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Importance of the filamin A-Sav1 interaction
in organ size control: evidence from transgenic mice
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School of Pharmaceutical Science and Technology, Tianjin University, Tianjin, China

ABSTRACT Thenucleocytoplasmictranslocation of yes-associated protein 1 (YAP1) controls the growth
of animal tissues and organs. YAP1 binds to transcription factors in the nucleus to activate the transcrip-
tion of proliferation and anti-apoptotic genes. The Hippo pathway prevents the nuclear translocation of
YAP1 by phosphorylating YAP1, while mechanical forces promote it by opening the nuclear pore complex
and stimulating other signaling pathways. Recently we found that Protein salvador homolog 1 (SAV1), a
component of the Hippo pathway, interacts with filamin A (FLNA) in a force-dependent manner, raising
a possibility that the Hippo pathway is regulated by mechanical force through the FLNA-SAV1 axis. To
test this hypothesis, we generated conditional knock-in (KI) mice expressing non-Flna-binding mutant
Sav1 in hepatocytes by crossing with mice carrying Cre recombinase driven by the serum albumin (alb)
gene promoter. Unexpectedly, the insertion of the flox cassette skipped exon 2, resulting in a shorter
Sav1 in all the transgenic mice. Since exon 2 encodes a fragment containing a FIna-binding domain,
we analyzed both point mutant KI and exon 2-deleted mutant mice. Here we show that disruption of the
Flna-Sav1 interaction in the mouse liver promotes apoptosis and suppresses tissue and organ growth
without affecting the phosphorylation level of Yap1. These results provide evidence that the growth of
animal tissues and organs is regulated by apoptosis downstream of the force-dependent FLNA-SAV1
interaction, at least in part.
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Introduction

Translocation of YAP1 (or Yki in Drosophila) between the cyto-
sol and nucleus is a key determinant of cell growth and survival
(Finch-Edmondson and Sudol, 2016; Maehama et al., 2021; Pic-
colo et al., 2014; Zeng and Hong, 2008; Zhao et al., 2008). When
YAP1 is located in the nucleus, YAP1 binds to transcription fac-
tors such as TEAD1 to activate transcription of proliferation and
anti-apoptotic genes (Cheng et al., 2022; Zeybek et al., 2021; Zhou
and Zhao, 2018; Zinatizadeh et al., 2021). Subcellular localization
of YAP is controlled by multiple pathways (Russell and Camargo,
2022). One is the Hippo pathway which negatively regulates YAP
retention in the nucleus. A key control step of the Hippo pathway
is the localization and kinase activity of MST1/2 (or Hippo in Dro-
sophila), which phosphorylates the downstream kinase LATS1/2
(Bae et al., 2017; Yin et al., 2013). The tumor suppressor protein
SAV1 mediates the dimerization of MST to activate it and recruits

LATS to the MST to promote the phosphorylation of LATS (Callus
et al., 2006; Lin et al., 2020; Tran et al., 2020).

Phosphorylated LATS1/2 is active and in turn phosphorylates
YAP1, leading to the cytoplasmic retention of phospho-YAP1 (Oh
andIrvine, 2008). When the pathway is off, unphosphorylated YAP1
entersthenucleusto activatetranscription. The second mechanism
is mechanotransduction in which mechanical forces open the
nuclear pore complex (NPC) to promote nuclear entry of YAP1 in
aHippo-independent manner (Das et al., 2016; Dupont et al., 2011;

Abbreviations used in this paper: delExon2 or DE2, deletion exon 2 mutation; ES,
embryonic stem; FBM, FERM binding motif; FT/AA, F117Aand T119A mutation
in mouse Sav1; HE staining, hematoxylin and eosin staining; FLNA, filamin A; KI,
knock-in; NPC, nuclear pore complex; SAV1, Protein salvador homolog 1; TAZ,
WW domain-containing transcription regulator protein 1; TUNEL assay, terminal
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Elosegui-Artola et al., 2017; Kassianidou et al., 2019; Piccolo et al.,
2014). However, since nuclear entry of non-phosphorylatable S127A
mutant YAP1 is still sensitive to substrate rigidity, stretching of NPC
isessential even forHippo-dependent nuclear entry of YAP1. More-
over, another group showed that physiological mechanical strain
at the apical membrane can reduce Hippo kinase dimerization to
downregulate Hippo signaling, thereby activating Ykiin Drosophila
epithelia (Fletcher et al., 2018). The other mechanism includes
non-proteolytic polyubiquitination of YAP by the SCFSKP2 E3 ligase
complex (SKP2), which promotes YAP1 nuclear localization and

mice. The positions of products
derived from the KI (321 bp) Sav1
alleleswereindicated. Sav-1,salva-
dor family WW domain containing
protein 1.

transcriptional activity inindependent of Hippo pathway-mediated
phosphorylation of YAP (Yao et al., 2018). Tyrosine phosphoryla-
tion of YAP1 by Src also promotes its nuclear translocation and
activation (Taniguchi et al., 2015).

Protein salvador homolog 1 (SAV1) is the scaffold protein that
promotes the activation of MST-LATS kinase cascade in the Hippo
pathway (de Amorim et al., 2021; Lin et al., 2020). SAV1 dimeriza-
tion is essential for the trans-activation of MST (Lin et al., 2020)
and loss of Sav1 (human protein names are designated with all
letters in uppercase, whereas mouse protein names are with only



the first letter in uppercase and the remaining letters in lowercase.
Gene names areitalicized) inmice induces liver enlargement, renal
tubulointerstitial fibrosis, and senescence (Lee et al.,2010) (Leung
et al., 2017; Seo et al., 2016). Consistent with these phenotypes,
deletion of Mst1/2 in mouse hepatocytes results in enlarged livers
due to excessive proliferation (Lu et al., 2010).

Recently,we found that SAV1 interacts with the mechanosensing
domain of FLNA and disruption of theinteraction promotes diffusion
of SAV1 tothe nucleus and cytoplasmiclocalization of YAP1 (Zhang
et al., 2023). These results made us wonder if the Hippo pathway
may be regulated by mechanical forces through the FLNA-SAV1
interaction. To test this hypothesis, we generated conditional K
mice expressing non-Flna-binding mutant Sav1 in hepatocytes by
crossing with mice carrying Cre recombinase driven by alb gene
promoter because previous research
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Results

Generation of conditional mutant Sav1 knock-in C57BL/6 mice
To investigate if the FLNA-SAV1 interaction regulates animal
organ size, we aimed to generate conditional Kl mice expressing
F117A(TTTtoGCT)and T119A (ACAto GCA) (FT/AA) mutant Sav1
(corresponding to F116A and T118A mutations of human SAV1
that disrupt the interaction with FLNA (Zhang et al., 2023)) in liver
using the albumin-Cre (alb-Cre)-lox system (Figs. 1B;S1). Since our
previous data suggested that disruption of FLNA-SAV1 interaction
suppresses YAP1 activity (Zhang et al., 2023), we speculated that
non-Flna-binding mutation of Sav1 in whole tissue might be lethal
for mice. If such mutation spoils the complete function of Sav1
(e.g. aggregation or degradation), hyperproliferation is expected
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because liver-specific knock-out (KO) of Sav1 resultsin enlargement
of the liver due to excessive proliferation (Lee et al., 2010; Lu et al.,
2010). To avoid the possibility of a lethal phenotype and complete
disruption of Sav1 function, we generated liver-specific KI mice.
Cre-negative heterozygous F1 mice (flox/+) were born healthy
and fertile and developed normally. Then we tried to generate a
Cre-negative homozygous F2 mouse (flox/flox). However, only two
homozygotes (one male and one female) were found among 134
littermates, indicating that most of the homozygous F2 (flox/flox)
mice were embryonic lethal. Although these two mice survived
more than 10 months, they were small and infertile. Unfortunately,
these mice died during the Covid-19 pandemicin 2020, and further
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analysis was not performed. Therefore, we altered the breeding
strategy by crossing F1 with hepatocyte-specific alb-Cre mice
and obtained liver-specific Cre-positive heterozygous F3 mouse
(Sav1Hep-F116A, T118A/+) (Fig. 1C). Such Cre-positive heterozy-
gous mice were born healthy and fertile and developed normally.
To generate Cre-positive homozygous Kl mice, Cre-positive hetero-
zygous F3 mice were mated with each other. However, only two
dwarf homozygotes were found among 90 littermates, indicating
that most of the homozygous mice were embryonic lethal. Geno-
typing of WT mice and transgenic mice was confirmed and Cre
recombination specifically occurredintheliver of Cre-positive mice
as we expected (Fig. 1D).
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Only statistically significant p-values are shown.

Since the loss of Sav1 protein led to embryonic lethality in most
mice (Lee et al., 2008) and since the superficial appearance of
the homozygous flox/flox mice and the homozygous Cre positive
Sav1Hep-F116A, T118A/Hep-F116A, T118A mice were observed to
be similar, we decided to perform RT-PCR to evaluate the presence
of Savl mRNA expressed in each mouse and western blotting to
quantify the expression of Sav1 protein (Fig. 2). The RT-PCR results
demonstrated that FT/AA mutation is successfully introduced in the
Cre-positive flox/+ and flox/flox mice (Fig. 2C). Because the liveris a
unique immunological organ with rich intrahepatic lymphocytes and
diverse other cells (Racanelli and Rehermann, 2006), which do not
express albumin to promote the expression of Cre recombinase, RT-
PCR showedboth Kland non-KIPCR products (Fig. 2B). Unexpectedly,
the insertion of the flox cassette skips exon 2, resulting in shorter
Sav1 in all transgenic mice, including (flox/+) (flox/+, Cre) and (flox/
flox, Cre) mice (Fig. 2 B,C), which is missing FLNA-binding site. The
point and exon 2-deleted Sav1 proteins were expressed in mouse
tissue and tissue culture cells in good agreement with their expected
molecular weights (Fig. 2 D,E), indicating that these mutations do
not induce degradation of Sav1 protein in mouse tissues and tissue
culture cells. Therefore, a phenotype of these mice is expected to
be different from that of Sav1 KO mice. Since WT, point mutant, and
exon 2-deleted Sav1 expressed other known functional domains that
bind to MST1/2 (Fig. 2F), and the exon 2 deletion mutant is funda-
mentally similar to point mutation at the FIna-binding site in terms of
disruption of FIna-binding unless this domain has another biological
function, we decided to further characterize these mice. Although
flox/+ heterozygous mice appear to be normal presumably due to
the compensation effect of WT cells and were obtained in sufficient
numbers for statistical analysis, we also analyzed flox/+ heterozy-
gous mice for their body weight, liver size, apoptosis, and histology.

Disruption of Sav1/FInainteraction promotes apoptosis in mouse
liver

To investigate the function of the Sav1-Flna interaction during
mouse development, we compared the body size and liver weight
of WT and transgenic mice. We found that the body weight and
liver weight of homozygous mice were smaller compared to those
of the same age WT and heterozygous mice (Fig. 3 A,B), whereas
liver-specific Sav1 knock-out was shown to enlarge the liver (Lee
etal.,, 2010; Lu et al., 2010). Since the normal size of Sav1 protein
was detected in the liver by western blotting (Fig. 2D), growth
retardation of the liver in the homozygous mice was not due to
degradation of Sav1 but due to point mutation. In addition, HE
staining and terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay demonstrated the decreased size of the
nucleus and increased apoptosis in homozygous mice livers when
mice were at the age of eleven months old (Fig. 3 D-G).

We also performed the HE staining and TUNEL assay for livers
of two-week-old heterozygous mice. Consistent with the 11-month-
old mice, the nuclear size of hepatocytes decreased (Fig. 4 A,B),
and cell apoptosis was moderately increased in Cre-negative
heterozygous and Cre-positive heterozygous mouse livers rela-
tive to WT controls (Fig. 4 C,D), indicating that the cell apoptosis
was dominantly regulated by disruption of Sav1/FIna interaction,
instead of aging of mice.

Disruption of SAV1/FLNA interaction does not influence phos-
phorylation of YAP1

Since the disruption of the SAV1-FLNA interaction promotes
translocation of YAP1 to the cytosol (Zhang et al., 2023), we deter-
mined if non-FLNA-binding mutant Sav1 induces phosphorylation
of YAP1 using cells transfected with WT and mutant Sav1. However,
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gesting that the point and deletion mutant of Sav1
are partially functional. Although we cannot exclude
the possibility that the exon 2 encoded domain has

another biological function besides FIna-binding, the
mutant Sav1 can at least bind to Mst kinase. Using
flox/flox Cre mice and flox/+ heterozygous mice, we
foundthatdisruption of FlIna-Sav1 interactioninduces
apoptosis, thereby retarding normal organ growth.
The FLNA-binding site is encoded by exon 2,
whereas other functional domains areindependently
encoded by different exons. Thus, for example, the
FERM binding motif (FBM) domain which binds to
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Fig. 5. Filamin A (FLNA)-binding of Sav1 does not influence phosphorylation of yes-
associated protein 1 (YAP1). (A) Western blotting showing level of YAP1 and phosphorylated
YAP1 in HEK293A cells expressing WT and non-FLNA-binding mutant Sav1. (B) Quantitation
of relative phosphorylation level of YAP1 in HEK293A cells expressing WT and mutant Sav1.
Phosphorylated YAP1 levels were normalized to the total YAP1 levels. Significance was ana-
lyzed by one-way ANOVA followed by Newman-Keuls multiple comparisons test (*P<0.05).
6.883, P =0.013. Data are presented as mean + SD. Only statistically significant

n=3.F(3,8) =
p-values are shown. FLNA, filamin A.

the standard transfection protocol recommended by the manufac-
turer used cells at ~70-80% confluence and these cells reached
confluency when cells were harvested (~24 post-transfection).
Since phosphorylation of YAP1 is highly influenced by cell density
(Fig. S2), we optimized the condition for transfection without reach-
ing confluency. Consistent with the previous finding (Jiang et al.,
2017), overexpression of WT Sav1 in HEK293A cells stimulated
phosphorylation of YAP1 (Fig. 5). Expression of non-FLNA-binding
Sav1 point and deletion mutants also increased phosphorylated
YAP1 at the same extent as WT Sav1 (Fig. 5).

Discussion

Wehaverecentlyidentified SAV1asanew FLNA-mechanobinding
partner and found that disruption of this interaction releases SAV1
from FLNA in the cytoplasm and promotes diffusion of SAV1 to
the nucleus and reciprocal diffusion of YAP1 from the nucleus to
the cytoplasm (Zhang et al., 2023). These biochemical and cell
biological dataencouraged ustoinvestigateif the force-dependent
interaction of FLNA-SAV1 plays arolein animal development using
transgenic mice expressing non-Flna-binding mutant Sav1. Unex-
pectedly, the insertion of the flox cassette skips exon 2 presum-
ably due to its bulkiness, resulting in shorter Sav1 in all transgenic
mice. Therefore, flox/flox mice express Sav1 missing exon 2 in
whole bodies, and flox/flox, Cre mice express point mutant Sav1
in hepatocytes and exon 2 deletion mutant in the rest of tissues.
If these mutations result in loss of function of Sav1, one would
expect enlargement of the liver or tissues as liver-specific KO of
Sav1increases liver size (Lee etal.,2010; Lu et al.,2010). However,
since we did not observe excessive proliferation in flox/flox and
flox/flox Cre mice, point mutation or deletion of exon 2 do not lead
to complete disruption of Sav1 function. Rather, proliferation was
suppressed in these mice in agreement with our hypothesis, sug-
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merlin, the PP2A A subunit, and KIBRA (Bae et al.,
2017; Qi et al., 2022; Yu et al., 2010), is encoded by
exon 1; the WW domains which mediate dimeriza-
tion and binding to LATS (Lin et al., 2020; Tapon et
al.,, 2002) are encoded by exon 3, and the SARAH
domainwhich mediates heterodimerization withMST
(Hwang et al., 2007) is encoded by exon 5 (Fig. 6A).
Currently, function of a domain encoded by exon 4
is unknown, but this domain may provide a space to
facilitate phosphorylation of LATS by MST.

Insertion of mutant exon 2 gene flanked by LoxP
and Lox 2272 sites resulted in deletion of exon 2
presumably due to its bulkiness, which is most likely
thereasonwhy only two homozygous micewereborn
among 134 littermates and thesetwo mice had growthretardation.
Thisresult suggests thatthe domainencoded by exon 2isnecessary
for normal growth of tissues and organs. By changing the breeding
strategy, we finally obtained two Cre-positive homozygous mice that
express pointmutant Sav1in hepatocytes (Sav1HerF116ATI18A/ Sqy 1 Hep-
F116AT118A) while other cells express exon 2-deleted Sav1. These mice
also had growth retardation similar to the homozygous F2 mice
(flox/flox), indicating that mice can find an alternative pathway to
survive without Flna-binding ability in about 2% chance (2 flox/flox
mice out of 134 littermates and 2 homozygotes KI mice out of 90
littermates) by an unknown mechanism. TUNEL assay indicated
that apoptosis was increased in the liver expressing mutant Sav1.
Since we could obtain a sufficient number of heterozygous mice
with and without alb-Cre expression, we histologically analyzed
their livers. Consistent with the homozygous mice livers, apopto-
sis was increased in heterozygous mice with and without alb-Cre
expression at the same extent, indicating that both point mutation
of Sav1 and deletion of exon 2 induce apoptosis. However, the body
sizes of heterozygous mice were normal, suggesting that WT cells
can compensate for apoptotic cells induced by non-FIna-binding
mutant Sav1. These results support a hypothesis that exon 2 in-
dependently encodes a domain for FLNA binding. Although SAV1
enhances MST1-mediated apoptosis through death-associated
protein 4 (DAP4), histone H2B, and inhibitor of caspase-activated
DNase (ICAD) (Cheung et al., 2003; Lin et al., 2002; Luo et al., 2009;
Uraetal.,2001), how disruption of FLNA-SAV1 interaction induces
apoptosis is an open question.

Previous research showed that mechanical stretching reduces
the dimerization of Hippo (MST) and phosphorylation of Yki (YAP1),
thereby promoting its nuclear localization (Fletcher et al., 2018). In
addition, SAV1isrequired for MST1 activation and translocation to
the nucleus for subsequent LATS1/2 activation (Lee et al., 2008).
Phosphorylation of YAP1 by the activated LATS1/2 excludes YAP1



from the nucleus to lead to cell apoptosis and restricts organ size
overgrowth (Chen et al., 2010; Johnson and Halder, 2014; Zhang
et al., 2015). Therefore, activated LATS need to enter the nucleus
to phosphorylate YAP1 although it is possible that phosphoryla-
tion takes place in the cytosol if non-phospho-YAP1 can exit the
nucleus (Fig. 6). Originally, we hypothesized that disruption of the
FLNA-SAV1 interaction alters the phosphorylation of YAP1, but
no statistical difference in the phosphorylation level of YAP1 in
HEK293 cells overexpressing WT and mutant Sav1 was observed.
This data suggests that apoptosis was promoted by disruption of
the Flna-Sav1 interaction in mice liver not by phosphorylation of
Yap1 but by an unknown mechanism. However, it is possible that
phosphorylation of YAP1 reached maximum by overexpression of
even WT Sav1 in the tissue culture system.

Our findings raised new questions: 1) Does the binding of
SAV1 to FLNA regulate MST activity by competing with MST?, 2)
Does the binding of SAV1 to FLNA reduce dimerization of MST?,
3) Does the SAV1-MST-LATS complex translocate to the nucleus
to phosphorylate YAP1?, 4) How does the FLNA-SAV1 interaction
regulate apoptosis (Fig. 6B).

In conclusion, using transgenic mice expression non-Flna-
binding Sav1 with either point mutations or deletion of exon 2,
we show that force-dependent FLNA-SAV1 interaction prevents
apoptosis with yetunknown mechanisms A
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that loss of YAP/TAZ led to the enlargement of the liver because
the force-dependent FLNA-SAV1 interaction lost its effectors to
control YAP/TAZ activity. To further test this possibility using an
animal model, the FIna-Sav1 interaction needs to be specifically
targeted without affecting other functions.

Materials and Methods

Antibodies

Rabbit anti-YAP antibody was purchased from Cell Signaling
Technology (#4912S). Anti-phospho-YAP (Ser127) antibody was
purchased from Cell Signaling Technology (#4911). A mouse
monoclonal anti-HA antibody was purchased from Proteintech
(#66006-2-1g). Rabbit polyclonal anti-Histone H3 antibody was
purchased from Beyotime (#AH433-1). Rabbit monoclonal anti-
STK3/MST-2 antibody was purchased from Abcam (ab52641).
A mouse monoclonal anti-SAV1 (3B2) antibody was purchased
from Novus Biologicals. Rabbit polyclonal anti-SAV1 antibodies
were generated as follows: His-SAV1 (130-383 aa) protein was
expressed in BL21 (DE3) using pET-23a (+)-HTb vector, purified
using Ni-NTA affinity resin (Qiagen) in the presence of 8 M urea,
and immunized to rabbit (outsourced to Pacific immunology).
Antibodies were affinity purified using GST-SAV1 (199-262aa) im-

to control the growth of tissues anq or- Human SAV1
gans. Contrary to the widely recognized cDs . . . . 1152 bp
paradigms, depletion of YAP/TAZ TAZ Exon 1 Exon2 Exon 3 Exon 4 Exon 5
(ww domaln-'con’Falnlng trgnscrlptlon Protein - I 383 aa
regulator protein 1) in mouse liver resulted FB!M Filamin-binding site WW | WwW SARAH
in larger liver size compared to wild-type
counterparts, although liver regeneration Mouse Sav1l
is less efficientwhen YAP/TAZ are deleted CDS =oni Bon2 | = e e o 181 bp
(Luetal.,2018;Verbovenetal.,2021). This

Protein 386 aa

suggests that YAP/TAZ are not essential

for liver growth, but potent inducers of
cell proliferation which is controlled by
the Hippo pathway (Russelland Camargo,

2022). Therefore, one can hypothesize substrate)
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Fig. 6. How mechanical forces regulate yes-
associated protein 1 (YAP1) localization
throughthe FLNA/SAV1 interaction. (A) Coding
sequence (CDS)and protein structure of human
andmouse SAV1. The FERM binding motif (FBM)
(green) binds to the FERM domain of NF2, sp5-
domain or WWP repeating motif (WW) domains
(cyan) mediate dimerization, and the SARAH
domain (orange) mediates heterodimerization
with MST. (B) The binding of SAV1 to FLNA
under tension retains MST1/2 and LATS1/2 in
the cytoplasm, thereby endorsing the activity
of YAP1 in the nucleus. In relaxed cells, SAV1
is released from FLNA to induce apoptosis by
an unknown mechanism. Some of the released
SAVT might translocate to the nucleus presum-
ably with MST1/2 and LATS1/2. Phosphoryla-
tion of YAP1 might take place in the cytosol if
non-phospho-YAP1 can exit the nucleus. FLNA,
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mobilized on NHS-Sepharose. For western blotting, the purified
antibodies wereused at0.66 pg/ml. Goat anti-Rabbit (H+L) IgG-HRP
conjugate secondary antibody (#172-1019) and goat anti-Mouse
IgG (H+L)-HRP conjugate (#172-1011) secondary antibody were
purchased from BioRAD.

Animal care and treatment

This study complies with all relevant ethical regulations for
which approval of the institutional review board and the ethics
committee of Tianjin University. All animal care and procedures
were carried out according to the approval of the Institute of Radia-
tion Medicine Chinese Academy of Medical Sciences. Mice were
housed at barrier condition using a 12 h light to 12 h dark cycle
and following Laboratory Rodent Diet 5001 (PMI International).
Mice were sacrificed by the mouse spinal cord dislocation method.
The extracted organs were frozen in liquid nitrogen or immersed
in fixatives (Servicebio).

Construction of chimeric Sav1 77119 9 knock-in mouse

To generate the mutant Sav1 knock-in ES cells (Fig. 1A), the
mutant exon 2 was cloned into intron 2 in the reverse orientation
in the targeting vector. The WT and mutant exon 2 were flanked
with loxP and lox2272 sites, and the Neo cassette was flanked by
self-deletion anchor sites. F117A (TTT to GCT) and T119A (ACA
to GCA) mutations (correspondingto F116A and T118A mutations
of human SAV1 that disrupt FLNA interaction (Zhang et al., 2023).)
were introduced into the mutant exon 2. Diphtheria toxin A was
used for negative selection. The heterozygous chimeric Sav1F1174
944 mice were generated from Cyagen Biosciences Inc. Targeted
ES cell clone (Fig. 1A) was injected into C57BL/6 albino embryos,
which were re-implanted into CD-1 pseudo-pregnant female mice.
Founder animals were identified by their coat color, and their
germline transmission was confirmed by breeding with C57BL/6
females and subsequent genotyping of the offspring. The Neo
cassette is self-deleted in germ cells so that the offspring were
Neo cassette-free. Positive pups from the ES clone were identified
as positive by PCR screening for loxP, lox2272, and Neo deletion
(Fig. S1). Primer for loxP: loxP-F (F1): 5-CATTCAAATCAGCAGC-
CATGACC-3;loxP-R(R1): 5-~ACCCGGTTCTAAGCACAATTATCAA-3".
Primers for 1ox2272 PCR:

lox2272-F (F2): 5-ACTGCGCCCTAATAACTTCGTA-3'; lox2272-
R (R2): 5-GTGTATGCTGGTTTTGTCTCACTAA-3'. Primers for Neo
deletion: Neo-del-F (F3): 5-CGAGGTGGGGATTAAGGAATGTT-3}
Neo-del-R(R3): 5-GTCACGTGGTAGCTCGATATAACT-3'. Primers for
constitutive Kl allele: cKI-F (F4): 5-GGAATGTTGCAGCTCCACTTA-
AT-3';cKI-R(R4): 5-TCCCAAGAGGATCAAGAAAATGCTA-3'. Primers
forCretransgene: Forward1: 5-CATATTGGCAGAACGAAAACGC-3'
Reverse1: 5-CCTGTTTCACTATCCAGGTTACGG-3'.

TUNEL assay

Liver sections were deparaffinized and rehydrated followed by
digestionwith proteinase K (22 minat37°C),and then permeabilized
by permeabilizing working solution for 20 min atroom temperature.
After incubating with the TUNEL reaction mixture for 2 h, sections
were sealed with an antifade mounting medium. Adherent cells
were centrifuged (200 x g, 5 min), perfused with 4% formaldehyde
in PBS for 30 min, rinsed with PBS, permeabilized by 0.3% Triton
X-100in PBS for 5 min, and incubated with TUNEL reaction mixture
(Beyotime) for 1hr. Positive controls were treated with DNase |

(TAKARA) for 20 min before incubating with a TUNEL reaction
mixture. The TUNEL-positive cells were observed and imaged
under a fluorescence microscope.

Reverse Transcription PCR (RT-PCR)

Total RNA was extracted according to the instruction of RNAiso
Plus kit (#9108, TAKARA). Total mRNA was reversely transcribed
into the cDNA library by First-Strand cDNA Synthesis kit (#N20909,
Transgen). PCR amplification was performed using 5’ primer (F5),
5-GAGGTGTCTAAGCCGGCC-3', and 3’ primer (R5) 5-CAGCCAG-
GAGGAAGTCCTTCTC-3',and PCR product was analyzed on agarose
gel and sequenced.

Histochemistry

Tissue sections were deparaffinized, rehydrated, and then
subjected to antigen retrieval by heating in citric acid (pH 6.0).
After incubating with 3% hydrogen peroxide for 25 min at room
temperature, tissue sections were blocked with 3% BSA for 30min
at room temperature, in turn, incubated with primary antibodies
prepared with PBS (pH 7.4) overnight at 4°C and secondary anti-
bodies (HRP-labeled) for 50 min at room temperature. Then the
specimen was treated with a freshly prepared DAB developing
solution. The sections were counterstained with hematoxylin stain
solution and treated with hematoxylin returning blue solution. The
sections were dehydrated, removed from xylene,and mounted with
neutral gum. Tissue sections were visualized under fluorescence
microscopy (Nikon ECLIPSE 80i).

Plasmid construction

Mouse Sav1 (wild-type (WT), F117A/T119A, and deletion exon
2) was amplified by PCR using 5’ primer, 5-GTACCGGATCCATGCT-
GTCCCGCAAGAAAACC-3',and 3’primer, 5-GATATGCGGCCGCACT-
TAAGAACGTCTTGCCATGCTG-3’, using cDNA library from WT and
Kl mice as a template, digested with BamHI/Notl, and ligated into
pcDNA3.6-HA vector at BamHI/Notl sites. pSBP (streptavidin-
binding protein, GHVVEGLAGELEQLRARLEHHPQGQ)-C1 was
constructed by ligating annealed double strand DNA of Age I-SBP
(5-CCGGTATGGGCCACGTGGTGGAGGGCCTGGCCGGCGAGCTG-
GAGCAGCTGAGAGCCAGACTGGAGCACCACCCCCAGGGC-
CAGAGAGAGG-3’) and SBP-BamH | (5'-GATCCCTCTCTCTG-
GCCCTGGGGGTGGTGCTCCAGTCTGGCTCTCAGCTGCTCCAGCTC-
GCCGGCCAGGCCCTCCACCACGTGGCCCATA-3') into pFLAG-C1
vector digested with Age |/BamH |. pSBP-Sav1 was constructed by
amplifying mouse Sav1 with 5’ primer, 5-GTACCGGATCCATGCT-
GTCCCGCAAGAAAACC-3" and 3’ primer, 5-GGGCGCGGCCGCT-
TAACTTAAGAACGTCTTGCCATGCTG-3' using pcDNA3 Sav1(WT,
FT/AA, and Del exon 2)-HA as templates, digesting with BamHI/
Notl and ligating into pSBP vector at BamHI and Notl sites. SAV1
KO plasmid was constructed as follows. The guide RNAs (JRNAs)
were designed using the design tool at https://portals.broadinsti-
tute.org/gpp/public/analysis-tools/sgrna-design. The sgRNAs (F1
sense: 5-CACCGGAAGTCCTTCTCGCTCAAG-3' and R1 antisense:
5-AAACCTTGAGCGAGAAGGACTTCC-3’; F2 sense: 5'-CACCGCT-
GTGGACTGGACAATGAG-3' and R2 antisense: 5-AAACCTCATT-
GTCCAGTCCACAGC-3’) were annealed in the tube containing 7 pl
ultrapure H20, 1 ul 10 x annealing buffer (Tris-HCI 100 mM, NaCl
1M, EDTA (pH 8.0) 0.1 mM), 1 pl of 50 pM sense oligo and 1 pl
of 50 pM antisense oligo followed the program 95 °C, 5 min ->25
°C (1 °C/min), respectively. The annealed oligonucleotides were


https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna
https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna

purified with PCR-Pure Kit (Omega). pX330-U6-Chimeric_BB-CBh-
hSpCas9 plasmid (Addgene) was digested with Bbsl-HF (New
England Biolabs) and ligated with the gRNA.

Cell culture and transfection

HEK293A cells were cultured in DMEM high glucose with
10% fetal bovine serum and penicillin-streptomycin. Cells were
maintained at 37°C and 5% CO,. Before transfection, 0.5~1x103
cells were plated on a 6-well plate so that the cell confluency will
be 30~60% after 24 hours. The medium was changed to a fresh
growth medium without antibiotics at the time of transfection.
Plasmids (4 ug) were mixed with 10 pl of LipoGeneTM 2000 Star
Transfection Reagent (US Everbright) in 500 pl Opti-MEM® | Re-
duced Serum Medium (Gibco) and incubated for 20 min at room
temperature. The mixture was drop-wisely added into each well
and then incubated for another 24 hours.

SAV1 KO HEK293 cells

HEK293A cells were cultured on a 24-well plate at 70% confluence
atthetime of transfection. pX330-Sav1 gRNA (1 pg) was transfected
with 2 pl of LipoGeneTM 2000 Star Transfection Reagent (US Ev-
erbright). After 48 hours, the cells were seeded on 96-well plates
by serial dilution. Clones were detectable by microscopy after one
week. These colonies were subcultured into 12-well plates. When
the cells reached 80-90% confluency, cells were lysed by ice-cold
RIPA buffer (Sparkjade) with an EDTA-free protease inhibitor cock-
tail (Sigma) at 1:100 just before lysis. Cell lysis was solubilized by
5 x SDS sample buffer (10% SDS, 50% glycerol, 250 mM Tris-HCI
(pH6.8),5MM EDTA, 0.25% (w/v) bromophenol blue dye, 25% beta-
mercaptoethanol. Western blotting was performed to confirm the
absence of SAV1 with anti-SAV1 monoclonal antibodies.

Western blotting

Mouse tissue was lysed by ice cold RIPA (Sparkjade) and 1%
(v/v) protease inhibitor (Sigma) and homogenized with a glass
homogenizer, then maintained for 40 min on ice. Then samples
were centrifuged for 20 min at 13,400 x g at 4 °C. Total protein
concentration was estimated by BCA assay kit (Meilunbio). Tissue
culture cells wererinsed with PBS, lysed with 1x SDS sample buffer,
sonicated for 5 seconds, then boiled at 95°C for 5 min. The sample
was loaded on SDS-PAGE, and proteins were transferred onto 0.45
pm nitrocellulose membrane. The membrane was blocked with
blocking buffer (5% non-fat milk in TBST (20 mM Tris-HCI, pH 7.4,
110 mM NaCl, 5 mM MgCl,, 0.1% Tween 20). Primary antibodies
were prepared in the blocking solution and membranes were in-
cubated overnight at 4°C. The membrane was washed with TBST
andincubated with HRP-conjugated secondary antibodies in TBST
for 1 h at room temperature. The membrane was washed and
developed with the HRP substrate (WesternBright ECL, Advansta).

Quantitation of phosphorylated YAP1 in HEK293A cells express-
ing WT and mutant Sav1

Band images of western blotting of anti-YAP and anti-phospho
YAP were imported into Image J (version 1.48) and band intensity
was calculated as follows. Images were transformed into 8-bit. After
subtracting the background, the images were inverted. The bands
were individually selected and band intensity was measured. The
data was imported into GraphPad Prism version 5.00 (La Jolla,
CA) for analysis.
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Pull-down assay with SBP-Sav1

SBP-Sav1 was expressed in SAV1-KO HEK293A cells on a 60
mm dish by transfecting 8 ug plasmids using LipoGeneTM 2000
Startransfectionreagent (US Everbright). HEK293A cells expressing
SBP-Sav1 were lysed with lysis buffer (50 mM Tris-HCI (pH7.4), 150
mM NaCl,0.1 mM B-mercaptoethanol,1TmMMEGTA, 1% TritonX-100).
Protease inhibitor (Beyotime) and 0.5 M EDTA (Beyotime) were
added just before lysing at the ratio of 1:100. The cell lysates
were centrifuged at 15,000 x g for 10 min at 4°C. The supernatant
was collected and incubated with streptavidin (Genscript) coated
NHS-activated Sepharose (Cytiva) at 4°C for 4 hours. The strep-
tavidin beads were washed with washing buffer (50 mM Tris-HCI
(pH 7.4), 150 mM NaCl, 0.1 mM B-mercaptoethanol, T mM EGTA,
0.1% TritonX-100) three times. Bound proteins were solubilized in
SDS sample buffer, separated on SDS-PAGE, and transferred to a
nitrocellulose membrane. Western blotting was performed using
anti-STK3/MST-2 (ab52641, Abcam), anti-LATS1 (C66B5, Cell
Signaling Technology), anti-SAV1 (3B2, Novus Biologicals) and
anti-betaactin (N10218, Transgene) antibodies. After washing, the
membrane was incubated with HRP-conjugated secondary antibod-
ies for 1 h at room temperature. The membrane was washed and
developed with the HRP substrate (WesternBright ECL, Advansta).

Statistics

Data are mean + S.D. All experiments were performed at least
three times independently. All image analysis was performed by
operators who were blinded to the treatments administered. Sig-
nificance was analyzed by one-way ANOVA followed by Tukey's
multiple comparison test or Newman-Keuls multiple comparisons
test. *P<0.05,**P<0.01,***P<0.001,****P<0.0001. Only statistically
significant p-values are shown. Statistical analysis was performed
in GraphPad Prism (version 9.0.0, GraphPad Software Inc., San
Diego, CA, USA).
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