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Polarized epithelial cells exhibit a characteristic array of microtu-
bules that are oriented along the apicobasal axis of the cells. The
minus-ends of these microtubules face apically, and the plus-ends
face toward the basal side. Themechanisms underlying this epithelial-
specific microtubule assembly remain unresolved, however.
Here, using mouse intestinal cells and human Caco-2 cells, we show
that themicrotubule minus-end binding protein CAMSAP3 (calmodulin-
regulated–spectrin-associated protein 3) plays a pivotal role in orienting
the apical-to-basal polarity of microtubules in epithelial cells. In these
cells, CAMSAP3 accumulated at the apical cortices, and tethered the
longitudinal microtubules to these sites. Camsap3 mutation or deple-
tion resulted in a random orientation of these microtubules; concomi-
tantly, the stereotypic positioning of the nucleus and Golgi apparatus
was perturbed. In contrast, the integrity of the plasma membrane was
hardly affected, although its structural stability was decreased. Further
analysis revealed that the CC1 domain of CAMSAP3 is crucial for its
apical localization, and that forcedmislocalization of CAMSAP3 disturbs
the epithelial architecture. These findings demonstrate that apically
localized CAMSAP3 determines the proper orientation of microtubules,
and in turn that of organelles, in mature mammalian epithelial cells.
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Microtubules play pivotal roles in fundamental cellular func-
tions, including cell division, intracellular transport, and cell

morphogenesis. They are dynamic structures with an intrinsic
polarity of rapidly growing plus-ends and slowly growing minus-
ends (1). In living cells, the microtubule minus-ends are stabi-
lized by binding to specific molecules or structures, such as the
γ-tubulin ring complex located at the centrosome (2). In epi-
thelial cells, however, most microtubules do not emanate from
the centrosome; instead, they are aligned along the apicobasal
axis with their minus ends facing toward the apical domain (3–5).
These observations suggest the presence of unidentified mech-
anisms that stabilize the minus ends of microtubules at apical
regions. Such mechanisms have not yet been identified, although
the potential involvement of microtubule-binding proteins, such
as ninein, has been suggested (6).
Although many proteins that modulate plus-end dynamics have

been identified (7), how the minus-ends are controlled at non-
centrosomal sites remains less well understood (2, 8–10). CAMSAP3
(also known as Nezha) is a member of the calmodulin-regulated–
spectrin-associated proteins (CAMSAP)/Nezha/Patronin family
proteins, which bind and stabilize the minus-ends of microtubules
(11–18). In cultured mammalian cells, CAMSAP proteins have been
shown to stabilize noncentrosomal microtubules in the cytoplasm or
cell junctions (11, 14, 19, 20), suggesting their possible involvement
in the spatial regulation of microtubule assembly in polarized cells,
such as epithelial-specific longitudinal microtubule alignment.
To date, no study has analyzed CAMSAP function in fully

polarized epithelial cells, however. In the present study, we ex-
amined whether CAMSAP3 contributes to the epithelial-specific
microtubule organization using intestinal epithelial cells. Our results

demonstrate that CAMSAP3 plays a key role in tethering micro-
tubules to the apical cortex in epithelial cells, and in turn regulates
the positioning of organelles at their cytoplasm.

Results
Loss of Polarized Microtubule Arrays in CAMSAP3-Mutated Epithelial
Cells.We mutated mouse Camsap3 by gene targeting, as depicted
in Fig. S1A. The resultant mutant mice expressed a C terminus-
truncated CAMSAP3 (Fig. S1 B–E), which lacks the CKK
domain essential for the binding of this molecule to the micro-
tubule (11, 12, 14, 15). RT-PCR analysis confirmed that mRNA
transcribed from the mutated gene does not cover the exons that
encode the CKK domain (Fig. S1 D and E). We designated the
mutated gene as Camsap3tm1Ltm, according to the Mouse Ge-
nome Informatics guidelines for gene nomenclature; for conve-
nience, we call the mutant allele Camsap3dc.
Homozygous Camsap3dc/dcmice were viable, but showed growth

defects, whereas heterozygous Camsap3+/dc mice had no such
defects (Fig. S1 F and H). Approximately 15% of the homo-
zygous mutant mice died before postnatal day (P) 30, but the
lifespan of the remaining survivors was indistinguishable from
that of wild type (WT) and heterozygous mice (Fig. S1G). To
analyze the phenotypes in polarized epithelia of these mice, we
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used the small intestinal epithelium at around P21, focusing on
absorptive cells located at the lateral walls of villi (Fig. 1A, Top).
In immunofluorescence staining for CAMSAP3 in WT intestines,
CAMSAP3 was detected as punctate signals, and these punctae
were concentrated at apical cortical areas of the cells, with addi-
tional scattering at deeper regions of the cytoplasm (Fig. 1A, Left).
In contrast with previous observations (11), however, we did not
detect CAMSAP3 from cell–cell junctions in these intestinal
cells (see below). Double staining for CAMSAP3 and F-actin
revealed CAMSAP3 punctae overlapping the basal edges of
the apical actin meshwork (Fig. 1A, Left), which organizes
microvilli and terminal web (21, 22). The apical concentration of
CAMSAP3 disappeared in homozygous mutant cells (Fig. 1A,
Right), although apical F-actin was distributed normally in these
cells, indicating that the mutated CAMSAP3 failed to concen-
trate at these sites.
We then analyzed microtubule distribution by stimulated

emission-depletion (STED) super-resolution microscopy, using
sections double-immunostained for α-tubulin and CAMSAP3. In
WT intestinal absorptive cells, microtubules were aligned along
the apicobasal axis, as seen in other epithelial cells. The apical
ends of these microtubules terminated at distinct CAMSAP3
punctae (Fig. 1B, Left). In the absorptive cells of homozygous
mutant mice, the apicobasal orientation of microtubules
was no longer observed; many of the microtubules exhibited a
wavy appearance, with a loss of specific directionality (Fig. 1B,
Right). Top-down views of Camsap3dc/dc cells confirmed that the
microtubules did not terminate perpendicularly at the apical
cortex, but instead tended to be arranged horizontally along
the apical membrane (Fig. 1C). We also noticed a decreased
overall microtubule density in Camsap3dc/dc cells (Fig. 1D). In

contrast, heterozygous mutant cells exhibited normal microtubule
organization (Fig. S1I), suggesting that the truncated CAMSAP3
molecules have no dominant-negative effects. (See Fig. S4 for
further characterization of the CKK domain-deleted CAMSAP3.)
Given the previous observation that CAMSAP3 selectively binds
to the minus ends of microtubules (11–16), our results suggest that
CAMSAP3, concentrated at apical cortices, tethers microtu-
bules to these sites through the binding to their minus-ends,
ensuring the longitudinal alignment of this cytoskeleton, and
that this function of CAMSAP3 is abolished in the absence of
the CKK domain.

Misplacement of Organelles in CAMSAP3-Mutated Cells. We next in-
vestigated for any cellular architecture impairment from the
Camsap3 mutation. We found disordered nuclear positioning,
along with reduced cell height, in Camsap3dc/dc cells. In WT or
heterozygous mutant cells, the nucleus was located in an invari-
able position, biased toward the basal side of the cytoplasm (Fig.
2A, Left and Fig. S1I). In contrast, the positions of nuclei varied in
homozygous mutant cells; in many cells, the nucleus was detected
close to the apical cortex (Fig. 2A, Right). Golgi complexes also
were atypically located in Camsap3dc/dc cells; instead of the nor-
mal WT position just above the nucleus, they were often detected
elsewhere, even sometimes below the nucleus (Fig. 2B). These
findings suggest that intracellular polarity, which is recognized by
organelle positioning, was disturbed when normal CAMSAP3
function was lost. Electron microscopy images also showed
that mitochondrial elongation along the longitudinal axis, which
occurs in WT cells, tended to be suppressed in Camsap3dc/dc cells
(Fig. S2A).

Fig. 1. Localization of CAMSAP3 and microtubules
in small intestinal epithelial cells of WT (+/+) and
Camsap3 mutant (dc/dc) mice. (A) Vertical view of
intestinal epithelial layers. The areas analyzed are
indicated with a square on a schematic drawing of a
villus. The direction of views in C is indicated as well.
(Lower) Cells stained for the molecules indicated.
(B) Images obtained by STED super-resolution mi-
croscopy. Deconvolved images are projected. (Inset)
Enlargement of the boxed region. (Right) Quantifica-
tion of microtubule orientation. Using multiple optical
sections of the images, vertical lines were arbitrarily
drawn along the apicobasal axis of the cells, and the
angles of microtubules that cross the lines were mea-
sured at the right side of the line over 40 crossing
points. (C) Top views of cells optically sectioned at two
different focal planes in the apical region marked by
F-actin staining. (Scale bars: 10 μm.) (D) Relative micro-
tubule density. Immunofluorescence signals detecting
microtubules were binarized using images optically
projected in a 1.45-μm thickness, and signal intensity
was measured at the whole area of each cell. The rel-
ative ratios of microtubule signals to the whole cell
area are plotted. Lines indicate mean values. A
total of 20 cells from two animals were measured.
**P < 0.0001, Student’s t test.
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Despite the observed disturbance in organelle positioning,
apicobasolateral membrane polarity appeared to be normal in
Camsap3dc/dc cells. A basolateral membrane protein, sodium-
potassium ATPase, was detected in a similar pattern in WT and
mutant cells. The positioning of three apical membrane proteins—
dipeptidyl peptidase IV (DPPIV/Dpp4), aminopeptidase N (APN),
and sodium-dependent glucose transporter (SGLT1)—was also
normal in Camsap3dc/dc cells (Fig. 2C). Distribution of aPKC (an
apical cortex protein), which marks the apical cortex, also did not
change in the mutant cells (Fig. 2C). Electron microscopy con-
firmed that the brush borders characterizing the apical surface of
intestinal absorptive cells formed normally in Camsap3dc/dc mice
(Fig. S2A). We did notice, however, that another apical membrane
marker, alkaline phosphatase (ALP), tended to internalize in
Camsap3dc/dc cells, although its dominant localization at the apical
membranes was unchanged (Fig. 2D). Furthermore, in a restricted
population of homozygous mutant cells, we detected large F-actin–
positive vesicles within the cytoplasm (Fig. 2E). We also noticed
that ezrin, an ERM family protein that normally localizes only at
the brush border and terminal web (23), was mislocalized to basal
regions in a certain fraction of the mutant cells (Fig. 2F). This
mislocalization of ezrin was accompanied by a reduction in apical
ezrin immunosignals. These observations suggest that the apical

membranes in Camsap3dc/dc are less stable than those in WT cells,
despite their normal appearance.
We also examined whether CAMSAP3 mutation affected cell

junction formation. Immunostaining for ZO-1 (a tight junction
protein) and E-cadherin (an adherens junction protein) showed
that these proteins normally distribute along cell–cell contacts in
Camsap3dc/dc cells (Fig. S3A). Electron microscopy also indicated
that these junctions were not structurally affected by CAMSAP3
mutation (Fig. S2B). These results are consistent with the ob-
servation that CAMSAP3 is absent in the junctions of mouse
intestinal absorptive cells (Fig. S3A).

Disorganization of Epithelial Architecture in CAMSAP3-Depleted Caco-2
Cells. For further analysis of CAMSAP3 function, we used human
intestinal Caco-2 cells. We cultured these cells on polycarbonate
membranes, which allowed their growth into cuboidal or co-
lumnar epithelial cell layers. As reported previously (11), in
these cells, CAMSAP3 was detected from the apical adherens
junctions (zonula adherens), as well as from nonjunctional cor-
tical areas. On maturation of the cell sheets, however, junctional
CAMSAP3 gradually decreased, and nonjunctional CAMSAP3
increased. By day 20 in culture, CAMSAP3 became undetectable
at the cell junctions, localizing only on apical cortices, as ob-
served in the intestinal absorptive cells (Fig. S3B). PLEKHA7,
identified as a partner for CAMSAP3 at cell junctions (11), was
expressed not only in early cultures, but also in mature sheets
(Fig. S3C), suggesting that the junctional localization of CAMSAP3,
including its binding to PLAKHA7, is regulated in a cell density-
dependent manner.
We then generated stable CAMSAP3 knockdown clones of

Caco-2 cells using specific shRNAs. These “shRNAi CAMSAP3”
cells, in which CAMSAP3 was depleted (Fig. S3D), organized into
flatter sheets compared with control cells, with a concomitant
widening of the apical areas as well as a distortion of cell–cell
contact morphology, as assessed by ZO-1 immunostaining (Fig.
S3B). By 20 d, however, CAMSAP3-depleted cells grew into layers
of a height comparable to that of control cells, although nuclear
positioning appeared abnormal in these layers; the distorted cell–
cell contacts were also restored to nearly normal. These results
suggest that CAMSAP3 is involved in junction formation at low
cell densities, but this function becomes less important at high
densities. The mouse intestinal absorptive cells likely are equiva-
lent to mature Caco-2 cell layers, given that their junctions were
not affected by CAMSAP3 mutation.
To evaluate microtubules and organelles in Caco-2 cells, we

cultured them in Matrigel (BD Biosciences), in which cells form
spherical cysts with a central lumen and apicobasal polarity, which
allowed us to examine the polarized subcellular structures from
lateral sides. In control cysts, CAMSAP3 was concentrated at both
apical cell junctions and nonjunctional apical cortices (Fig. 3A,
Left), indicating that the cell layers forming cysts correspond to
premature epithelial sheets observed in polycarbonate membrane
cultures. Live imaging of CAMSAP3-GFP expressed in the cysts
confirmed that CAMSAP3 accumulated stably at the apical cor-
tex, although a fraction of CAMSAP3 punctae located in deeper
regions appeared mobile (Movie S1). In these cysts, microtubules
were aligned along the apicobasal axis, and the Golgi was posi-
tioned above the nucleus (Fig. 3B, Left); however, in shRNAi
CAMSAP3 cells, the longitudinal distribution of microtubules was
distorted, and the stereotypic positions of nuclei and Golgi were
disturbed (Fig. 3B, Right). Immunostaining for E-cadherin, which
delineates the apical-to-lateral cell–cell contacts, indicated dis-
torted cell–cell arrangement in CAMSAP3-depleted cysts as well
(Fig. 3C).
To analyze the apical architecture in these cells, we immu-

nostained cysts for ZO-1 and aPKC and found that, although the
majority of normal Caco-2 cysts have a single lumen, which is
either open or closed, cysts with multiple lumens increased when
CAMSAP3 was depleted (Fig. 3D). This abnormality was rescued

Fig. 2. Architecture of small intestinal epithelial cells in WT (+/+) and Camsap3
mutant (dc/dc) mice. (A) Apical structures and the basement membrane were
immunostained for ezrin and laminin, respectively, and nuclei were visualized
by DAPI staining. Cell height (H) and nuclear positions (h) were measured as
explained in the drawing (n >120 cells, two animals for each sample). (B) Golgi,
apical structures, and nuclei were visualized by staining for Giantin, F-actin, and
DAPI, respectively. Golgi complexes are located either above or below the nu-
cleus. The distances between the middle portion of nucleus and the most api-
cally (+h) or basally (−h) located Giantin-positive fragments of Golgi were
measured using 44 cells for each specimen, as explained in the drawing.
(C) Localization of Na+K+ ATPase, DPPIV, APN, SGLT1, and aPKC. (D) Localiza-
tion of ALP. The graph shows the variation in cytoplasmic ALP. Immunosignals
for ALP were measured in the entire cytoplasm of each cell, and the relative
intensities of the signals obtained from multiple cells are plotted (n = 30 cells).
**P < 0.0001, Student’s t test. (E) F-actin inclusion bodies in Camsap3dc/dc cells.
(F) Mislocalization of ezrin in mutant cells (arrows). Apical ezrin immunoreac-
tivity is reduced in the same cell (arrowheads). (Scale bars: 10 μm.)
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by reexpression of CAMSAP3. Thus, in CAMSAP3-depleted
Caco-2 cells, defects in cell–cell contacts and apical domain
architecture were observed in addition to the mispositioning of
organelles.
We also used Caco-2 cysts to check whether the C terminus-

truncated CAMSAP3 mutant, expressed in the Camsap3dc/dc

intestine, retained any active role in epithelial architecture. We
generated a CKK domain-truncated CAMSAP3 (ΔCKK), which
is nearly equivalent to the mutant molecule expressed in the
Camsap3dc/dc mice (Fig. S4 A and B). When ΔCKK was expressed
in Caco-2 cells, it distributed diffusely in the cytoplasm (Fig. S4 C,
D, and H), and its expression in shRNAi CAMSAP3 cells did not
rescue the abnormal organization of microtubules and organelles
that occurs in these cells (Fig. S4F). We also found that over-
expression of ΔCKK in WT cells did not affect the longitudinal
assembly of microtubules (Fig. S4G) or the localization of Golgi,
endogenous CAMSAP3, or ZO-1 (Fig. S4H). These results con-
firm that CKK domain-deleted CAMSAP3s are functionally inert
as far as the phenomena investigated here are concerned.

Microtubule Plus-End Growth from Atypical Sites in CAMSAP3-Depleted
Cells. To evaluate how microtubule plus-ends grow in CAMSAP-
depleted cells, we stably expressed EB3-GFP, a microtubule plus-

end tracking protein (24), in control and shRNAi CAMSAP3
Caco-2 cells and collected its trajectories through live imaging,
using their cysts. In control cells, most of the EB3-GFP signals ran
in an apical-to-basal direction (Fig. 4A, Left and Movie S2). In
contrast, the angle of EB3-GFP trajectories varied in shRNAi
CAMSAP3 cells (Fig. 4A, Right and Movie S3). We also found
that some EB3-GFP signals arose from the basal areas of cells,
in addition to their radiation from apical sites, in shRNAi
CAMSAP3 cells (Movie S4). Immunostaining for γ-tubulin, a
component of the microtubule nucleator that accumulates at the
centrosome, showed that although the centrosomes always lo-
calized at apical regions in WT cells, they were often mislocated
to basolateral regions in CAMSAP3-depleted cells (Fig. 4B).
These results suggest that in CAMSAP3-deficient cells, micro-
tubules grow from erroneous positions, which perhaps include
mislocated centrosomes.

Involvement of the CC1 Domain in the Apical Localization of CAMSAP3.
We next explored the mechanisms by which CAMSAP3 concen-
trates at the apical cortex. Because CAMSAP3 punctae overlap
with F-actin networks at the apical cortex (Fig. 1A), we first ex-
amined the effects of actin depolymerization induced by latrunculin
A treatments on CAMSAP3 distribution using the polycarbonate
membrane cultures. In latrunculin A-treated cells, both junctional
and cortical F-actin filaments diminished, and simultaneously
CAMSAP3 punctae disappeared from the cortical regions, al-
though they were still detectable in junctional areas to some
extent (Fig. S5A). This observation suggests that F-actin or F-actin–
bound proteins are involved in the anchoring of CAMSAP3 to the
apical cortex.
We next investigated which domains of CAMSAP3 are re-

sponsible for its apical localization. The CC1 domain of CAMSAP1
has been reported to interact with βII-spectrin (25). The amino acid
sequence crucial for this interaction within the CC1 domain was
identified as LEEK (25), and this sequence with additional R (i.e.,
LEEKR) is conserved in CAMSAP3 (Fig. 5A). We generated a
CAMSAP3 mutant, designated CAMSAP3-5A, in which this se-
quence was replaced with AAAAA, and integrated its GFP-tagged
form (CAMSAP3-5A-GFP) into shRNAi CAMSAP3 Caco-2 cells.
These cells were cultured in Matrigel. In the cysts thus formed,
CAMSAP3-5A-GFP was detected in a punctum form, and these
punctae associated with microtubule ends (Fig. 5 B and C), sug-
gesting that this mutant CAMSAP3 retains the ability to interact
with microtubules. However, the mutant never localized to specific
regions, but remained distributed throughout the cytoplasm, sug-
gesting that the CC1 domain is required for the apical localization
of CAMSAP3. We also examined localization of the apical markers
ZO-1 and aPKC in shRNAi CAMSAP3 Caco-2 cells into which
CAMSAP3-5A or control CAMSAP3 was introduced, and found

Fig. 3. Effects of CAMSAP3 depletion on the subcellular architecture of Caco-2
cysts. (A–C) Localization of CAMSAP3 (A); microtubules, Golgi, and nuclei (B);
and E-cadherin (C) in WT, control shRNA-expressing (shRNAi control), and
CAMSAP3 shRNA-expressing (shRNAi CAMSAP3) Caco-2 cysts. (D) Localization of
ZO-1, aPKC, and nuclei in Caco-2 cysts of WT cells, shRNAi control cells, shRNAi
CAMSAP3 cells, and shRNAi CAMSAP3 cells into which Camsap3 cDNA is in-
tegrated (shRNAi CAMSAP3 + CAMSAP3). Lumen formation was categorized as
shown in the drawing, in which “multiple” was defined as more than one and
“open” and “closed” lumens were defined as those with and without an open
space, respectively. Multiple lumens cover both the open and closed lumens.
The ratio of each lumen type in the cysts expressing only shRNA (control or
CAMSAP3 shRNA) or coexpressing CAMSAP3 shRNA and additional con-
structs indicated is shown in the graph. The fifth to seventh lanes from the
left show the effects of CAMSAP3-5A (Fig. 5D), and CAMSAP3-ΔCH and
GAP43ss-CAMSAP3-ΔCH (Fig. 5H) expression in shRNAi CAMSAP3 cells. More
than 120 cysts were counted for each specimen.

Fig. 4. Effects of CAMSAP3 depletion on microtubule plus-end behavior in
Caco-2 cysts. (A) Inverted live images of EB3-GFP trajectories collected by 5-min
recordings as 43 frames. The orientation of EB3-GFP trajectories was quanti-
fied by measuring their angles to the line drawn parallel to the basal surface of
the cell. The measurement was made at around the middle level of the cells.
Cells were grown for 7 d in Matrigel. (B) Centrosomes visualized by immu-
nostaining for γ-tubulin in control and CAMSAP3-depleted cells. Arrows point
to examples of aberrantly located centrosomes. (Scale bars: 10 μm.)
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that CAMSAP3-5A expression could not rescue the CAMSAP3
depletion phenotypes (Fig. 5D, and Fig. 3D for quantification).
These observations suggest that CAMSAP3 needs to localize at the
apical cortex to maintain normal epithelial architecture.

Given that the C terminus-truncated CAMSAP3 mutant encoded
by Camsap3dc as well as ΔCKK do not accumulate at the apical
cortex, this domain also appears to be involved in apical local-
ization. Because the CKK is a microtubule-binding domain, we
examined the effect of nocodazole, an inhibitor of microtubule
polymerization, on CAMSAP3 localization and found that noco-
dazole treatments abolished not only the apical localization of
CAMSAP3, but also its punctate appearance (Fig. S5B). These
findings suggest that CAMSAP3 requires interaction with micro-
tubules via the CKK domain for apical accumulation.

Mislocalization of CAMSAP3 Perturbs Epithelial Architecture. To fur-
ther verify the importance of the apical localization of CAMSAP3,
we manipulated the localization of CAMSAP3 proteins by con-
structing a membrane-anchoring form of CAMSAP3. We chose
an N terminus-truncated CAMSAP3 construct (ΔCH), which
has intracellular behavior indistinguishable from that of WT
CAMSAP3 (Fig. S4 A–E) and is capable of binding to the minus-
ends (11). We fused ΔCH with a membrane-interacting signal
sequence of growth-associated protein 43 (GAP43ss) to make
GAP43ss-ΔCH (Fig. 5E), and stably expressed the GFP-tagged
GAP43ss-ΔCH in shRNAi CAMSAP3 cells. As a control, we
expressed GFP-tagged ΔCH in these cells. These cells were immu-
nostained to detect CAMSAP3 or GFP. In ΔCH-expressing cells,
CAMSAP3 concentrated at apical areas, as expected. In contrast, in
GAP43ss-ΔCH–expressing cells, CAMSAP3 signals were localized
not only at apical poles, but also at their basolateral membranes
(Fig. 5F). In these cells, a fraction of microtubules associated with
GAP43ss-ΔCH signals at basolateral membranes (Fig. 5G).
We then examined ZO-1 and aPKC localization in shRNAi

CAMSAP3 cells expressing ΔCH or GAP43ss-ΔCH, and found
that although ΔCH expression restored the normal distribution
of these molecules to Caco-2 cysts, GAP43ss-ΔCH expression
did not (Fig. 5H, and Fig. 3D for quantification). Golgi were
also mispositioned in GAP43ss-ΔCH–expressing cells, but not
to a significant degree in ΔCH-expressing cells (Fig. 5I). These
findings indicate that when CAMSAP3 is forced to mislocalize, it
cannot support the formation of normal epithelial structures.

Discussion
How microtubules are assembled with the minus-ends oriented
toward the apical membranes in polarized epithelial cells has
been a long-standing question. The present study provides evi-
dence that apically localized CAMSAP3 functions to tether mi-
crotubules to the apical pole of cells (Fig. S6). Given the previous
finding that CAMSAP3 or its Drosophila homolog Patronin (11,
13–15, 19) binds the minus ends of microtubules, it is likely that
CAMSAP3 holds microtubules via this mechanism at the apical
cortex. Arrays of microtubules still formed in the absence of
functional CAMSAP3, however. Growth of these microtubules is
likely regulated by centrosomes or by other organelles known to
nucleate or anchor microtubules (26–28). In support of this idea,
we detected radial emanation of EB3 comets from various places
in CAMSAP3-depleted cells. CAMSAP2, which was not studied
here, also may contribute to the microtubule assembly in these
cells, as reported previously (19).
How is CAMSAP3 recruited to the apical cortex? We found

that the CC1 domain is responsible for its apical localization.
Identifying the targets for CC1 is a topic for future studies,
however. The CKK domain is also involved in the apical locali-
zation of CAMSAP3. Our results suggest that the interaction of
CAMSAP3 with microtubules via the CKK domain is a pre-
requisite for its localization to apical poles. To confirm the role
of apical localization of CAMSAP3, we investigated the effects
of forced mislocalization of CAMSAP3 in Caco-2 cysts, finding
that mislocalized CAMSAP3 failed to rescue the CAMSAP3
knockdown phenotypes. These results support the idea that
CAMSAP3 must localize at the apical regions in epithelial cells
to control their normal architecture.

Fig. 5. Effects of forced mislocalization of CAMSAP3 on the architecture of
Caco-2 cysts. (A) Amino acid sequences in the CC1 domain of CAMSAP3. Amino
acid residues conserved among CAMSAP proteins are underscored. Mutated
amino acids are shown in red. CH, calponin homology domain; CC, coiled-coil
domain; P-rich, proline-rich stretch; CKK, C-terminal domain common in
CAMSAPs; purple line, long linker sequence. (B and C) Localization of CAMSAP3
or CAMSAP3-5A in shRNAi CAMSAP3 cysts, into which cDNA encoding
CAMSAP3-GFP or CAMSAP3-5A-GFP is integrated. Cysts were immunostained for
the proteins indicated. Arrows point to examples of CAMSAP3 punctae associ-
ated with an end of microtubules. (D) Localization of ZO-1, aPKC, and nuclei in
cysts of shRNAi CAMSAP3 cells, into which CAMSAP3 or CAMSAP3-5A cDNA is
integrated. Quantification of multiple lumen formation in these specimens is
shown in Fig. 3D. (Scale bars: 10 μm.) (E) Structures of CAMSAP3-ΔCH (ΔCH) and
its membrane-bound form GAP43ss-ΔCH. The magenta line indicates the lipid-
interacting signal sequence of GAP43. (F) Immunostaining for CAMSAP3 in a cyst
of shRNAi control cells, shRNAi CAMSAP3 cells (−), or shRNAi CAMSAP3 cells into
which ΔCH or GAP43ss-ΔCH is integrated. Variations in the intensity of immu-
nosignals for CAMSAP3 among the cells expressing ΔCH or GAP43ss-ΔCH is due
to heterogeneity in the expression level of exogenous proteins in these trans-
fectants. (G) Double-immunostaining for GFP (GAP43ss-ΔCH) and α-tubulin in
shRNAi CAMSAP3 cysts into which GAP43ss-ΔCH is integrated. Arrows indicate
examples of CAMSAP3 punctae associated with microtubules. (H) Localization of
aPKC and ZO-1 in the cysts expressing the indicated constructs. Quantification of
multiple lumen formation in these specimens is shown in Fig. 3D. (I) Localization
of Giantin-positive Golgi complexes in shRNAi CAMSAP3 cysts expressing ΔCH or
GAP43ss-ΔCH.
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CAMSAP3 dysfunction led to various defects in cell architec-
ture. In Camsap3dc/dc intestinal cells, the positioning of nuclei and
Golgi and shaping of mitochondria were impaired, suggesting that
the CAMSAP3-derived microtubules play a substantial role in
proper arrangement of these organelles. These organelles are
known to interact with microtubules via various mechanisms
(28–30), which may serve to properly arrange the organelles
via CAMSAP3-derived microtubules. Notably, the apical mem-
brane architecture was little affected in Camsap3dc/dc intestinal
cells. This suggests that the longitudinal microtubule arrays estab-
lished by CAMSAP3 are not essential for maintaining apical
plasma membrane integrity, consistent with the view that micro-
tubules are not absolutely required for the transport of membrane
proteins from Golgi (31). Nevertheless, the occasional mislocaliza-
tion of apical structures in Camsap3dc/dc cells suggests that the
CAMSAP–microtubule system is required for stabilization.
In CAMSAP3-depleted Caco-2 cysts, we found additional de-

fects, including disorganized cell arrangement and multiple lumen
formation. Because CAMSAP3 localizes at both the apical junc-
tions and cortices in Caco-2 cysts, the phenotypes observed in the
CAMSAP3-depleted cysts were likely a mixture of defects derived
from the two structures. On the other hand, intracellular defects,
such as Golgi displacement, were commonly observed in both the
mouse intestinal and Caco-2 systems, suggesting that these are
basic defects brought about by cortical CAMSAP3 loss.
Although CAMSAP3 deficiency-induced microtubule mis-

assembly led to various cytological defects, the majority of
CAMSAP3 mutant mice survived, indicating that the observed
defects are not lethal to animals. Nevertheless, we found growth
retardation in these mice, implying that the CAMSAP3-mediated

control of microtubules is important for health maintenance.
Because CAMSAP3 is expressed in various organs, our future
studies will include analyses of the organs involved in growth
retardation and the physiological functions impaired in mutant
animals.

Materials and Methods
Mice. We designed a target vector to mutate Camsap3/Nezha (accession no.
CDB0716K; www2.clst.riken.jp/arg/mutant%20mice%20list.html) by replacing
the 14th through 17th exons, which correspond to the end of Camsap3
gene, with the Neo selection cassette. Heterozygous mice were crossed
with β-actin Cre transgenic mice (32), to remove the Neo cassette and the 14th
to 17th exons through Cre/loxP-mediated excision. Mice were further back-
crossed with the C57BL/6N line. The phenotypes observed were essentially
identical in F1–F4 generations. The experiments using mice were approved by
the Institutional Animal Care and Use Committee of the RIKEN Center for
Developmental Biology, and were performed in accordance with protocols
provided by this committee.

Cell Culture, Plasmids, and Transfection. Detailed information is provided in SI
Materials and Methods.
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