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Background: The Hippo signaling pathway is regulated by mechanical signals from the cytoskeleton.
Results: Perturbation of the spectrin cytoskeleton lead to loss of Hippo signaling phenotypes in Drosophila and mammalian

cells.

Conclusion: 3-Spectrin regulates Hippo signaling activity in Drosophila and mammalian cells.
Significance: The spectrin cytoskeleton can function as a tension-sensing system and feed into the Hippo pathway.

Emerging evidence suggests functional regulation of the
Hippo pathway by the actin cytoskeleton, although the detailed
molecular mechanism remains incomplete. In a genetic screen,
we identified a requirement for B-Spectrin in the posterior fol-
licle cells for the oocyte repolarization process during Drosoph-
ila mid-oogenesis. 3-spectrin mutations lead to loss of Hippo
signaling activity in the follicle cells. A similar reduction of
Hippo signaling activity was observed after B-Spectrin knock-
down in mammalian cells. We further demonstrated that
B-spectrin mutations disrupt the basal actin network in follicle
cells. The abnormal stress fiber-like actin structure on the basal
side of follicle cells provides a likely link between the B-spectrin
mutations and the loss of the Hippo signaling activity phenotype.

The evolutionarily conserved Hippo signaling pathway has
been discovered to have an essential function in organ size con-
trol (1). It was later found to also play important roles in pro-
cesses such as differentiation and morphogenesis in various
developmental contexts (1-3). The upstream regulatory net-
work of the Hippo pathway is complex in contrast to its well
defined core pathway components (2). Importantly, multiple
lines of evidence have pointed to the actin cytoskeleton as an
essential regulator of Hippo signaling activity (4—10). These
observations are consistent with the hypothesis that cells in
tissues and organs can sense mechanical signals such as geom-
etry and tension and that these mechanical signals are passed
through the actin cytoskeleton to the Hippo pathway for coor-
dination of cell behaviors. However, the mechanistic link
between the actin cytoskeleton and the Hippo pathway remains
largely unclear.

Here we identify a novel function of B-Spectrin, an actin
cross-linking protein (11-13), in the Hippo signaling pathway.
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Spectrins, originally identified from human erythrocyte ghosts
in 1968 (14), are filamentous proteins that are organized into a
polygonal meshwork underneath the red blood cell membrane
(15, 16). The spectrin-based cytoskeleton confers high deform-
ability and elasticity to the cell membrane for red blood cells to
endure the mechanical and osmotic stresses as they circulate
through the body. Defects in the spectrin network are associ-
ated with many forms of hemolytic anemia (17-20). The spec-
trin cytoskeletal network exists in most metazoan cell types
(21-24), where it has been found to be important for the for-
mation of cell membrane microdomains (25-28), axonal
growth (29, 30), and synapse development (31-34). Although
spectrins exhibit diverse functions in different tissues and
organs, the spectrin network seems to have a general structural
and supporting function related to the mechanical properties of
cells (24, 35). A recent study has demonstrated that the spectrin
cytoskeleton in the Caenorhabditis elegans touch sensory neu-
rons is required for maintaining neuronal prestress status, pro-
tecting these neurons from mechanical stress, and enhancing
the mechanical sensitivity of these neurons (36).

In this study, we demonstrate that B-spectrin mutations dis-
rupt Hippo signaling activity in the follicular epithelial cells
during Drosophila oogenesis. We also show that the require-
ment of B-Spectrin in the Hippo signaling pathway is conserved
in mammalian cells. Although the link between actin stress
fibers and YAP/TAZ activity has been established previously in
mammalian cell cultures (4 -6, 9), here we are able to demon-
strate a link between the formation of abnormal stress fibers
and loss of Hippo signaling activity in B-spectrin mutant cells in
an in vivo developmental context.

EXPERIMENTAL PROCEDURES

Fly Strains—3-spectrin alleles were isolated from a genetic
mosaic screen described previously (37). The following fly strains
were used: Kinesin-$-gal (38), Staufen-GFP (39), mirror-lacZ (40),
kekkon-lacZ (41), expanded-lacZ (42), diapl-lacZ (43), E-cad-
herin-GFP (44), and Utrophin-GFP (45). Fly lines for mapping,
traffic jam-Gald (tj-Gal4), nubbin-Gal4 (nub-Gal4), and trans-
genic UAS-RNAI lines, including EGFP RNAI, a-spectrin RNAI,
mer RNAI, and yki RNAi, were obtained from the Bloomington
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Stock Center. Mosaic clones in the ovarian follicle cells and ima-
ginal disc cells were generated using the FRT/FLP (flippase/flip-
pase recognition target) system.

Mutation Mapping—The FY18 complementation group was
mapped through recombination mapping to the region proxi-
mal of forked (f) at 15F4-F7. Duplication mapping showed that
the FY18 complementation group could be rescued by Dp
(1;Y)w73, which further narrowed the mutations to chromo-
somal region 15F-16F. The mutant alleles were then balanced
over an FM7, Kr>GFP chromosome. The genomic DNA from
homozygous mutant embryos was sequenced for mutations of
candidate genes in the region. The sequence of the starting
chromosome y w FRT19A was used as the reference sequence.

Immunofluorescence Staining—Adult females were dissected
and ovaries were prepared for immunofluorescence staining
according to standard procedures. Third-instar larvae were dis-
sected for imaginal disc staining. The following primary anti-
bodies were used: mouse anti-Fasll (catalog no. 1D4, 1:500,
DSHB), mouse anti-Cut (catalog no. 2B10, 1:20, DSHB), mouse
anti-a-spectrin (catalog no. 3A9, 1:10, DSHB), mouse anti-Dlg
(catalog no. 4F3, 1:100, DSHB), mouse anti-Armadillo (catalog
no. N2 7A1, 1:100, DSHB), mouse anti-3-gal (catalog no. 40-1a,
1:200, DSHB), mouse anti-Gurken (catalog no. 1D12, 1:10,
DSHB), guinea pig anti-Expanded (1:200) (46), guinea pig anti-
Merlin (1:200) (47), rabbit anti-atypical PKC (1:1000, Santa
Cruz Biotechnology), and rabbit anti-B-spectrin (1:200) (48).
Alexa Fluor 647-conjugated secondary antibodies from Invitro-
gen were used at 1:500. Alexa Fluor 546-phalloidin (1:1000,
Invitrogen) and Hoechst (1:10000, Invitrogen) were used to
visualize F-actin and DNA, respectively. All images were taken
on a Leica TCS SP8 confocal microscope and processed by
Image], Adobe Photoshop, and Illustrator.

MCF10A cells were seeded in 6-well plates onto glass cover-
slips and cultured until the desired density was reached. Cells
were then fixed and permeabilized with 4% formaldehyde and
0.1% Triton X-100, respectively. Next, MCF10A cells were
blocked using 10% goat serum, followed by incubation with
primary and secondary antibodies. The primary antibodies
used were mouse YAP antibody (1:100, Santa Cruz Biotechnol-
ogy) and rabbit polyclonal SPTBN2 antibody (1:100, Protein-
tech). All images were taken using a Zeiss fluorescence micro-
scope and processed by Adobe software.

Time-lapse Imaging—The egg chambers were dissected and
cultured for live imaging following the protocol described
before (49). All time-lapse imaging was performed on a Leica
TCS SP8 confocal microscope using a X40 water immersion
lens with a 488-nm optically pumped semiconductor lasers.
Image z stacks were taken at 1-um steps from the egg chamber
surface to 8 um below the surface. Images were taken at 30-s
intervals from 30 min to 2 h.

S§2 Cell Culture, Luciferase Assay, and Quantitative
RT-PCR—S2 cells were cultured at 28 °C in Schneider’s Dro-
sophila medium (Invitrogen) supplemented with 10% fetal
bovine serum and 0.5X penicillin-streptomycin (Invitrogen).
S2 cells were seeded in the presence of the indicated dsRNA,
followed by transient transfection with the Yki-pMT, Renilla-
pMT, and 3xSd2-Luciferase plasmids (gifts from Dr. Georg Hal-
der) by Cellfectin II (Invitrogen). After 24 h, copper sulfate was
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added to a final concentration of 500 um, and luciferase activity
was measured after 3-day incubation using the Promega Dual-
Glo kit. The knockdown efficiency for B-spectrin was assayed
by qRT-PCR.?> The primer sequences for the B-spectrin gene
were 5’ ACTTCGGTGCGTGCATCTCG3' and 5'TTGAT-
GCGTTGTCGCTCAGC3'.

MCF10A Cell Culture, Stable Cell Line Generation, and
Confirmation—MCF10A cells were cultured in DMEM/F12
medium supplemented with horse serum (5%, Sigma), penicil-
lin/streptomycin (1%, Fisher), amphotericin (0.2%, Gemini Bio
Products), EGF (20 ng/ml, Novoprotein), hydrocortisone (500
ng/ml, Sigma), insulin (10 wg/ml, Sigma), and cholera toxin
(100 ng/ml, Sigma). To generate stable SPTBN2 knockdown
cell lines, lentivirus plasmids containing three different
SPTBN2-targeting shRNA constructs were purchased from
Sigma (catalog nos. TRCN0000117127, TRCN0000117128,
and TRCNO0000117129), and lentiviruses were packaged in
HEK293T cells. Virus-containing medium were collected from
HEK293T cells 2 days after transfection and used with 2 ug/ml
Polybrene to infect MCF10A cells. 1 ug/ml puromycin was
used to select infected MCF10A cells for stable cell lines. To
confirm SPTBN2 knockdown efficiency in MCF10A cells, the
SPTBN2 mRNA level was tested using qRT-PCR (primer
sequences 5’ TTTCAACGCCATCGTGCATAA3' and 5'TGGT-
CCACATTCACGTCTTCG3'), and SPTBN2 protein was
detected by Western blotting using rabbit polyclonal SPTBN2
antibody (1:1000, Proteintech).

RESULTS

B-spectrin Mutations in Posterior Follicle Cells (PFCs) Lead to
Oocyte Polarity Defects during Mid-oogenesis—In a Drosophila
egg chamber, the oocyte resides in a posterior position, sur-
rounded by somatic epithelial follicle cells (FCs). The oocyte
establishes the anterior-posterior axis and the dorsal-ventral
axis polarity of the egg and embryo during oogenesis (50). The
polarization processes are dependent on the interactions
between the oocyte and the FCs. In particular, during mid-
oogenesis, the oocyte dorsal-ventral asymmetry is established
when an unknown signal from the PFCs triggers the oocyte
cytoskeleton to repolarize, and then the oocyte nucleus
migrates from the posterior end to the future dorsal-anterior
corner of the oocyte (50). Multiple signaling pathway activities
in the PFCs, including JAK/STAT (40), EGFR (51, 52), Notch
(53, 54), and Hippo (55-57), are required for this dorsal-ventral
symmetry-breaking event during mid-oogenesis.

In a genetic screen for mutants affecting oocyte polarity (58),
a complementation group of six lethal alleles was isolated as
required in the PFCs for oocyte dorsal-ventral asymmetry for-
mation. Through recombination and duplication mapping, we
mapped the lethality of these alleles to chromosomal region
15E-16F. Sequencing of these alleles showed that they all con-
tained mutations that lead to premature stop codons in the
B-spectrin gene (Fig. 1A). All six alleles exhibited similar phe-
notypes with comparable severity and penetrance. We there-
fore used B-spectrin®*® as a representative allele for the rest of

2 The abbreviations used are: qRT-PCR, quantitative RT-PCR; PFC, posterior
follicle cell; EGFR, EGF receptor.
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FIGURE 1. B-spectrin mutations lead to abnormal oocyte polarization. Follicle cell clones are marked by the absence of GFP (green) unless noted otherwise.
Scale bars = 10 wm unless noted otherwise. A, schematic of CG5870, the Drosophila B-spectrin protein. All six alleles, including GD20, FZ10, FY18,FZ87,GF 16, and
FP4, contain premature stop codons at GIn-278, GIn-927, GIn-1046, GIn-1423, Trp-1608, and GIn-1906, respectively. Protein domains are annotated through
SMART (75). CH, Calponin homology domain; PH, pleckstrin homology domain. B and C, a wild-type egg chamber (B) and an egg chamber with B-spectrin'®
mutant PFCs (C) expressing Kinesin-3-gal are stained for 3-gal (red) and DNA (blue). In the stage 8 wild-type egg chamber, the oocyte nucleus migrates to the
dorsal-anterior corner (B, blue; B”, gray, white arrowhead), and Kinesin-B-gal forms a crescent at the posterior of the oocyte (B, red; B', gray, red arrowhead). In the
egg chamber containing B-spectrin®’® mutant PFCs, the oocyte nucleus stays at the posterior (C, blue; C", gray, white arrowhead), and Kinesin-g-gal (Kin-B-gal)
congregates at the center of the oocyte (C, red; C, gray, red arrowhead). D and E, a wild-type egg chamber (D) and an egg chamber with B-spectrin™’® mutant
PFCs (E) expressing Staufen-GFP (Stau-GFP, green) and stained for DNA (blue). In the wild-type egg chamber, Staufen-GFP is tightly localized at the posterior of
the oocyte (red arrowhead). In the egg chamber containing B-spectrin®’® mutant PFCs, Staufen-GFP appears dispersed in the center of the oocyte (red
arrowhead). F, an egg chamber with follicle cells expressing an RNAi construct against a-spectrin stained for Gurken (Grk, red) and DNA (green). Note that the
oocyte nucleus (white arrowhead) stays at the posterior end of the oocyte. Grk is mislocalized at the posterior end of the oocyte together with the oocyte
nucleus. G, an egg chamber with B-spectrin®’® mutant PFCs stained for Fas Il (G, red; G', gray) and DNA (blue). The posterior polar cells marked by Fas Il staining
(red arrowhead) remain in direct contact with the oocyte, whereas the oocyte polarity is abnormal, marked by the posterior localization of the oocyte nucleus.
H, an egg chamber with follicle cells expressing an RNAi construct against a-spectrin stained for Fas Il (red) and DNA (green). Note that the oocyte remains in
direct contact with the posterior polar cells marked by Fas Il (red arrowhead).

the study. When the PFCs were homozygous mutant for
B-spectrin, the oocyte nucleus frequently remained at the pos-
terior end of the oocyte during mid-oogenesis (Fig. 1, B and C,
35.8%, n = 229). To confirm that B-spectrin mutations lead to a
general disruption of oocyte polarity instead of specifically
affecting the oocyte nucleus migration event, we further exam-
ined a panel of oocyte polarity markers. We first examined a
microtubule polarity marker, Kinesin-B-gal. Kinesin-3-gal
forms a crescent at the posterior end of the oocyte in a wild-type
egg chamber after mid-oogenesis (38) (Fig. 1B). Kinesin-3-gal
appeared frequently in aggregates or as a diffused cloud in the
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center of the oocyte in the presence of B-spectrin mutant PFCs
(Fig. 1C, 85.4%, n = 64). A second oocyte polarity marker we
examined was Staufen. Staufen typically localizes at the poste-
rior end of the oocyte after mid-oogenesis for anchoring the
maternal RNAs (59) (Fig. 1D). When the PFCs were mutant for
B-spectrin, Staufen also appeared dispersed in the center of the
oocyte (Fig. 1E, 91.1%, n = 90). Taken together, these results
indicate that B-Spectrin is required in the PFCs for the oocyte
polarization process during mid-oogenesis.

The Drosophila genome contains three spectrin genes,
including a-spectrin (60), B-spectrin (61) and B-heavy-spectrin
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FIGURE 2. B-spectrin mutations lead to loss of Hippo signaling activity in follicle cells. Follicle cell clones are marked by the absence of GFP (green) unless
noted otherwise. Scale bars = 10 um unless noted otherwise. A and B, the posterior repression of mirror-lacZ, a JAK/STAT signaling reporter, is similar in a
wild-type egg chamber (A, red; A’, gray) and in an egg chamber containing the B-spectrin mutant PFCs (B, red; B, gray). C and D, the posterior expression pattern
of kekkon-lacZ, an EGFR signaling reporter, is similar in a wild-type egg chamber (C, red; C', gray) and in an egg chamber where the PFCs are mutant for B-spectrin
(D, red; D', gray). Eand F, the expression of Cut, a Notch signaling reporter, is down-regulated in a wild-type stage 7/8 egg chamber (E, red; E', gray). The B-spectrin
mutant PFCs retain Cut expression (F, red; F', gray). G and H, the expression level of expanded-lacZ (ex-lacZ), a Hippo signaling reporter, exhibits a gradient
pattern from the anterior to the posterior in a wild-type egg chamber (G, red; G', gray). The B-spectrin mutant follicle cells show elevated expression levels of
ex-lacZ, regardless of the clone position (H, red; H', gray; clone boundaries are marked by dashed lines). I, the B-spectrin mutant FCs exhibit elevated expression
levels of diap1-lacZ, another Hippo signaling reporter (I, red; I', gray; clone boundaries are marked by dashed lines). J, an egg chamber containing B-spectrin™8
mutant border cells stained with phalloidin (red) and DNA (blue). Border cells fail to migrate as a cluster of cells (white arrowheads). K, an egg chamber in which
a-spectrin is depleted in the follicle cells stained with phalloidin (red) and DNA (green). The border cells fail to migrate as a cluster of cells (white arrowheads).

(62). It has been shown previously that a-spectrin mutations in
the PFCs lead to disruption of oocyte polarity (63). In the
report, the authors attributed the oocyte polarity defects to a
loss of direct contact between the polar follicle cells and the
oocyte, caused by hyperplasia of the a-spectrin mutant cells.
Although in our experiments 55.9% of the B-spectrin mutant
PECs exhibited a hyperplasia phenotype (n = 228), a significant
portion of the B-spectrin mutant cells maintained a monolay-
ered or bilayered epithelial structure even though they exhib-
ited an oocyte polarity defect. When we marked the posterior
polar cells with Fas II, in 25 of 27 egg chambers where we

6400 JOURNAL OF BIOLOGICAL CHEMISTRY

observed oocyte polarity defects in the presence of B-spectrin
mutant PFCs, the posterior polar cells remained in close con-
tact with the oocyte (Fig. 1G). Similarly, when we knocked
down a-spectrin in the follicle cells by RNAi, we observed
oocyte polarity defects similar to those in the B-spectrin
mutants (Fig. 1F). Nevertheless, in these cases, the oocyte
was frequently observed as being in direct contact with the
posterior polar cells (Fig. 1H). Therefore, we concluded that
the oocyte polarity defects in B-spectrin mutants are unlikely
to be caused by the separation of the posterior polar cells and
the oocyte.
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FIGURE 3. Perturbation of the spectrin network affects adult wing size and Yki activity in S2 cells. A-D, adult wings from flies expressing nub-Gal4
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relative B-spectrin transcript levels in the control and B-spectrin RNAi cells normalized by rp49 mRNA level (n = 3; **, p < 0.0001; Student's t test). Error bars

indicate mean = S.E.

B-spectrin Mutations Lead to Loss of Hippo Signaling Activity
in Follicle Cells—The oocyte polarity defects in the presence of
B-spectrin mutant PFCs suggested that B-spectrin mutations
might affect one (or more) of the four signaling pathways
required in the PFCs for the oocyte polarization process,
namely the JAK/STAT, EGFR, Notch, and Hippo signaling
pathways. We therefore examined well established signaling
reporters for each of these pathways.

First, we examined the expression of mirror-lacZ (mirr-
lacZ), a JAK/STAT signaling activity reporter normally
repressed in PFCs by JAK/STAT signaling activity during mid-
oogenesis (40) (Fig. 2A). In the PFCs mutant for B-spectrin, the
mirr-lacZ reporter remained repressed (Fig. 2B), indicating
that JAK/STAT signaling was not affected in 3-spectrin mutant
PECs.

Next, we examined the expression of a kekkon-lacZ (kek-
lacZ) reporter, which is normally induced in PFCs in response
to EGFR signaling activation during mid-oogenesis (41) (Fig.
2C). The kek-lacZ reporter was activated when the PFCs were
mutant for B-spectrin (Fig. 2D), indicating that EGER signaling
was also unaffected by B-spectrin mutations.

Notch signaling activity is required for the follicle cells to
undergo a mitotic cycle-to-endocycle switch during mid-oo-
genesis (53, 54). When Notch signaling activity is compromised
in follicle cells, the follicle cells continue to divide and fail to
differentiate properly along the oocyte anterior-posterior axis.
In the presence of loss of function Notch signaling mutant
PECs, oocyte polarity is also disrupted. We therefore examined
the expression of Cut, a Notch signaling activity target. Cut
expression is normally repressed by Notch signaling activity
after stage 6 of oogenesis (Fig. 2E) (64). The B-spectrin mutant
PECs frequently retained a high level of Cut expression (Fig. 2F,
59.3%, n = 27). It is noteworthy that B-spectrin mutant FCs on
the lateral side of the egg chamber did not retain a high Cut
expression level (Fig. 2F). In other words, B-spectrin mutations
affected Notch signaling specifically in PFCs, unlike the core
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Notch signaling pathway mutants, which affect all follicle cells
regardless of position along the oocyte anterior-posterior axis.
It has been shown previously that such a PFC-specific loss of
Notch signaling phenotype is typically exhibited in Hippo path-
way mutants (55-57). Therefore, we examined the Hippo sig-
naling activity reporters expanded-lacZ (ex-lacZ) (65) and
diap1-lacZ (66) in follicle cells. Hippo signaling activity nor-
mally represses the expression of expanded-lacZ (Fig. 2G). The
B-spectrin mutant clones frequently showed elevated expres-
sion levels of ex-lacZ, regardless of the clone position in the egg
chamber (Fig. 2H, 67.6%, n = 37). Similarly, the expression level
of diap1-lacZ was also up-regulated in B-spectrin mutant cells
(Fig. 21, 69.2%, n = 26). Moreover, Hippo signaling activity has
been shown recently to be required for border cell migration in
the follicular epithelium (67). When border cells were mutant
for B-spectrin (Fig. 2]) or when a-spectrin was knocked down in
border cells by RNAi (Fig. 2K), the border cells exhibited migra-
tion defects characteristic of those produced by the Hippo
pathway mutants. Taken together, our results indicated that
B-spectrin mutations lead to oocyte polarity defects through
disrupting Hippo signaling activity in follicle cells.

To test whether the function of B-Spectrin in the Hippo sig-
naling pathway is specific to the follicular epithelium in Dro-
sophila, we first examined spectrin function in the imaginal
discs from third-instar larvae. We checked the expression of
two Hippo signaling reporters, cyclin E-lacZ and diapl-lacZ
(66), in the eye and wing imaginal discs. We found that the
expression level of these reporters in the B-spectrin mutant cells
was comparable with that of wild-type cells (data not shown),
indicating that B-spectrin mutations do not significantly affect
Hippo signaling activity in the eye and wing imaginal discs.
Interestingly, when we knocked down a-spectrin in the wing
discs through RNAI, we observed a 1.23-fold increase in adult
wing size in comparison with the control (Fig. 3, A-E), indicat-
ing an effect on growth control, most likely via an effect on the
Hippo signaling pathway. 3-Spectrin is specifically localized to
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the lateral domain of epithelial cells, whereas a-Spectrin is
localized both apically and laterally (63, 68). Therefore, deple-
tion of a-Spectrin by RNAi might have a stronger effect on the
disruption of the spectrin network and Hippo signaling activity
in the imaginal disc cells.

In Drosophila S2 cells where Yorkie (Yki) was expressed
under the control of a methallothionein promoter, the lucifer-
ase activity of a reporter, 3XSd2-Luc, was used successfully to
monitor Yki activity (8). When we treated these cells with
dsRNA against B-spectrin, we observed a 1.4-fold increase in
relative luciferase activity compared with that of the DMSO-
treated control group. The increase was comparable with that
of the positive control expanded (ex) and capping protein «
(cpa) RNAI (Fig. 3, F and G). These results indicated that the
requirement of -Spectrin for Hippo signaling activity is not
limited to the follicle cells in Drosophila.

B-Spectrin Is Required for Hippo Signaling Activity in Mam-
malian Cells—Two recent affinity purification and MS-based
proteomic studies have included spectrins in the Hippo path-
way protein-protein interaction network (69, 70). Specifically,
in cultured human cells, an interaction between the bait protein
Salvador homolog 1 (SAV1) and SPTAN1, a human a-Spectrin
isoform, has been reported (69). Therefore, we wanted to test
whether B-Spectrin has a conserved role in regulating the
Hippo pathway in mammals.

We tested the effect of B-spectrin knockdown on Hippo sig-
naling activity in human mammary epithelial MCF10A cells.
When MCF10A cells are grown at a low cell density, the YAP/
TAZ proteins (the mammalian homologs of Yorkie) localize in
the cell nucleus and promote proliferation. When MCF10A cell
culture reaches a high cell density, the YAP/TAZ proteins
translocate to the cytoplasm, and cell proliferation is inhibited
(9). In human cells, five genes, SPTB, SPTBN1, SPTBN2,
SPTBN4, and SPTBNS, encode 3-spectrins. On the basis of pre-
vious studies (71), we focused on SPTBN1, SPTBN2, and
SPTBN4, which are most likely to be functional in MCF10A
epithelial cells because SPTB and SPTBN5 are known to be
more restrictively expressed in neuronal cells and other specific
cell types (71). Microarray gene expression profiling of
MCF10A cells further demonstrated that SPTBN2 is most
highly expressed among the three B-spectrin genes (Fig. 44).
Therefore, we chose to knock down SPTBN2 to investigate the
potential role of 3-spectrin in regulating Hippo signaling activ-
ity. MCF10A cells were transduced with lentiviruses containing
a scrambled control shRNA construct or three different
SPTBN2-targeting shRNA constructs, and the knockdown effi-
ciency was confirmed by qRT-PCR (Fig. 4B) and Western blot-
ting (Fig. 4C). In control cells, SPTBN2 is mostly localized on
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the cytoplasmic membrane, although the antibody against
SPTBN?2 also shows nonspecific nucleus staining (Fig. 4D). The
membrane localization of SPTBN2 was lost in most cells from
the SPTBN2 knockdown population (denoted as SPTBN2'°
cells) (Fig. 4D’). However, the knockdown was less efficient in a
few cells so that they maintained SPTBN2 membrane staining
(denoted as SPTBN2" cells) (Fig. 4D, arrowhead). To normal-
ize the effect of local cell density on YAP localization as men-
tioned previously, we randomly picked clusters of SPTBN2-
expressing SPTBN2™ cells in the knockdown population and
compared them with their neighboring SPTBN2' cells. As
shown in Fig. 4, E-H, compared with SPTBN2'° cells,
SPTBN2" cells showed reduced nuclear localization of YAP,
indicating that SPTBN?2 regulates YAP localization and activity
in MCF10A cells.

B-spectrin Mutations Lead to Assembly of Abnormal Actin
Stress Fibers in the Follicle Cells—Hippo signaling activity is
regulated by a plethora of upstream components, including cell
polarity components, cell-cell adhesion molecules, G protein-
coupled receptor signaling, and the actin cytoskeleton (2). To
understand how B-Spectrin affects Hippo signaling activity, we
examined major upstream regulators in B-spectrin mutant
cells.

B-Spectrin is specifically localized to the lateral domain of
the follicle cells (63) (Fig. 5, A and B). It is possible that B-Spec-
trin might affect the Hippo signaling pathway through disrup-
tion of the cell polarity system. We first examined localization
of the cell apical components such as a-Spectrin and aPKC.
Both a-Spectrin and aPKC remained apically localized in
B-spectrin mutant follicle cells (Fig. 5, C and D). We also exam-
ined the apically localized protein Merlin and Expanded, two
known upstream regulators of the Hippo signaling pathway.
Similarly, the apical localization of Merlin and Expanded
remained unchanged in the B-spectrin mutant cells (Fig. 5,
E-G). Next, we examined the adhesion junctional components
Ecadherin (Ecad) and Armadillo (Arm, the Drosophila
B-Catenin homolog). Similarly, the junctional localization of
Ecad and Arm was largely unaffected in B-spectrin mutant cells
(Fig. 5, H and I). Third, we examined basolateral proteins such
as Discs large (Dlg), Na™, and K*-ATPase, and their localiza-
tion was also unaffected in the B-spectrin mutant cells (Fig. 5, ]
and K). These results suggest that, although B-Spectrin is part
of the cell polarity system, mutations in B-spectrin do not dis-
rupt general apical-basal polarity in follicle cells.

Spectrins are well known actin cross-linking proteins (11—
13). It is possible that B-spectrin mutations might affect the
actin cytoskeletal structure in follicle cells. Interestingly, phal-
loidin staining revealed an abnormal actin cytoskeletal struc-

FIGURE 4. SPTBN2 is required for Hippo signaling activity in MCF10A cells. Scale bars = 10 um unless noted otherwise. A, microarray analyses of SPTBNT,
SPTBN2, and SPTBN4 mRNA levels in MCF10A cells using microarray chips from ArrayStar and Agilent. Rel., relative. B, gRT-PCR analysis of SPTBN2 mRNA in
SPTBN2 knockdown MCF10A cells. Stable MCF10A cell lines with SPTBN2 knockdown were generated using a lentivirus containing three different shRNA
constructs. Results were normalized to the GAPDH mRNA level. Data represent the average of three independent experiments (n = 3; ***, p < 0.00001;
Student's t test). Error bars represent mean = S.E. Ctrl, control. C, Western blot analysis of MCF10A SPTBN2 knockdown cells. D, MCF10A control (D) and SPTBN2
knockdown cells (D') stained for SPTBN2 (green). The SPTBN2 membrane staining is largely absent in the SPTBN2 knockdown cells (D’), except in a few cells
(white arrowhead, D') where the knockdown efficiency is low. Note that the nucleus signal is nonspecific staining of the primary antibody. E-G, MCF10A cells
with SPTBN2 knockdown were stained for YAP (red), SPTBN2 (green), and DNA (blue) (E). Regions 1 and 2 (dashed boxes) are shown in higher magnification in F
and G, respectivelx, Red arrowheads indicate the nuclear localization of YAP in SPTBN2'°" cells. White arrowheads indicate the nuclear/cytoplasmic localization
of YAP in SPTBN2" cells. H, quantification of cytoplasmic (C), nuclear and cytoplasmic (N/C), or nuclear (N) YAP localization in SPTBN2" cells (n = 278) and
SPTBN2'" cells (n = 562).
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ture on the basal side of B-spectrin mutant follicle cells (Fig. 5,
L-0). The actin filaments on the basal side of wild-type follicle
cells are oriented perpendicularly to the anterior-posterior axis
of the egg chamber after mid-oogenesis (72). These bundled
actin filaments, which are part of the planar cell polarity system
in the follicular epithelium, resemble stress fibers in cultured
cells. In the B-spectrin mutant cells, the actin filaments lose the
planar polarized orientation (Fig. 5, L and M) and frequently
form actin patches with intensified phalloidin staining on the
basal side of the epithelium (Fig. 5, N and O). We further ana-
lyzed the actin dynamics in the B-spectrin mutant cells through
time-lapse imaging of cultured live stage 8 -9 egg chambers.
The F-actin filaments were visualized using an Utrophin-GFP
marker (45). Although the basal F-actin filaments appear rela-
tively stable in wild-type follicle cells, as reported previously
(supplemental Movie 1) (73), in B-spectrin mutant cells, the
F-actin filaments failed to assemble into parallel bundles and,
instead, initiated radial contractions over time (supplemental
Movie 2).

DISCUSSION

The Link between the Basal F-actin Phenotype and the Hippo
Signaling Defects in B-spectrin Mutant Cells—Multiple lines of
evidence in cultured cells have linked actin stress fibers and
YAP/TAZ activity. For example, YAP/TAZ nuclear localization
coincided with the presence of abundant stress fibers in cul-
tured cells (5). YAP/TAZ activity decreased in cells treated with
the actin depolymerization drugs cytochalasin D and latruncu-
lin A/B, which also reduced stress fiber formation (5, 6). YAP/
TAZ activity increased in cultured cells overexpressing Diaph-
anous, which induced stress fiber formation (4, 8). Several actin
binding proteins, including Cofilin 1/2, Capzb, and Gelsolin,
were identified as inhibitors of YAP/TAZ activity. Depletion of
these proteins caused an increase in both stress fiber formation
and YAP/TAZ activity (9).

Follicle cells maintain basal F-actin filaments structurally
similar to stress fibers in cultured cells (72). In live B-spectrin
mutant cells, the F-actin filaments fail to assemble into a planar
polarized network and seem to undergo radial contractions,
possibly as a result of repeated actin assembly-disassembly
cycles. In the fixed B-spectrin mutant cells, we observed basal
actin patches characterized by intense phalloidin staining and
lack of planar polarized organization. In light of previous obser-
vations in cell cultures linking the formation of actin stress
fibers and YAP/TAZ activity, it seems likely that the basal actin
phenotype and the Hippo signaling phenotype in the B-spectrin
mutant cells are tightly linked.

Spectrins as General Tension-sensing Molecules underneath
the Cell Membrane—The Hippo signaling pathway is known to
link with the cytoskeletal tension in cultured cells (2). Impor-
tantly, it has been shown recently that actomyosin-based cellu-
lar tension is critical for Hippo signaling activity in vivo (10).

Spectrins are long and flexible molecules that form a network
underneath the cell membrane. The spectrin function is well
characterized in red blood cells as providing cells with mechan-
ical properties, including elasticity and deformability, that
allow these cells to survive circulation (74). In other cell types,
the spectrin function is much less clear. It has been shown that
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cytoskeletal tension regulates Hippo activity via promoting
Ajuba and Wts complex formation at the adherent junctions in
a tension-dependent manner (10). We examined Ajuba and
Wts complex localization in follicle cells, and they are both
junctionally localized in the B-spectrin mutant cells. However,
using confocal microscopy, we did not reliably detect a differ-
ence of Wts/Ajuba junctional fluorescence intensity between
B-spectrin mutant cells and wild-type follicle cells (data not
shown). It is possible that the spectrin cytoskeleton is part of a
cellular tension-sensing system that feeds into the Hippo regu-
lation network. Although we demonstrated a link between
spectrin function and actin network organization, a possible
link between spectrin function and myosin-based cellular ten-
sion still needs further investigation.
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