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Abstract

Tetraspanins have gained increased attention due to their functional versatility. But the universal
cellular mechanism that governs such versatility remains unknown. Herein we present the
evidence that tetraspanins CD81 and CD82 regulate the formation and/or development of cell
membrane protrusions. We analyzed the ultrastructure of the cells in which a tetraspanin is either
overexpressed or ablated using transmission electron microscopy. The numbers of microvilli on
the cell surface were counted, and the radii of microvillar tips and the lengths of microvilli were
measured. We found that tetraspanin CD81 promotes the microvillus formation and/or extension
while tetraspanin CD82 inhibits these events. In addition, CD81 enhances the outward bending of
the plasma membrane while CD82 inhibits it. We also found that CD81 and CD82 proteins are
localized at microvilli using immunofluorescence. CD82 regulates microvillus morphogenesis
likely by altering the plasma membrane curvature and/or the cortical actin cytoskeletal
organization. We predict that membrane protrusions embody a common morphological phenotype
and cellular mechanism for, at least some if not all, tetraspanins. The differential effects of
tetraspanins on microvilli likely lead to the functional diversification of tetraspanins and appear to
correlate with their functional propensity.
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INTRODUCTION

Tetraspanins are small, membrane-spanning proteins. Without having obvious signaling
motif or module, tetraspanins engage surprisingly a wide variety of biological functions such
as cell migration, cell-cell fusion, cell-cell adhesion, cell-matrix adhesion, cell spreading,
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cell proliferation, cell signaling, intracellular vesicle trafficking, peri-cellular proteolysis,
viral entry and release, immune response, vascular morphogenesis and remodeling, tumor
progression and metastasis, neurite navigation, and thrombosis (1-8). With the expanding
repertoire of tetraspanin-involved, -regulated, or -required functions, the biochemical and/or
biophysical nature that governs tetraspanins to engage these physiological and pathological
events still remains basically unknown. Based on the same ancestry shared by tetraspanin
genes and the sequence homology shared by tetraspanin proteins, we extrapolate the
existence of a universal mechanism that governs most of tetraspanin-related functions.

We predict that the regulation of membrane protrusion morphogenesis is a cell biological
mechanism by which tetraspanins engage various functions. This prediction is based on the
repeated observations that the appearance or disappearance of membrane protrusion
correlates with the gain, loss, or fluctuation of tetraspanin expressions. Tetraspanins such as
CD82, CO-029, and Tspan-1 are found at the lumenal vesicles secreted from intestinal
microvilli (9), strongly suggesting the presence of these tetraspanins in the microvilli.
Tetraspanin CD9 is enriched at the microvilli on egg cells (10-12), and CD9 and tetraspanin
CD63 are found on the microprotrusions of activated platelets (13, 14). Tetraspanin CD81 is
localized at the microvilli at the inner surface of retinal pigment epithelial cells (15). Also,
CD9 can be found in the microprotrusions that are localized at cell-cell contacts (16, 17).
The association of tetraspanins with cell-cell contact is consistent with the co-emergence of
tetraspanin and multi-cellular organism in evolution (18, 19). Tetraspanin CD151 and its
associated integrin a3p1 regulate the foot process morphogenesis, evidenced by the foot
process effacement in CD151-or integrin a3-null podocytes (20-22). Fungal tetraspanin
PLSL1 is required for the formation of penetration pegs (23), a cell wall-penetrative structure
similar to invadopodia.

Thus, tetraspanins likely regulate the morphogenesis of membrane extrusions, and some
tetraspanins promote while others inhibit it. To test these hypotheses, we examined the roles
and explored the mechanism of CD81 and CD82 in microvillus morphogenesis.

MATERIALS AND METHODS

Cells

The WT and CD81~/~ Pre-B cell lines were established as early described (24, 25).
Peripheral blood mononuclear cells (PBMCs) were isolated from wild type and CD81-null
mice by the Ficoll-Paque gradient centrifugation method. CD81-null mice (25) were
backcrossed onto the background of 129X1/SvJ strain (Jackson Laboratory, Bar Harbor,
Me), and this backcross progeny reached more than 99% homozygous for alleles derived
from 129X1/SvJ. U937.7C2 cells, a subline of U937 histiocytic lymphoma cell line and
lacking the expression of CD81, were used for establishing U937-GFP and U937-CD81-
GFP stable transfectants (26).

PC3 and Dul45 prostate cancer cells barely express endogenous CD82 proteins, and the
Mock and CD82 stable transfectants were established as previously described (27, 28).

Transmission Electron Microscopy (TEM)

Cells in suspension were fixed, stained, thin-sectioned, and then examined with TEM as
described in the early study (28). See “Supplement” for details.
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Epifluorescent and Confocal Fluorescent Microscopy

Cells in attachment were fixed, incubated with antibodies or phalloidin, and then examined
with light microscopy as described in early studies (16, 27, 28). See “Supplement” for
details.

Data Analysis

RESULTS

The number and length of microprotrusions were quantified based on the TEM images by
counting microprotrusions visually and measuring microprotrusion longitudinal section with
PhotoShop software, respectively. The radius of microprotrusion tip was measured, based on
the circle that fits the curve at the tip of a microprotrusion, with PhotoShop software.

All experiments were performed at least three times. Data are presented as mean+SD.
Statistical analysis was performed by Student’s t-test, and P<0.05 is considered as
statistically significant.

Tetraspanin CD81 promotes the morphogenesis of membrane protrusions

To determine the role of CD81 in regulating membrane protrusion, we examined the effect
of CD81 overexpression on microvillus formation. U937-Mock cells express GFP, while
U937-CD8L cells express CD81 and GFP (26). We confirmed that U937-Mock cells barely
express any endogenous CD81 while U937-CD81 cells indeed express CD81 (Figure 1A).
From TEM analysis, we found that CD81 promotes the formation of microvilli (Figure 1B).
The number of microvilli was clearly increased when CD81 was expressed in U937 cells
(Figure 1C). In addition, CD81 expression markedly increased the membrane curvature at
the tips of microvilli, evidenced by thinner microvilli typically seen in CD81-expressing
U937 cells (Figure 1C). Moreover, the average length of microvilli was significantly
increased upon CD81 expression (Figure 1C).

To assess whether CD81 proteins directly regulate microvillus morphogenesis, we analyzed
the distribution of CD81 in U937-CD81 cells using immunofluorescence. CD81 proteins
were indeed localized in microvilli (Figure 1D).

Conversely, microvillus formation became markedly reduced in the PBMCs isolated from
CD81-null mice, compared with those derived from wild type mice (Figures 2A and 2B).
However, we found no significant difference in the radii of microvillar tips between CD81-
expressing and -null PBMCs (Figure 2B). But the lengths of microvilli in PBMCs were
substantially reduced when CD8L is ablated (Figure 2B).

We also compared the microvillus formation in the pre-B lines established from wild type or
CD81-null mice (Figure 2A). The number of microvilli in pre-B cells was obviously
decreased without CD81 (Figure 2B), consistent with the observation made from PBMCs.
However, we found no significant differences in the radii of microvillar tips between CD81-
expressing and -null pre-B cells (Figure 2B). The lengths of microvilli in pre-B cells were
also remained unchanged when CD81 is ablated (Figure 2B).

Hence, CD81 appears to function as a positive regulator for microvillus morphogenesis.
Since microvilli are still found in CD81-null cells, CD81 is not required for the generation
of microprotrusions.

Interestingly, the microvilli in U937 cells, PBMCs, and pre-B cells sometimes pair and
become opposing with each other at the tips. One example is indicated by letter a in Figure
2A. These pairs of enfolding microprotrusions appear to fuse at the tips (see b in Figure 2A)
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and encompass the extracellular solutes (c in Figure 2A). This process specifies
macropinocytosis, which likely results in the appearance of vesicles at the cell peripheral
region (d in Figure 2A). The number of vesicles at the cell peripheral region, which is
defined as the area within approximately 250 nm from the cell periphery, in CD81-null
PBMCs was markedly reduced compared with the one in PBMCs from WT mice (Table 1),
correlating with the difference in the numbers of microvilli at the cell surface between two
groups (Figure 2B).

CD82 inhibits microvillus morphogenesis

CD82 exerts just an opposite effect on membrane protrusive activities. In our earlier study,
we found that, in Dul145 cells, CD82 inhibits the formation and development of microvilli
and reduces the number of pericellular “microvesicles” (28), which could be either the cross
section of microvilli or microvillus-derived microvesicles. This observation can be
generalized to other cells overexpressing CD82. For example, we generated the stable
transfectant of CD82 in PC3 cells (Figure 3A). Consistently, CD82 overexpression also
markedly reduces the numbers of microprotrusions (Figures 3B and 3C) and pericellular
“microvesicles” (Table 1) in PC3 cells. PC3-CD82 cells also exhibited significantly
decreased membrane curvature or increased radii of the microvillar tips, compared with the
Mock cells (Figure 3C). Furthermore, the microvilli in PC3-CD82 cells are markedly shorter
than those in PC3-Mock cells (Figure 3C). Thus, CD82 functions as a negative regulator for
microvillus formation and/or development and for the outward curving of the plasma
membrane.

Roles of membrane curvature and cortical actin meshwork in microvillus morphogenesis

To explore the mechanism by which tetraspanins regulate microvillus morphogenesis, we
further investigated the shape of cell peripheries. CD82 overexpression often induced cells
to form concave peripheries, in contrast to the convex edges typically observed in the Mock
cells (Figure 4A). This result, in addition to the enhancement in the radii of microvillus tips,
further supports that CD82 diminishes the outward curvature of the plasma membrane.

We also analyze the role of actin cytoskeleton at the cell periphery in microvillus
morphogenesis. The F-actin staining revealed that the convex edges of PC3- and Du145-
Mock cells are typically associated with the well-developed cortical actin meshwork, the
area between a pair of arrowheads (Figure 4B). While the concave edges in CD82-
overexpressing PC3 and Du145 cells usually contain dense actin bundles (Figure 4B),
reflecting the poorly developed cortical actin meshwork.

We then analyzed the distribution of microvilli at the peripheries of adherent cells. CD81-
positive microvilli are largely distributed in the convex edges of PC3 and Dul145 cells
(Figure 4C). Because the Mock cells displayed more convex edges together with better
developed cortical actin meshwork, more CD81-positive microvilli were found in Mock
cells (Figure 4C). In PC3- and Du145-CD82 cells, cell peripheries were often concave and
much fewer CD81-positive microvilli existed (Figure 4C). But even in these CD82-
expressing cells, the convex edge usually contains relatively more CD81-positive microvilli,
as indicated by the asterisk in the PC3-CD82 cell image of Figure 4C. These observations
suggest that convex cellular edge and cortical actin meshwork correlate with the generation
and development of CD81-positive microvilli.

We also examined the cellular distribution of CD82 relative to microvilli. We found that
CD82 can be localized into microprotrusions (Figure 4C). First, the CD82-positive

microprotrusions seem morphologically different from CD81-positive microvilli, namely
shorter and thicker (Figure 4C). Second, unlike unanimous distribution of CD81 proteins
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throughout microvilli, CD82 proteins appear to concentrate at the tip or distal portion of
microprotrusions, as shown in the inset in the Du145-CD82 cell image of Figure 4C. Third,
CD82-positive microprotrusions can be found along the concave edges of cells (Figure 4C).
These results suggest that CD82 inhibits microvillus morphogenesis by altering either
membrane protrusive activity, cortical actin cytoskeleton organization, or both.

DISCUSSION

Tetraspanins differentially regulate membrane protrusive activity

To engage different cellular functions, the plasma membrane of cells forms protrusive
structures (Supplemental Figure). The membrane protrusive structures may serve as sensor,
effector, and communication device. Tetraspanins not only localize at various membrane
protrusive structures such as microvilli and penetration peg but also regulate the protrusive
activities of cell membrane. Using CD81 and CD82 as examples, our study underscored and
strengthened this notion. Furthermore, we demonstrated that, for the morphogenesis of
microvilli, CD81 facilitates it while CD82 attenuates it. Tetraspanins such as CD9 and
CD151 may behave like CD81. For example, the development of microvilli at the surface of
egg cells is impaired when CD9 is ablated (11, 12). CD151 facilitates the formation of
adhesion zipper when cells are in contact (16, 29), and the engagement of CD151 with its
Ab induces microprotrusions in isolated cells (29). Likewise, some tetraspanins may behave
as CD82 because of functional similarity. Thus, different tetraspanins apparently play
different roles in the morphogenesis of membrane protrusions. We predict that the regulation
of membrane protrusive structures is a general property of tetraspanins, by which they affect
various cellular behaviors.

Tetraspanins engage cellular functions probably by regulating membrane protrusive

activity

Tetraspanins regulate cell adhesiveness, motility, and fusion (1-8). The membrane
protrusive structures are likely involved in these cellular events, e.g., adhesion zipper during
cell-cell adhesion and invadopodia during cell invasion. We propose that tetraspanins
regulate cell adhesion and movement by modulating membrane protrusive activities. For
example, fungal tetraspanin PSL1 directs the formation of cellular protrusive structure called
penetration peg, which is important for fungus invasiveness (23). Drosophila tetraspanin
Late Bloomer facilitates the transformation of invading axon growth cones into pre-synaptic
arbors at neuromuscular junction (30) by functioning as a negative regulator of membrane
protrusive activity. As aforementioned, CD82 inhibits the morphogenesis of microvilli and
pericellular microvesicles, correlating with its motility-inhibitory activity (28). CD82
transmembrane polar residues are needed for the proper formations of these structures (28).
Because CD8L1 is expressed in leukocytes, the proper formation and development of
microvilli are likely required for cell-cell adhesion events such as the cell-cell engagement
during immune response and leukocyte-endothelial interaction during inflammation.

Tetraspanins modulate endocytosis and exocytosis (6, 8). The protrusive activity of the
plasma membrane might also reflect the endocytic and/or exocytic activities of cells. For
example, microvilli could imply the early stage of macropinocytosis (Supplemental Figure),
a form of endocytosis. CD81 appears to upregulate macropinocytosis because CD81
facilitates microvillus morphogenesis. Notably, the cell peripheral “microvesicles” are
diminished upon CD8L1 ablation. These pericellular microvesicles also became substantially
fewer when microvilli were reduced upon CD82 overexpression (28) or CD9 ablation (12),
highlighting the roles of tetraspanins and micropvilli in excytosis or vesicle release
(Supplemental Figure). Indeed, intestinal microvilli, in which tetraspanins CO-029, CD82,
and Tspanl are present, generate microvesicles (9). These observations are also consistent
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with the involvement of tetraspanin in viral entry and release (5, 31). Coincidently, one of
the most frequent changes in viral infected cells is the formation of microvilli (32, 33),
suggesting the contribution of microvilli to the viral budding or release process. For viral
release, microprotrusions could be the location or device for membrane budding. Similarly,
microprotrusion could facilitate the attachment of virus to the cell surface prior to viral
entry. Hence, facilitating microvillus formation by CD81 is likely important for its function
as a co-receptor for hepatitis C virus (34).

How tetraspanins regulate membrane protrusive activity

Mechanistically, tetraspanin may regulate the membrane protrusive activities by altering the
membrane curvature (Supplemental Figure). For example, the tips of microvilli become
more bending when CD8L1 is overexpressed, suggesting that CD81 promotes the outward
curvature of the plasma membrane. In contrast, CD82 overexpression diminishes the
outward curvature of the plasma membrane and often induces cell periphery to become
concave. If other cellular factors such as cytoskeleton are not involved, more or thinner
microvilli and more convex cell edge reflect higher outward intrinsic curving activity of the
plasma membrane while fewer or thicker microvilli and more concave cell edge reflect
relatively less outward or more inward activity.

Alternatively, tetraspanins may regulate membrane protrusive activities by altering
membrane-dependent cytoskeletal reorganization. The outward actin polymerization activity
can induce membrane protrusions (Supplemental Figure). Rho GTPases Cdc42, Rac, and
Rho determine the formation of membrane protrusions such as lamellipodia and filopodia.
Tetraspanins may modify actin reorganization through Rho GTPases since the signaling
connection between tetraspanins and Rho GTPases are well recognized (5, 7, 8, 16).
Especially, CD81 activates while CD82 inhibits Rac activation (34, our unpublished data),
consistent with the roles of these tetraspanins in microvillus morphogenesis. In addition,
ezrin/radixin/moesin (ERM) proteins are needed for microvillus formation (35, 36). Because
tetraspanins such as CD81 were found to either directly or functionally associate with ERM
proteins (15, 24, 37), ERM proteins could serve as the adaptors directly linking tetraspanins
to actin cytoskeleton (Supplemental Figure) and thereby regulate membrane protrusion
morphogenesis. Together, the roles of Rho GTPases and ERM proteins in CD81- and CD82-
regulated morphogenesis of microvilli remains to be determined.

Because CD82 proteins are localized at the tips of microvilli and enlarge the radii of
microvilli, CD82 proteins may directly affect membrane curvature. However, CD82 proteins
are not enriched at the concave peripheries of the cells. The concave peripheries or the
inward bending of the plasma membrane may largely result from the secondary effect of
CD82 expression, e.g., the alteration in cortical actin cytoskeleton. Thus, tetraspanins
regulate microvillus morphogenesis probably by affecting both cortical actin network and
membrane curvature.

Highlights
e Tetraspanins regulate microvillus formation
e Tetraspanin CD81 promotes microvillus formation
e Tetraspanin CD82 inhibits microvillus formation

* Based on this study, we extrapolated a general cellular mechanism for
tetraspanins

Biochem Biophys Res Commun. Author manuscript; available in PMC 2012 December 2.




1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bari et al. Page 7

e Tetraspanins engage various functions by regulating membrane protrusion
morphogenesis

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

ERM ezrin/radixin/moesin
PBMC peripheral blood mononuclear cell
TEM transmission electron microscopy
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Figure 1. The overexpression of tetraspanin CD81 promotes the formation and extension of
microvilli and increases the curvature of microvilli

A: The expressions of CD81 proteins in U937-Mock and -CD81 stable transfectant cells
were examined by Western blot. The levels of tubulin proteins are used as loading control.
B: The U937 transfectant cells were fixed, thin-sectioned, stained, and analyzed with TEM
as described earlier (28). Images represent the results from one out of three individual
experiments. Representative images of whole cells and microvilli from the U937
transfectants expressing either control construct or CD81 are presented. Scale bar, 2.0 pm.
Arrow: microvillus. C. Quantitative analysis. The numbers of microvilli were counted from
individual cells, the radii of microvillar tips were assessed using the transverse cross section
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of microvilli, and the lengths of microvilli were measured using the longitudinal cross
section of microvilli. n=15~17 cells for Mock group and =17~20 cells for CD81 group. *,
P<0.05; **, P< or =0.01. D: The localization of CD81 in U937 transfectant cells was
examined using immunofluorescence under a confocal microscope. Arrows indicate the
microvilli positive in CD81. Scale bar, 5.0 um.
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Figure 2. The ablation of tetraspanin CD81 reduces the formation and probably also extension of

microvilli

A: Cells were fixed, thin-sectioned, stained, and analyzed with TEM as described earlier
(28). Images represent results from one out of three individual experiments. Representative
images of the PBMCs isolated from and pre-B cells derived from the 129/SVJ strain of wild
type or CD81-null mice are presented. Scale bar, 0.5 um for PBMCs or 1.0 um for pre-B
cells. B: Quantitative analysis. The histograms display the mean+ SE of 1) the numbers of
microvillus per cell, 2) the radii of microvillar tips, and 3) the lengths of microvilli of the
PBMC:s isolated from wild type or CD81-null mice and the pre-B cell lines derived from
wild type (2F3) or CD81-null (1C8) mice (43). For PBMCs, n=12~47 cells for wild type
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group and =12~39 cells for CD81-null group. For pre-B cells, n=13~45 cells for wild type

group and =13~45 cells for CD81-null group. **, P<0.01 between wild type and CD81-null
groups.
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Figure 3. The overexpression of tetraspanin CD82 inhibits the formation and extension of
microvilli

A. The expressions of CD82 proteins in PC3-Mock and -CD82 stable transfectant cells were
analyzed with immunoprecipitation followed by immunoblot. Tubulin proteins were
examined in Western blot and are used as loading control. B: PC3-Mock and -CD82 cells
were fixed, thin-sectioned, stained, and analyzed with TEM as described earlier (28). Scale
bar, 2.0 pm. Arrowheads indicate pericellular microvesicles. C. Quantitative analysis. The
numbers of microvilli were counted from individual cells, the radii of microvillar tips were
assessed using the longitudinal cross section of microvilli, and the lengths of microvilli were
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measured using the latitudinal cross section of microvilli. n=14 cells for each group. *,
P<0.05; **, P<0.01.
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Figure 4. Tetraspanin CD82 alters membrane curvature and cortical actin cytoskeleton

A. The cell peripheries become concave upon CD82 expression. Dul45-and PC3-Mock and
CD82 transfectant cells were spread on fibronectin-coated substratum in serum-free media
(for Du145) or cultured in complete media (for PC3). Phase contrast images were obtained
under light microscope. CD82-expressing cells constantly formed concave edges, compared
with the outward edges, i.e., lamellipodia, in Mock cells. The percentages of the cells with
more than one concave edge were quantified. The histograms represent results from 3
experiments (mean = SD). n=100 cells for each group. **, P<0.01. B. The Du145 and PC3
transfectant cells were fixed, permeabilized, and incubated with Alexa 488-conjugated a-
phalloidin. The fluorescent images were acquired with a confocal microscope. Scale bars,
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5.0 um. Arrowheads indicated the cortical actin cytoskeleton. C: The localizations of CD81
and CD82 proteins to microvilli in Dul45 and PC3 transfectant cells were examined using
immunofluorescence. The cells were fixed, permeabilized, and incubated with Alexa 488-
conjugated a-phalloidin and CD81 or CD82 mAb followed by the staining with Alexa 594-
conjugated secondary Ab. The images were obtained with confocal microscopy. Scale bar,
5.0 um. The asterisk indicates the local convex area of a PC3-CD82 transfectant cell.
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Table 1

Microvesicles near the cell periphery”.

No. of vesicles per cell: mean+SD

Intracellular microvesicles near the cell periphery

PBMCs from Wild type mice 5.6414.68([’1:45)**
PBMCs from CD81-null mice 2.0312.33(n=34)**

Pericellular “microvesicles” near the cell periphery

PC3-Mock cells 5.5011.29(n=14)**

PC3-CD82 cells 1.75£0.58(n=14)"

*
These microvesicles are likely derived from microvilli. Hence CD81 and/or CD82 are also likely present in these microvesicles.

*

3
P<0.01.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2012 December 2.

Page 18



