speculate that 
these features correspond to electron-dense plaques noted in 
those classic ultrastructural studies.

How might KIAA1671 impact the dynamics of the actin cytoskel-
eton? Bioinformatics analysis identified a tankyrase binding protein 
motif at the C-terminus of KIAA1671. Intriguingly, the related 
tankyrase binding domain containing protein TNKS1BP1 (also known 
as TAB182) has been shown to associate with actin, and through its 
C-terminus directly binds the CAPZA2 subunit of heterodimeric cap-
ping protein (CP) (Ohishi et al., 2017). Local alignment of KIAA1671 
and TNKS1BP1 indicates that its CAPZA2-binding region a.a. 1543–
1635 displays 32.4% identity and 51% similarity with KIAA1671 a.a. 
1617–1711 (Ohishi et al., 2017; Supplemental Figure 2C), and previ-
ous large-scale affinity purification proteomic studies also detected 
an interaction between KIAA1671 and CAPZA2 (Huttlin et al., 2021). 
What are the functional implications of an interaction with CAPZA2? 
CP binds to the barbed ends of actin filaments with subnanomolar 
affinity, potently inhibiting incorporation of new monomers (Wear 
et al., 2003). However, several factors tune CP activity using steric or 
allosteric mechanisms. Notably, CARMIL family proteins (including 
CKIP-1, WASHCAP, CD2AP, CapZip, and Twinfilin) allosterically re-
duce CP affinity for the filament barbed end. Direct binding of these 
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proteins to CP is mediated by a capping protein interaction (CPI) 
motif (Bruck et al., 2006; Hernandez-Valladares et al., 2010; McCon-
nell et al., 2020). Interestingly, local alignment of the CARMIL1 CPI 
(a.a. 958–1082) indicates weak identity with KIAA1671 a.a. 1013–
1137 (Supplemental Figure 2D), leading to the intriguing possibility 
that this factor might hold the potential to regulate CP activity and 
drive actin polymerization during microvillar growth.

Additional insight into the function of KIAA1671 might also be 
derived from its dynamic localization during microvillus growth. 
As alluded to above, KIAA1671 initially colocalizes with EPS8, but 
as the nascent core bundle begins to elongate, these two factors 
separate and become enriched at opposite ends. This dynamic 
pattern is reminiscent of the behavior of the actin nucleator APC 
and the formin mDia1, as observed in vitro (Breitsprecher et al., 
2012). APC and mDia1 initially colocalize in puncta that represent 
a nucleation complex, but as the associated actin filament begins 
to elongate, APC remains behind at the pointed end, while mDia1 

tracks the elongating barbed end (Breitsprecher et al., 2012). In 
this case, the persistent pointed-end localization of APC is a tell-
tale sign of its activity as a templating filament nucleator. Although 
the current level of annotation on KIAA1671 does not point to 
canonical actin monomer binding motifs, which would be needed 
to underpin nucleation activity, this remains an open functional 
hypothesis that could be tested in future cell-biological studies.

MATERIALS AND METHODS
Cell culture
Ls174T-W4 cells (female human colon epithelial cells) were cultured in 
DMEM with high glucose and 2 mM l-glutamine supplemented with 
10% tetracycline-free fetal bovine serum (FBS), 1% glutamine, G-418 
(1 mg/ml), blasticidin (10 μg/ml), and phleomycin (20 μg/ml). LLC-PK1-
CL4 and B16F1 melanoma cells were cultured in DMEM with high 
glucose and 2 mM l-glutamine supplemented with 10% FBS and 1% 
glutamine. All cultures were maintained at 37°C with 5% CO2.

FIGURE 4: KIAA1671 and EPS8 puncta associate and then separate during microvillus growth. (A) CL4 cell displaying 
microvilli as well as cytoplasmic KIAA1671 and EPS8 puncta in cells expressing Halo-KIAA1671, EGFP-EPS8, and 
mCherry-ESPN. Box width = 15 µm. (B) Representative image of EGFP-EPS8 and Halo-KIAA1671 puncta in CL4 cells. 
Single-channel images are denoted by border outline in corresponding color (right). (C) Montage of a de novo 
microvillus growth event in a CL4 cell expressing EGFP-KIAA1671 (KIAA, cyan), EGFP-EPS8 (yellow), and mCherry-ESPN 
(magenta). Box width = 4 µm. (D) Trajectory analysis of Halo-KIAA1671 and EGFP-EPS8 puncta as represented in B. 
Traces are measured at 30-s intervals sampled from a 30-min time period from a single imaging field. (E) Averaged 
normalized intensity vs. time curves representing 5 de novo microvillus growth events from the imaging experiment 
shown in C. Solid line represents mean and shaded area represents SD. (F) Trajectory analysis of Halo-KIAA1671 (cyan) 
and EGFP-EPS8 (yellow) during a de novo microvillus growth event. Large, shaded circles represent indicated time 
points during the trajectory. (G) Image of the 9.5-min time point indicated in F (Top) with linescan demonstrating 
separation of the Halo-KIAA1671 and EGFP-EPS8 signals to opposite ends of the microvillus. All images are displayed 
as maximum-intensity projections.
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Cloning and Constructs
An empty vector pLVX-MCS-puro construct was created by digesting 
the pLVX-AcGFP vector (Takara) with NdeI and XhoI. The region of 
the CMV promoter that was cut during this process was religated, 
with the region amplified via PCR using primers 5′→3′ forward 
CCCCCGCCCATTGACGTCAATAATGACG and 5′→3′ reverse TA-
AGCACTCGAGGGTGGCGACCGGTAGAT, creating the vector 
pLVX-MCS-puro. BioID2-HA and 13xLinker-BioID2-HA sequences 
were amplified via PCR flanked with XhoI and ApaI cut sites 5′→3′ 
forward CCCCCGCCCATTGACGTCAATAATGACG and 5′→3′ re-
verse TAAGCACTCGAGGGTGGCGACCGGTAGAT. These PCR 
products were digested and inserted into the pLVX-MCS-puro vector 
to create pLVX-MCS-BioID2 and pLVX-MCS-13xLinker-BioID2. The 

pLVX-myc-BioID2 vector was created via Gibson assembly, using 
PCR to amplify the insert sequence 5′→3′ forward GGATCTACCG-
GTCGCCACCCAGACCCAAGCTGGCTAGC, 5′→3′ reverse GATC-
CGGTGGATCCCGGGCCTCGAGGCTGATCAGCGGTTTAAAC, 
and inserted into the pLVX-MCS-puro backbone digested with XhoI 
and ApaI using the Gibson assembly master mix (NEB). Full-length 
human EPS8 was amplified via PCR using primers 5′→3′ forward TA-
AGCACTCGAGGCCACCATGAATGGTCATATTTCTAATCATCC and 
5′→3′ reverse TAAGCAGAATTCGTGACTGCTTCCTTCATCAAAA-
GATTCC, inserted into the pLVX-MCS-BioID2-HA and pLVX-MCS-
13xLinker-BioID2-HA via restriction digest with XhoI and EcoRI. The 
EGFP-KIAA1671 plasmid was purchased from Genscript, encoding 
ORF clone accession number NM_001145206.1, inserted into a 

FIGURE 5: KIAA1671 and EPS8 puncta overlap during daughter microvillus growth. (A) Representative montage of 
daughter microvillus growth event. Box width = 9 µm. (B) Quantification of EGFP-KIAA1671 intensity and microvillus 
length vs. time of daughter growth events. n = 12 daughter growth events from seven cells over two independent 
experiments. (C) Montage of a daughter microvillus growth event in CL4 cells expressing Halo-KIAA1671, EGFP-EPS8, 
and mCherry-ESPN. Box width = 5 µm. (D) Zoom of the 1-min timepoint in C (Left), with colocalization heat map analysis 
(Right). Warmer colors on heat map represent a higher degree of colocalization, while cooler colors represent a low 
degree of colocalization. (E) Linescan of zoom shown in D. (F) Schematic of both de novo and daughter microvillus 
growth illustrating KIAA1671 and EPS8 together at early stages of de novo growth, followed by separation as the 
microvillus matures. During daughter growth KIAA1671 and EPS8 mark spots of new bundle formation on the mother 
bundle. As the new daughter bundle grows, EPS8 remains at the distal tip while KIAA1671 stays at the base of the 
microvillus.
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pcDNA3.1(+)-N-eGFP backbone. pHalo-C1-KIAA1671 was gener-
ated using by PCR using primers 5′→3′ forward ACCATGGCCAC-
GCGG and 5′→3′ reverse TCAAACTTGGTTCTCATAAAGACTTT-
GCCT, topo cloned into the pCR8 vector, and then shuttled into the 
pHalo-C1-GW vector. Full-length human EPS8 was generated via 
PCR using primers 5′→3′ forward ATGAATGGTCATATTTCTAAT-
CATCCC and 5′→3′ reverse TTAGTGACTGCTTCCTTCATCAAAA-
GATTCC topo cloned into the EGFP-C1-GW vector. All constructs 
were verified by sequencing.

Stable cell line generation and transient transfection
Stable cell lines. To create W4 BioID2 and CL4 mCherry-ESPN 
(encoding human espin 2B)–expressing stable cells, target cells 
were transduced with lentivirus expressing pLVX-EPS8-BioID2-HA, 
pLVX-EPS8-13xLinker-BioID2-HA, pLVX-myc-BioID2, or pLVX-
mCherry-ESPN. Lentivirus was generated using HEK293FT cells 
cotransfected with pLVX-EPS8-BioID2-HA, pLVX-EPS8-13xLinker-
BioID2-HA, pLVX-myc-BioID2, or pLVX-mCherry-ESPN and psPAX2 
and pMD2.G using Lipofectamine2000 (ThermoFisher) according to 
the manufacturer’s instructions. Media were changed 16 h after 
transfection, and virus was collected 72 and 96 h after transfection 
and concentrated using Lenti-X concentrator (Clontech). Cells were 
then transduced with virus after growing to 75% confluency and 
supplemented with 10 μg/ml polybrene. Media were changed 1 day 
after transduction and cells were placed under selection with 
puromycin (10 μg/ml concentration) 72 h after transduction. To 
create double stable CL4 cell lines, cells either transiently transfected 
with EGFP tagged constructs and subsequently selected with 1 mg/
ml G418 for approximately 2–4 wk (EGFP-EPS8, GFP-KIAA1671) 
and transduced with lentivirus expressing pLVX-mCherry-ESPN. 
Cells expressing EGFP-KIAA1671 and mCherry-ESPN were plated 
onto plasma-cleaned 35-mm glass-bottomed dishes (Cellvis, D35-
20-1.5-N) and imaged at subconfluency.

Transient transfection. B16F1 melanoma cells were transiently 
transfected with EGFP-KIAA1671 and mCherry-UtrCH using Lipo-
fectamine2000 according to the manufacturer’s instructions. The 
next day, cells were plated onto plasma-cleaned 35-mm glass-bot-
tomed dishes coated with 50 μg/ml laminin, allowed to adhere for 
at least 3 h, and then imaged. CL4 cells stably expressing EGFP-
EPS8 and mCherry-ESPN were transiently transfected with Halo-
KIAA1671 using Lipofectamine 2000 according to the manufactur-
er’s instructions. After 4 h, cells were plated onto plasma-cleaned 
35-mm glass-bottomed dishes (Cellvis, D35-20-1.5-N) and imaged 
the following day at subconfluency. For labeling of Halo-tagged 
constructs, cells were incubated for 1 h in JFX-646 dye (Janelia 
Farms, diluted 1:1000 in CL4 medium), briefly rinsed with phos-
phate-buffered saline (PBS), and then imaged in CL4 medium.

Biotin proximity labeling pull down and mass spectrometry
W4 cells stably transduced with pLVX-EPS8-BioID2, pLVX-EPS8-
13xLBioID2, or pLVX-myc-BioID2 were grown to ∼80% confluency in 
T-175 flasks and incubated for 48 h in biotin-depleted media before 
induction with doxycycline. Biotin (50 μM) was added to cell culture 
media after 8 h of induction with doxycycline, and induced cells 
were incubated overnight. The following pull-down protocol was 
drawn largely from Roux et al. (2018). Cells were rinsed 2× in DPBS 
and pelleted at 200 × g for 5 min. Pelleted cells were resuspended 
in room temperature Lysis Buffer (8 M urea, 50 mM Tris-HCl, 1 mM 
DTT, and 1× Halt Protease Inhibitor, pH 7.4). Triton X-100 was added 
to make a final vol/vol of 1%, and suspension was mixed by tritura-
tion and placed on ice. Samples were then lysed with a 27 ½ gauge 

needle attached to a 1-ml syringe 6× each and diluted with pre-
chilled lysis buffer to favor affinity capture (Roux et al., 2018). Sam-
ples were then spun at 16,500 × g for 10 min at 4°C. Supernatant 
was added to equilibrated streptavidin sepharose high- perfor-
mance beads (GE Healthcare) and rotated overnight at 4°C. Beads 
were then pelleted at 1000 × g and resuspended in 1 ml wash buffer 
(8 M urea, 50 mM Tris-HCl, pH 7.4) 4× and resuspended in 1 ml wash 
buffer. Ten percent of beads were saved for Western blot, with the 
other 90% resuspended in 1 mM biotin + 50 mM NH4HCO3 in prep-
aration for mass spectrometry analysis. Data in Figure 1, E and F, 
show spectral data from a single experiment. Mass spectrometry 
was performed through the Vanderbilt Mass spectrometry core. 
Briefly, to the bead slurry, 50 μl of 8 M urea 100 mM tris-HCl pH 8.0 
was added, and disulfide bonds were reduced using TCEP and 
alyklated to prevent reformation with iodoacetimde. Slurry was fur-
ther diluted using 300 μl of 100 mM tris-HCL pH 8.0; 5 μg of se-
quencing-grade trypsin was added and allowed to digest overnight 
at 37°C. A 5-μl sample of the resulting peptides was analyzed by 
data-dependent LC-MS/MS. Briefly, peptides were autosampled 
onto a 200 mm by 0.1 mm (Jupiter 3 μm, 300 A) self-packed analyti-
cal column coupled directly to an LTQ linear ion trap mass spec-
trometer (ThermoFisher) using a nanoelectrospray source and re-
solved using an aqueous-to-organic gradient. Both the intact 
masses (MS) and fragmentation patterns (MS/MS) of the peptides 
were collected in a data-dependent manner utilizing dynamic exclu-
sion to maximize depth of coverage. Resulting peptide MS/MS 
spectral data were searched against the canonical human protein 
database (Uniprot), to which common contaminants and reversed 
version of each protein, using SEQUEST (https://link.springer.com/
article/10.1016/1044-0305(94)80016-2). Peptide spectral matches 
were collated, filtered, and compared using Scaffold (Proteome 
Software).

Immunofluorescence staining
Cultured cells. Cells were rinsed 1× in prewarmed PBS and fixed by 
incubating in prewarmed 4% paraformaldehyde for 15 min at 37°C. 
Cells were then rinsed 3× for 5 min with PBS and permeabilized in 
0.1% Triton X-100 for 15 min at RT. Cells were then rinsed with PBS 
3× for 5 min and then blocked in 5% BSA for 1 h at 37°C. Following 
blocking, cells were briefly rinsed 1× with PBS and incubated with 1° 
antibodies for 1 h at 37°C (anti-HA rabbit, Invitrogen H6908; anti-
myc rabbit; Abcam ab9106) or Alexa Fluor-488 conjugated 
streptavidin (Invitrogen S32354), both at 1:1000 dilution. Cells were 
then rinsed 4× for 5 min with PBS and incubated with 2° antibodies 
(Alexa Fluor 647 F(ab’)2-goat anti-rabbit IgG (H+L) A21246, 1:1000 
and Alexa-Fluor 568 Phalloidin (Invitrogen A12380)), 1:200 for 30 
min at RT. Following 2° antibody incubation, cells were rinsed 4× for 
5 min in PBS and mounted on glass slides using ProLong Gold 
antifade reagent (Life Technologies, Invitrogen, P36930).

Tissue. Paraffin-embedded tissue sections of mouse WT small in-
testinal Swiss rolls and kidney sections were deparaffinized using 
HistoClear solution (Fisher) and rehydrated in a descending graded 
ethanol series (100%, 95%, 90%, 70%, 50%) and rinsed 3× with PBS 
for 5 min. Slides were then subjected to an antigen retrieval step 
consisting of boiling for 1 h in a solution of 10 mM Tris (pH 9.0) and 
0.5 mM ethylene glycol–bis(β-aminoethyl ether)–-N,N,N′,N′-
tetraacetic acid (EGTA). Slides were then washed in PBS 3× and 
blocked with 5% normal goat serum (NGS) ON at 4°C. After block-
ing, slides were briefly rinsed with PBS and stained ON at 4°C with 
antibodies (rabbit anti-KIAA1671, Invitrogen, PA5-53737; mouse 
anti-Villin, Santa Cruz, sc-66022 1:50) in 1% NGS in PBS. After being 
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washed with PBS 4×, samples were incubated with secondary anti-
bodies (Alexa Fluor 488 F(ab’)2-goat anti-rabbit IgG (H+L), Invitro-
gen A11070, 1:1000; Alexa Fluor 568 F(ab’)2-goat anti-mouse IgG 
(H+L), Invitrogen A11019, 1:1000) in 1% NGS in PBS for 1–2 h at RT. 
Slides were then washed 4× with PBS, dehydrated in an ascending 
ethanol series (50%, 70%, 90%, 95%,100%), and mounted using 
ProLong Gold Antifade reagent (Life Technologies, Invitrogen, 
P36930).

Microscopy
Laser scanning confocal microscopy was performed using a Nikon 
A1 equipped with 488- and 561-nm excitation lines and 100×/1.49 
NA TIRF, 40×/1.3 NA oil, and 25×/1.05 NA silicon immersion objec-
tives. Structured illumination microscopy was performed using a 
Nikon N-SIM equipped with an Andor DU-897 EMCCD camera, 
four excitation lines (405, 488, 561, and 647 nm), and a 100×/1.49 
NA TIRF objective. All images were reconstructed using Nikon Ele-
ments software with matching reconstruction parameters. Spinning 
disk confocal microscopy was performed using a Nikon Ti2 inverted 
light microscope equipped with a Yokogawa CSU-X1 spinning disk 
head, a Photometrics Prime 95B sCMOS or Hamamatsu Fusion BT 
sCMOS camera, 488- and 561-nm excitation lasers, and a 100×/1.49 
NA TIRF objective. Cells were maintained in a stage top incubator 
at 37°C with 5% CO2 (Tokai Hit).

Quantification and statistical analysis
Line scan analysis. To perform line scan analysis, lines were drawn 
along the axes of microvilli or linear actin features on maximum-
intensity projected images in FIJI. Linewidth was set for the 
following: tissue, 1; W4 cells, 30; B16F1 cells, 5; CL4 microvilli, 4–5. 
For intestinal tissue, line scan analysis was conducted on 100× 
images, while a 40× image is represented in Figure 2A. The length 
and intensity axes were then normalized from 0 to 1, combined, and 
fitted to a Gaussian where appropriate (GraphPad Prism). Residual 
plots were calculated from the difference between raw EGFP-
KIAA1671 intensity signals and plotted over the normalized length.

Fraction of overlap. To calculate the fraction of overlap between 
the KIAA1671 and phalloidin signals in the cytoplasm of W4 cells, a 
5 × 5 μm area was cropped and individual channels were manually 
thresholded in Nikon Elements. A binary layer “AND” was created 
to measure the pixel area of overlapping pixel intensities between 
the 488- and 561-nm channels. To calculate the fraction of overlap, 
the “AND” area fraction was divided by the total KIAA1671 area 
fraction.

Trajectory analysis. Using the Nikon elements “spot detection” to 
detect puncta and “track binaries” to measure XY trajectories, a 
subset of puncta from a 5 × 5 μm area or a single representative de 
novo growth event was tracked over a period indicated in the figure 
legends. XY coordinates were then plotted in GraphPad Prism.

Comparison of UtrCH + and UtrCH - EGFP-KIAA1671 marked 
puncta. Using Nikon Elements “spot detection” to detect puncta, 
binary layers of EGFP and mCherry channels were created. The bi-
nary “HAVING” function was used to segment EGFP (i.e., KIAA1671) 
puncta that were associated with mCherry (i.e., UtrCH) puncta. 
“Track binaries” was then used to measure KIAA puncta intensities 
over time from a 10 × 10 μm image area. Areas that contained a 
large “dropletlike” KIAA1671 signal were excluded from analysis. 
Values were plotted and statistical difference was evaluated using a 
Mann–Whitney test in GraphPad Prism.

Puncta intensity correlations. Using Nikon Elements “spot de-
tection” to detect EGFP-KIAA1671 puncta and mCherry-UtrCH 
puncta on maximum-intensity projected images, additional binary 
layers were then created using binary image operations. To detect 
KIAA1671 puncta associated with UtrCH puncta, the “HAVING” 
operation was used. To detect KIAA1671 puncta that were not 
associated with UtrCH puncta, the binary layer of KIAA1671 
puncta “HAVING” UtrCH was subtracted from the total KIAA1671 
binary layer. The same operations were performed to determine 
UtrCH puncta associated and not associated with KIAA1671 
puncta. Mean intensities were measured using the “track bina-
ries” function to track intensities of puncta over time throughout 
the movie.

Intensity correlations. Using Nikon Elements “spot detection,” 
EGFP-KIAA1671 and mCherry-UtrCH puncta were detected using 
maximum-intensity projected images. Plots represent all thresh-
olded puncta in all frames of time-lapse movies. Intensities from in-
dividual channels were normalized and plotted, and Pearson r2 and 
p values were calculated using GraphPad Prism.

Time series analysis of de novo microvillus growth. Events were 
analyzed manually using tools in FIJI. All measurements were per-
formed on z-projected images deconvolved using the Richardson–
Lucy algorithm Nikon Elements Software. For EGFP and mCherry 
coexpressing cells, t = 0 was defined as three frames (1.5 min) be-
fore the appearance of the EGFP signal. A circular ROI was used to 
measure the mean EGFP signal, Halo-JF646, and mCherry signal for 
each microvillus. Events were excluded if they held less than three 
frames (1.5 min) before the appearance of the EGFP signal, if the 
microvillus collapsed before reaching steady state growth, if a single 
bundle immediately gave rise to multiple microvilli, or if significant 
overlap with adjacent microvilli confounded our analysis. Using 
Prism 10 (GraphPad), mean intensity values were first normalized to 
account for intensity differences between microvilli, with the small-
est value equal to 0 and the largest value equal to 1. Normalized 
values were then averaged and plotted with SD.

Time series analysis of daughter microvillus growth. Events were 
analyzed manually using tools in FIJI. All measurements were per-
formed on z-projected images deconvolved using the Richardson–
Lucy algorithm in Nikon Elements software. For EGFP and mCherry 
coexpressing cells, t = 0 was defined as three frames (1.5 min) be-
fore the appearance of the mCherry signal. A circular ROI was used 
to measure the mean EGFP signal for each daughter microvillus. 
The line tool was then used to measure the length of the daughter 
bundle over time. Events were excluded if they held less than three 
frames (1.5 min) before the appearance of the mCherry-ESPN + 
daughter bundle or if significant overlap with adjacent microvilli 
confounded our analysis. Using Prism 10 (GraphPad), mean intensity 
and length values were first normalized to account for intensity and 
length differences between microvilli, with the smallest value equal 
to 0 and the largest value equal to 1. Normalized values were then 
averaged and plotted with SD.

Colocalization colormap. The colocalization heatmap was created 
using the colocalization colormap plugin in FIJI on cropped maxi-
mum-intensity projected images.

Local protein alignment. Protein sequences were aligned using 
EMBOSS Water local alignment https://www.ebi.ac.uk/Tools/psa/ 
with the BLOSUM62 matrix.
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