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Cell type-dependent function of LATS1/2 in cancer cell growth
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LDepartment of Pharmacology and Moores Cancer Center, University of California, San Diego,
La Jolla, CA 92093, USA

2:School of Medicine, Jiaxing University, Jiaxing 314001, China

3-Department of Molecular Enzymology and Center for Metabolic Regulation of Healthy Aging,
Faculty of Life Sciences, Kumamoto University, Kumamoto 860-8556, Japan

Abstract

The Hippo pathway controls organ size and tissue homeostasis, and its dysregulation often
contributes to tumorigenesis. Extensive studies have shown that the Hippo pathway inhibits cell
proliferation, and survival in a cell-autonomous manner. We examined the function of the Hippo
pathway kinases LATS1/2 (large tumor suppressor 1 and 2) in cancer cells. As expected, loss of
LATS1/2 promotes cancer cell growth in most cell lines. Surprisingly, however, LATS1/2 deletion
inhibits the growth of murine MC38 colon cancer cells, especially under detachment conditions.
This growth inhibitory effect caused by LATS1/2 deletion is due to uncontrolled activation of Yes-
associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ), the key
downstream transcriptional coactivators inhibited by LATS1/2. We identified Wnt inducible
signaling pathway protein 2 (Wisp2) and coiled-coil domain containing 80 (Ccdc80) as direct
targets of YAP/TAZ. Their expression is selectively induced by LATS1/2 deletion in MC38 cells.
Furthermore, deletion of WISP2 and CCDCB80 prevents the growth inhibitory effect of LATS1/2
loss in MC38 cells. Our study demonstrates that the function of LATS1/2 in cell growth is cell
context dependent, suggesting that LATS1/2 inhibition can be a therapeutic approach for some
cancer types.
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Introduction

The Hippo pathway was initially identified through genetic mosaic screenings in Drosophila
melanogaster as a key contributor of organ size determination!. Core components of the
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Hippo pathway are highly conserved in evolution and the mammalian Hippo pathway also
restricts tissue growth by controlling cell proliferation and apoptosis?—4. Aberrant expression
or dysregulation of the Hippo pathway has been linked to human cancers®’. Upstream
kinases of the mammalian Hippo pathway include mammalian STE20-like protein kinase
1/2 (MST1 and MST2), mitogen-activation protein kinase kinase kinase kinase (MAP4Ks)
family members, and large tumor suppressor 1/2 (LATS1/2). Yes-associated protein (YAP)
and transcriptional coactivator with PDZ-binding motif (TAZ; also known as WWTR1) are
key effectors of the Hippo signaling pathway8. YAP/TAZ are mainly inhibited by LATS1/2-
dependent phosphorylation, which leads to cytoplasmic localization and ubiquitin-mediated
degradation®: 10, When activated, the unphosphorylated YAP/TAZ translocate into the
nucleus and bind to the TEA domain (TEAD) family of transcription factors (TEAD1-4) to
induce expression of genes that control many different biological processes1-14,

Previous studies have convincingly established that the Hippo pathway acts as a tumor
suppressor by inhibiting cell proliferation and differentiation, as well as stimulating cell
death®. Many studies in mouse models show that loss of Hippo signaling or overexpression
of YAP is sufficient to promote tumor formation1®. For example, MST1/2 deficiency in the
liver results in hepatocellular carcinoma and YAP overexpression induces liver

tumors® 16-20_ | oss-of function mutations of the Hippo pathway upstream component NF2
contributes to schwannoma and meningioma with high activation of YAP/TAZ?21. 22,
Furthermore, deletion of LATS2 is associated with malignant mesothelioma23: 24, Although
most of the studies support the tumor suppressor model of the Hippo pathway, dual
functions of the Hippo pathway in cancer biology has been suggested as YAP may have a
tumor suppressive function in hematological cancers?® 26 and lung squamous cell
carcinoma?’,

In this study, we examined the effect of LATS1/2 deletion in 8 mouse cancer cell lines and
found that in most cell lines LATS1/2 deletion moderately or dramatically enhanced
anchorage independent cell growth. Interestingly, MC38 colon cancer cells are addicted to
LATS1/2 as cell growth inversely correlates with the degree of LATS1/2 deletion. Cells with
complete LATS1/2 deletion display severe growth retardation and senescent phenotypes.
The phenotypes of LATS1/2 deletion in MC38 cells are exacerbated under detachment
conditions. Our study demonstrates cell type dependent functions of LATS1/2 in controlling
cancer cell growth and the underlying mechanism.

LATS1/2 deletion shows cell type-dependent effect in cell growth.

We had previously observed that deletion of LATS1/2 in mouse cancer cell lines B16, SCC7,
and 4T1 enhanced immunogenicity of the cancer cells, leading to a tumor growth
suppression of the LATS1/2 knockout (KO) cells in syngeneic immune competent mice?8. In
an effort to expand this discovery, we deleted LATS1/2 in many mouse cancer cell lines,
including MC38 and CT26 colon cancer cells, Panc02 pancreatic cancer cells, MB49
bladder cancer cells, GL261 glioma cancer cells, MyC-CaP prostate cancer cells, and
168FARN and 67NR breast cancer cells, using CRISPR/Cas9 technology?®. LATS1/2 KO
cells were readily generated with the exception of MC38. By evaluating DNA sequence and
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protein expression of LATS1/2, we successfully obtained complete LATS1/2 KO clones for
each of the above mentioned cell lines (Fig. 1a). It is noteworthy that it was very challenging
to obtain complete LATS1/2 KO clone in MC38 cells. We analyzed more than 100 clones
and obtained many partial LATS1/2 deletion clones, but only had a few LATS1/2 complete
KO cells (Supplementary Figs. 1a and b), which grew extremely poorly (see data in Fig. 2).
These observations suggest a very surprising and interesting possibility that LATS1/2 are
required for growth and/or survival of MC38 cells.

LATS1/2 are well known as tumor suppressors. We examined anchorage independent growth
of WT and LATS1/2 KO cells by a soft agar assay. LATS1/2 deletion strongly increased
anchorage independent growth in pancreatic cancer Panc02, prostate cancer MyC-CaP,
breast cancer 168FARN and 67NR cells. LATS1/2 deletion also increased growth of colon
cancer CT26, glioma GL261, and bladder cancer MB49 (Figs. 1b and c). These results are
consistent with the tumor suppressor function of LATS1/2. In contrast, partial deletion of
LATS1/2 in MC38 clone #5, which could grow under normal two-dimensional (2D) culture,
strongly inhibited anchorage independent cell growth. This result contradicts the current
notion of LATS1/2 as tumor suppressors, and indicates that LATS1/2 show a cell type
dependent effect in cell growth.

We tested whether reducing LATS1/2 expression levels could inhibit MC38 cell growth
under regular cell culture conditions. MC38 has three alleles of both LATS1 and LATS2. We
compared the LATS1/2 partial deletion clone #5 and complete deletion clone #8 and #14
(Fig. 2a). Either energy starvation by 2-DG (2-deoxyglucose) or disruption of F-actin by
LatB (Latrunculin B) induced YAP phosphorylation in wild type MC38 as determined by
both phospho-YAP antibody and phos-tag gel (Fig. 2b). These observations suggest that the
Hippo pathway is operational in MC38 cells. Partial deletion of LATS1/2 (clone #5) showed
a significant reduction in YAP phosphorylation while complete LATS1/2 deletion (clone #8
and 14) abolished YAP phosphorylation upon treatment with either 2-DG or LatB (Fig. 2b).
We also found that LATS1/2 were pivotal for MC38 cell growth as complete LATS1/2
deletion dramatically reduced cell growth (Fig. 2c). Microscopic examinations showed that
MC38 clone #8 cells were larger in size with flattened morphology (Fig. 2d), reminiscent of
cellular senescence. These results indicate that LATS1/2 have a positive role for MC38 cell
growth in a gene dosage dependent manner.

We compared the cell growth of WT and LATS1/2 KO cells under 2D conditions as well as
under anchorage-independent conditions (in cell suspension). Because LATS1/2 complete
KO MC38 cells grow extremely poorly and are hard to manipulate, we focused on the
LATS1/2 partial deletion clone #5. Both LATS1/2 KO Panc02 cells and MC38 clone #5
showed cell growth similar to the corresponding WT cells on a 2D surface. Notably, Panc02
LATS1/2 KO cells showed a significantly stronger growth potential than WT cells in
suspension (Fig. 2e). In contrast, LATS1/2 partial deletion inhibited MC38 clone #5 growth
in soft agar (Fig. 1b) and in suspension (Fig. 2e). Together, the above observations indicate
that LATS1/2 deficiency has different effects on cell growth in different cancer cell types
and this effect is exacerbated by detachment. Therefore, the outcome of LATS1/2 deletion is
strongly influenced by culture conditions, such as anchorage.
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YAP/TAZ regulation by LATS1/2 is comparable between MC38 and Panc02 cells.

YAP/TAZ are the major downstream effectors of the Hippo pathway. LATS1/2 directly
phosphorylate YAP/TAZ on multiple serine residues, resulting in YAP/TAZ cytoplasmic
localization and inactivation. To test whether YAP/TAZ are similarly regulated by LATS1/2
in MC38 and Panc02 cells, we examined YAP/TAZ phosphorylation with a phospho-YAP
antibody or by mobility shift on a phos-tag gel. We found that YAP/TAZ phosphorylation
was induced by energy stress with 2-DG or actin depolymerization with LatB (Fig. 3a and b)
in both WT MC38 and Panc02 cells. LATS1/2 deletion abolished YAP/TAZ phosphorylation
in Panc02 while partial LATS1/2 deletion in MC38 clone #5 reduced YAP/TAZ
phosphorylation (Figs. 3a and b). Consistent with the functional importance of YAP/TAZ
phosphorylation, LATS1/2 deletion also increased the expression of YAP/TAZ target genes
Ctgfand Amot/2in both MC38 and Panc02 cells (Fig. 3c). We further observed that LatB
treatment induced YAP/TAZ cytoplasmic localization in WT MC38 and Panc02 cells, but
not the LATS1/2 deletion cells (Figs. 3d, e and f). Therefore, LATS1/2 similarly regulate
YAP/TAZ phosphorylation, subcellular location, and transcriptional activity in both MC38
and Panc02.

Uncontrolled YAP/TAZ activity mediates the growth inhibitory effect of LATS1/2 deletion in

MC38 cells

To avoid potential off-target effect, we generated MC38 LATS1/2 knockout cell pools using
two independent CRISPR guide sequences (TMC15/16 and TMC23/35) (Fig. 4a). We found
that LATS1/2 deficient cell pools decreased colony formation in soft agar. The LATS1/2
knockout efficiency correlated with the reduction in colony formation (Fig. 4b). Next, we re-
expressed human LATS1 and mouse LATS2 in MC38 clone #5. Western blotting results
showed that LATS1/2 re-expression significantly restored YAP phosphorylation in response
to 2-DG treatment or serum starvation (Fig. 4c). Importantly, re-expression of LATS1/2
partially but significantly rescued colony formation of the MC38 clone #5 in soft agar (Fig.
4d). These results further support that LATS1/2 deletion inhibits MC38 cell growth.

YAP/TAZ are the major physiological targets of LATS1/2 and activation of YAP/TAZ is
generally believed to promote cell growth and tumorigenesis. Our observation suggests two
possibilities: the function of YAP/TAZ in MC38 is growth inhibitory; or other LATS1/2
downstream targets other than YAP/TAZ may mediate the cell growth inhibition in MC38
cells. To this end, we generated MC38 cells stably expressing YAP5SA (a constitutively
active mutant that is not inhibited by LATS1/2) or YAP5SA/S94A (this is a functionally
inactive mutant of YAP5SA because it cannot bind to the downstream transcription factor
TEAD) (Fig. 4e and Supplementary Fig. 1c). Overexpression of YAP5SA, but not the
inactive YAP5SA/S94A, inhibited cell growth of MC38 cells under soft agar, 2D surface,
and suspension conditions (Fig. 4f and Supplementary Fig. 1d). These data suggest that
MC38 cells are rather unique, in which active YAP has growth inhibitory effect. Next, we
investigated the functional significance of YAP/TAZ in mediating the growth inhibitory
effects caused by LATS1/2 knockout. We generated YAP/TAZ knockout pool of MC38
clone #5. The reduction of YAP/TAZ proteins was confirmed by Western blotting (Fig. 49).
As expected, expressions of YAP target genes Ctgfand Amot/2were reduced by YAP/TAZ
deletion in MC38 clone #5 (Supplementary Fig. 1e). Importantly, we observed that deletion
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of YAP/TAZ in MC38 clone #5 increased colony formation (Fig. 4h). Together, our data
support a model that high YAP/TAZ activity is responsible for the growth suppressing effect
caused by LATS1/2 knockout in MC38 cells.

LATS1/2 deletion in MC38 cells suppresses proliferation and promotes apoptosis in
suspension culture

To uncover the mechanism of growth inhibition by LATS1/2 loss in MC38 cells, we
examined MC38 clone #5 on 2D surfaces and in cell suspension. We observed that LATS1/2
deficiency significantly reduced proliferation of MC38 cells in suspension culture as
determined by Ki-67 staining (Fig. 5a), consistent with the results in Figure 2. However,
more complete LATS1/2 deletion, as in clone #8, severely retarded cell growth even under
attachment and cells showed an enlarged morphology, similar to senescent cells. Staining
with the senescence marker SA-B-gal revealed that clone #8 cells are positive for SA-p-gal
activity (Fig. 5b). These data indicate that LATS1/2 deletion results in cellular senescence in
MC38 cells. p53 and p16/pRB axes are major senescence-triggering pathways 30. We found
that pZ6 and the p53 target gene Noxa were increased in MC38 clone #5 (Fig. 5¢),
suggesting that knockout of LATS1/2 induces cellular senescence in MC38 cells.

The effect of LATS1/2 on cell death was also determined using PI staining. A significant
increase of Pl positive cells was found in MC38 clone #5 cultured in suspension (Fig. 5d).
Furthermore, we examined apoptosis using PE-Annexin V apoptosis kit (Fig.5e) as well as
Western blotting for apoptosis markers, cleaved PARP and cleaved caspase 3 (Fig. 5f).
Apoptosis was increased in MC38 clone #5 upon suspension culture (Figs. 5e and 5f). Taken
together, we propose that LATS1/2 deletion in MC38 cells represses cell proliferation as
well as increases senescence and apoptosis, especially under detachment condition.

LATS1/2-deficiency inhibits tumor growth in vivo.

To evaluate the role of LATS1/2 in MC38 tumor growth, we performed xenograft
experiments in nude mice. LATS1/2 deficient cells grew tumors slower than the control
MC38 WT group (Figs. 6a and b). Western blotting analysis confirmed the reduction of
LATS1 protein and YAP S127 phosphorylation in tumors from the MC38 clone #5 (Fig. 6c).
Consistently, expression of YAP target genes (Ctgf, Cyr61, Amotl2, and Ankrdl) was
elevated in the LATS1/2 deficient tumor samples (Fig. 6d). In addition, we found an increase
of cleaved caspase 3, a marker for apoptosis, and a decrease of phospho-histone H3, a
marker for proliferation, in LATS1/2 deficient tumors (Fig. 6e). Collectively, our results
show that LATS1/2 deletion inhibits MC38 cell growth /n vitro and in vivo.

The YAP/TEAD target genes WISP2 and CCDC80 function downstream of LATS1/2 in MC38
cell growth regulation.

It has recently been reported that YAP hyperactivation induces reactive oxygen species
(ROS) accumulation and suppresses lung squamous cell carcinoma growth 27, This led us to
investigate if LATS1/2 deletion increased ROS levels in MC38 cells. We found that ROS
levels were not significantly elevated in MC38 clone #5 (Supplementary Figs. 2a and b).
These results suggest that ROS is unlikely to be the key factor responsible for the growth
inhibition in MC38 clone #5.

Oncogene. Author manuscript; available in PMC 2019 June 10.
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Activation of the transcription co-activators YAP/TAZ is the best-known consequence of
LATS1/2 deletion. To further explore the mechanism by which LATS1/2 regulate cell
growth in MC38, we performed a genome-wide RNA-seq analysis of MC38 WT and
LATS1/2 deleted clone #5 under attachment and detachment conditions. Comparison of cells
in attachment and detachment culture conditions revealed 1672 genes (fold change =2; p
value< 0.05) were changed in MC38 clone #5 and, 944 genes were changed in WT cells.
356 of these genes were common to both groups (Fig. 7a). Interestingly, MC38 clone #5
showed a more dramatic transcription alteration in response to detachment. Pathway analysis
showed that the genes altered by detachment may play roles in cell growth, apoptosis and
cancer development. These genes are known to be involved in cell adhesion, differentiation,
growth, MAPK and PI3K-AKT signaling pathways (Figs. 7b and ¢, Supplementary Figs. 2¢
and d). We confirmed the altered expression of selected genes, including the upregulated
Ctgf, Wisp2, Ccdc80, Scaras, Collal, Gpc3and the downregulated Alcam, Zfp57, Sppl,
Pnma5 and DIk (Fig. 7d).

LATS1/2 deletion specifically inhibits anchorage independent growth in MC38 cells, but not
in Panc02 or other cell lines (Fig.1). We hypothesized that growth-related genes that are
selectively affected by LATS1/2 deletion in MC38 but not in other cell lines may contribute
to the unique LATS-deletion-caused growth inhibitory effect in MC38. We found that
WispZ, Ccdc80and Scaras were highly expressed in MC38 clone #5, but not in Panc02
LATS1/2 KO cells. Actually, these three genes were repressed by LATS1/2 deletion in
Panc02 cells (Fig. 7e). In contrast, other genes, such as Ctgf, Gpc3, Alcamand Sppl, were
similarly altered by LATS1/2 deletion in both MC38 and Panc02 cells (Fig. 7d and
Supplementary Fig. 2e). Furthermore, Wisp2and Ccdc80were only weakly altered by
LATS1/2 deletion in CT26 and 168FARN cells whereas Scara5 was strongly increased (Fig.
7e). Thus, WISP2 and CCDCB8O0 are selectively induced by LATS1/2 deletion in MC38 cells.

We examined the significance of WISP2, CCDC80 and SCARAGS in anchorage independent
growth of MC38 clone #5. Three independent CRISPR guide sequences were tested for each
candidate gene. We found that deletion of WISP2, CCDCB80 partially restored the anchorage
independent growth of MC38 clone #5 (Fig.7f). Deletion of Wisp2 produced more
significant effect. In contrast, deletion of SCARAS had little effect (Fig. 7f). We also found
that deletion of WISP2 and CCDC80 in clone #5 partially, but significantly, rescued cell
growth defects in suspension (Fig.7g and Supplementary Fig. 2f). Furthermore, Q-PCR
results showed that Wisp2and Ccac80also were up-regulated in LATS1/2 KO xenografts
tumor tissue (Fig.7h). Together, our data show that elevated expressions of WISP2 and
CCDCB80 in MC38 clone #5 contribute to the inhibition of anchorage independent growth.

Next, we tested whether YAP/TAZ were required for WISP2 and CCDC80 induction in
MC38. We found that YAP/TAZ knockout reduced the expression of both WISP2 and
CCDCB80 (Fig. 7i). To test whether Wisp2and Ccdc80are direct target genes of YAP, we
performed chromatin immunoprecipitation with a YAP or TEAD antibody. PCR primers
were designed to amplify the most proximal DNase-hypersensitive open chromatin region
from transcription start site of each gene (primer sequences in supplemental methods). All
amplified regions had putative TEAD binding motif CATTCC within 200 bps except for
Gapdh, which has no putative TEAD motif in its DNase-hypersensitive region. Cyr61, a
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well-characterized direct target of YAP-TEAD, was included as a positive control. We
observed that both YAP and TEAD bind to the putative TEAD binding elements in the
promoters of Wisp2 and Ccdc80, but not Scara5 (Fig. 7j), suggesting that Wisp2and Ccdc80
are direct targets of YAP and TEAD. The above data support a model in which LATS
deletion in MC38 results in YAP/TAZ activation, induction of downstream target genes
including Wisp2and Ccadc80, and inhibition of anchorage independent growth. This growth
inhibitory effect is specific to MC38 possibly because WISP2 and CCDCB80 are selectively
induced by LATS1/2 deletion in MC38 cells.

Discussion

In this report, we show that LATS1/2 similarly inhibit YAP/TAZ in all cancer cell lines as
indicated by the increased phosphorylation and cytoplasmic localization of YAP/TAZ.
However, the effect of LATS1/2 deletion on cell growth is cell type dependent. LATS1/2
deletion promotes cell growth (particularly anchorage independent growth) in most cancer
cell lines, but inhibits MC38 colon cancer cell growth. Moreover, the outcome of LATS1/2
deletion is cell culture condition dependent. For example, LATS1/2 deletion has a minor
effect on Pan02 under 2D culture, but strongly promotes growth both in soft agar and
suspension (Fig.1 and Fig. 2e). Likewise, LATS1/2 partial deletion in MC38 inhibits
anchorage independent growth, but has a minor effect on 2D culture. The more complete
LATS1/2 knockout MC38 clones (such as #8 and #14) grow very slowly and appear to be
senescent even under the attachment condition (Fig.2c and 2d). This indicates that LATS1/2
are pivotal for MC38 cell growth. Partial deletion of LATS1/2 in MC38 cells (#5 clone:
LATS1-/-/+;LATS2-/-/+) can maintain cell growth in the attachment condition, but their
growth is severely retarded in detachment condition or soft agar. The precise mechanism for
why this happens is unclear. One possibility is that LATS1/2 deletion creates stress that can
be exacerbated under anchorage independent conditions. This is in line with previous studies
demonstrating important functions of the Hippo pathway in sensing extracellular stiffness3L.
In addition, re-expression of LATS1/2 as well as deletion of YAP/TAZ in MC38 LATS1/2
KO clone #5 showed only a partial rescue of anchorage independent cell growth. One
possible reason for the partial rescue of cell growth in LATS1/2 re-expression is that we
could not fully restore LATS1/2 functions as indicated by the partial rescue of YAP
phosphorylation (Fig. 4C). One caveat of the YAP/TAZ deletion experiment is that we use
YAP/TAZ KO pool cells, but not a clone with complete YAP/TAZ ablation. Naturally, the
degrees of YAP/TAZ reduction vary in individual cells. These factors may explain the partial
rescue phenotypes.

Generally, LATS1/2 are considered to be tumor suppressors and YAP/TAZ function as
oncoproteins. However, YAP has been suggested to be a tumor suppressor in cancers32, In
addition, YAP suppresses lung squamous cell carcinoma through ROS accumulation?’. Our
study establishes that LATS1/2 are not universal tumor suppressors, and their function in cell
growth is cell type dependent and attachment dependent. LATS1/2 deletion inhibits MC38
by increasing senescence and apoptosis as well as reducing proliferation.

Mechanistic investigations reveal that WISP2 and CCDC80 induction by LATS1/2 deletion
in MC38 contributes to inhibition of anchorage independent growth. We show that WISP2
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and CCDCS80 are direct YAP/TEAD target genes. WISP2 is a CCN family protein, which
comprises six members (CCN1-6) including CYR61, CTGF, NOV, WISP1, WISP2, WISP3
33, Previous studies show that CYR61, CTGF, NOV, and WISP1 have tumor promoting
effects, while WISP2 and WISP3 exert tumor suppressor functions. WISP2 inhibits cell
growth, migration and invasion of breast cancer cells and gastric cancer cells 34 35. CCDC80
expression is frequently down-regulated in primary colorectal cancers and human thyroid
carcinomas 36: 37, In addition, CCDC80 can suppress anchorage independent growth and
sensitize cells to anoikis and CD95-induced apoptosis 38. Our data reveal that WISP2 and
CCDCB80 are downstream of the Hippo pathway and act as key effectors in mediating the
function of LATS1/2 and YAP/TAZ in modulating MC38 cell growth. It should be noted that
high expression of WISP2 and CCDC80 occurs in MC38 clone #5 under attachment
conditions (Fig.7d), which does not displays a strong growth inhibition (Fig.2e). Therefore,
the function of WISP2 and CCDCB80 in cell growth could be condition dependent, such as
cell attachment.

VGLL4 is known to suppress YAP-mediated transcription by interacting with TEADs, and it
is thought to be crucial in the regulation of both Hippo and Wnt signaling outputs in human
colorectal cancer3?. We perform RT-PCR for Vg//4in both MC38 (WT and LATS1/2 KO)
and CT26 (WT and LATS1/2 KO) under 2D and suspension conditions. The expression of
Vgll4 slightly decreased in MC38 clone # 5 and increased in CT26 clone #16 under 2D and
suspension conditions (Supplemental Fig.3C), indicating that Vgll4 is unlikely the key
factor. We knockdown Vg//4in MC38 and CT26 WT cells and find that Ctgfand Cyr61
expression decreased both in MC38 and CT26 (Supplemental Fig.3D). These results show
that Vg//4 potentiates YAP-mediated transcription in MC38 WT and CT26 WT cells, but
Vgll4 expression is different between MC38 LATS1/2 KO cells and CT26 LATS1/2 KO
cells.

Extensive efforts are currently being made to develop YAP/TEAD inhibitors for cancer
treatment. Given the possible cell growth inhibitory effect of YAP in some cancer cells, it
might be important to determine the function of YAP as oncogene or tumor suppressor in a
specific cancer before using YAP/TEAD inhibitors for therapy. Given the strong requirement
of LATS1/2 for MC38 cell growth, one may speculate that LATS1/2 inhibition could have
anti-growth effect in certain cancer types, suggesting LATS1/2 as potential cancer targets.

Materials and Methods

Cell culture and CRISPR-mediated gene deletion

MC38 and CT26 colon cancer cells, Panc02 pancreatic cells, 168FARN and 67NR breast
cancer cells were cultured in RPMI 1640 (Gibco) supplemented with 10% FBS (Gibco) and
1% penicillin-streptomycin solution (Gibco) at 37°C in a humidified 5% CO, atmosphere.
MBA49 bladder cancer cells, GL261 glioma cancer cells, MyC-CaP prostate cancer cells were
cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco) and 1% penicillin-
streptomycin solution (Gibco). Panc02, CT26 and MyC-CaP cells were available from
ATCC. MC38 cells were available from Kerafast, Int. GL261 cells were from DSMZ. MB49
cells were from MERCK. 67NR and 168FARN cells were from Dr.Yang, Jing lab. The cells
were tested for mycoplasma and they are free of mycoplasma contamination.
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LATS1/2 deficient cells were created using the CRISPR genome editing technology. The
CRISPR plasmids were transfected into MC38, Panc02, CT26, 168FARN, 67NR, MB49,
GL261 and MyC-CaP cells. 24 h after transfection, cells were treated with puromycin (2-10
ug/ml) for 3 days and then sorted into 96-well plates with a single cell in each well. Colonies
were grown up, clones were screened by Western blot analysis with antibodies against
LATS1 and LATS2. The guide sequences used in this experiment (IDT, USA) are provided
in supplemental methods.

Retroviral infection

MC38 cells stably expressing empty vector, YAP5SA or YAP5SA/S94A were generated by
retroviral infection. For expression virus, 293 phoenix retrovirus packing cells were
transfected with pQCXIH empty vector (or pBABE empty), pQCXIH-YAP5SA, pQCXIH-
YAP5SA/S94A, pQCXIH-LATS1, or pPBABE-LATS2 vectors. Forty-eight hours after
transfection, retroviral supernatant was supplemented with 5 ug/ml polybrene, filtered
through a 0.45 um filter, and used to infect the target cells. Forty-eight hours after infection,
cells were selected with either 200 pg/ml hygromycin (for pQCXIH constructs) or 10 pg/ml
puromycin (for pBABE constructs) in culture medium.

Soft agar colony formation assay

Each 6-well plate was coated with 1.5 ml of bottom agar (0.5% Difco agar noble in normal
culture medium). Cells were suspended in 1.5 ml of 0.35% agar containing cells in culture
medium and poured onto culture plates. The final cell concentration was (2.5-5) x102 cells/
well. The plates were placed in a 5% CO, humidified incubator at 37°C. Colonies were
counted 2 to 3 weeks after plating.

SA-B-gal staining
SA-B-gal (senescence-associated B-galactosidase) was done in a 12 well plate using a
staining kit (Cell Signaling Technology). Cells were washed with PBS, then fixed and
stained following the manufacturer’s instructions. For each sample SA-p-gal positive and
total cell numbers were counted in 5 different microscopic fields (> 200 cells per field).

Annexin V apoptosis detection

MC38 WT and LATS1/2 deficient cells were cultured in suspension for 24 h, 48 h and 72 h.
Cells were washed twice with cold PBS and then resuspended in Annexin V Binding Buffer
at a concentration of 1x10° cells/ml, 1x10° cells were transferred to 5 ml culture tube, 5 ul
of PE Annexin V (Annexin V conjugated to fluorochromes including Phycoerythrin (PE))
and 7-AAD were added to the 5mL culture tube. Cells were gently vortexed and incubated
for 15 min at 25°C in the dark, 400 ul of 1xBinding Buffer was then added to each tube.
Annexin V staining was analyzed by flow cytometry within 1 h.

Intracellular ROS detection

Intracellular ROS detection was performed following manufacturer’s instructions (DCFDA
Cellular ROS Detection Assay Kit, ab113851). Briefly, MC38 WT and LATS1/2 deficient
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cells were seeded in 6-well plates. Cells were incubated with the DCFH-DA probe for 30
minutes, harvested, and subjected to FACS analysis.

ChIP (chromatin immunoprecipitation)

LATS1/2 KO MC38 cells were cross-linked with 1% formaldehyde for 15 min, and
chromatin DNA was digested with micrococcal nuclease (MNase). Immunoprecipitation
reactions were carried out with chromatin extracts overnight at 4°C. Precipitated DNA was
quantitated by real-time PCR analysis. All ChIP signals were normalized to the input.

Animal experiments

8-9-week-old female nude mice were provided by the animal care program at University of
California, San Diego. All animal protocols were in accordance with the NIH Guide for the
Care and Use of Laboratory Animals. To assess cancer cell proliferation /n vivo, MC38 WT
and LATS1/2 deficient cells (1x106) were subcutaneously transplanted into both back flanks
of 8-9-week-old female nude mice. Eight mice were assigned to each group. Tumor height
and width were measured with a caliper every 2—3 days to calculate tumor volume (= width?2
x height x0.523). For subcutaneous tumour growth, the maximum single tumour cannot
exceed 1.5 cm in diameter in mice according to the guidelines provided by the animal care
program at University of California, San Diego, and no experiments in this study generated
tumour burden over this limit. Three weeks later primary tumor masses were collected from
nude mice, fixed in 4% paraformaldehyde, and embedded in paraffin. For the xenograft
studies, the mice were randomly divided into different groups according to ID number. No
blinding was carried out. We did not exclude any data.

Tissue staining

Primary tumor paraffin sections were deparaffinized and rehydrated with xylene and alcohol
gradients, and then incubated in 0.3% H,0,. After antigen retrieval using 10 mM sodium
citrate (pH 6.0), Sections were incubated with anti-YAP, anti-p-Histone H3 anti-cleaved
caspase 3 (1:200), at room temperature for 1 h, followed by a reaction with biotin-labeled
secondary antibodies for 30 min. Staining was performed using Vectastain ABC kits and 3,
3’-diaminobenzidine (DAB) peroxidase substrate kits (Vector Laboratories, Burlingame,
CA, USA).

Immunofluorescence analysis

Cells were fixed for 10 min at room temperature with 4% paraformaldehyde in PBS,
permeabilized with 0.3% Triton X-100 in PBS, incubated with the blocking buffer (PBST
containing 5% bovine serum albumin), and subsequently probed with anti-YAP/TAZ, anti-
Ki-67 (1:200) and Alexa Fluor 488-conjugated secondary antibodies (Molecular Probes).
Slides were mounted using VectaShield with 4”, 6-diamidino-2-phenylindole (DAPI, Vector
Laboratories). Digital images were acquired using Laser scanning confocal microscope with
6-100x% magnification.
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Western blot analysis

Total proteins from the cell extracts were separated by SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). After
probing with primary antibodies, membranes were washed in Tris-buffered saline containing
0.05% Tween-20 (TBST) and incubated with a horse-radish peroxidase-linked secondary
antibody. Finally, Western signals were detected using HRP substrate luminal reagent
(Millipore). The primary antibodies used are provided in the supplemental methods.

RNA extraction and real-time RT-PCR analysis

Total RNA was extracted using RNeasy Plus Mini Kit (QIAGEN), according to the
manufacturer’s instructions. Real-time PCR analysis was performed using KAPA SYBR
FAST gPCR kit (Kapa Biosystems, USA) and an Applied 7300 Real-Time PCR System.
Relative mRNA levels were determined by normalizing to the endogenous Gapdh mRNA.

RNA interference

Cells were transfected with different sSiRNAs using Lipofectamine RNAIMAX Reagent
(ThermoFisher Scientic). Briefly, cells were seeded in six-well plates and transfected with
siRNA and Lipofectamine RNAIMAX Reagent, which were each incubated separately in
Opti-MEM for 5 min, mixed together for 10 min at room temperature, and then the mixture
was applied to the cells plated in 1 ml of medium (final sSiRNA concentration, 80 nM). The
SiRNA sequences used in this experiment (GenePharma, Shanghai, China) were as follows:

sicon (SINC): UUCUCCGAACGUGUCACGUTT
si 7cf4: GGGACAUGCAUGGAAUCAUTT
siVgll4-1: GCCAAAGCACUAGGUGACATT

siVgll4-2: CCUCAUGGAGCAGCCUCUUTT

Statistical analysis.

The experiments shown in Figs.6a and 6b are representative of 2 independent experiments
performed with similar results. All /n vitro assays were performed in triplicates. Microsoft
Excel was used for t-tests, Groups were compared by two-tailed t-tests or ANOVA using
GraphPad Prism statistical programs (GraphPad Prism, San Diego, CA). p values were noted
in the figure legends. p < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figl. Deletion of L AT S1/2 enhances anchor age-independent growth of cancer cellswith the

exception of MC38.

a: LATS1/2 deleted cells were subjected to immunoblot analysis with antibodies to LATS1

and Actin.

b: LATS1/2 deletion promotes anchorage-independent growth of MB49, GL261, 67NR,
168FARN, MyC-CaP, CT26 and Panc02 cells, but inhibits MC38 (clone #5) in vitro. Soft-
agar colony-formation assay was performed and the colonies were stained with crystal violet

for quantification.

¢: Quantification of the results presented in B. Data are mean=SD from three independent

experiments. Student’s t-test was applied. ** denotes p<0.01, *** denotes p<0.001.
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Fig 2. LATSV/2 deletion has opposite effects on cell growth in different cell lines.
a: Genomic sequencing confirms deletion of LATS1/2 in MC38 clones.

b: Immunoblot showing various degrees of LATS1/2 deletion in MC38 cells. Three
independent clones (#5, #8 and #14) are shown. Cells were treated with 2-DG (2-
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deoxyglucose) or LatB (latrunculin B) to induce YAP phosphorylation, which was detected

by a phosphor-YAP antibody as well as a phos-tag gel. l.e. denotes longer exposure.

c: LATS1/2 deletion inhibits MC38 cell growth in a dosage-dependent manner. MC38 WT
and LATS1/2 deletion cells (1x10°) were plated in 6-well culture dishes and viable cells

were counted after trypan blue staining. Three replicates were included in this experiment.
The error bars represent s.d. *p<0.05, ** p<0.01; two-way ANOVA test.

d: LATS1/2 deletion causes morphological changes in MC38 cells. * marks enlarged

senescent cells. Scale bar, 100 pum.
e: LATS1/2 deletion has opposite effects in MC38 and Panc02 cells in 2D (attachment) and
suspension (detachment) conditions. Cells (1x10°) were plated in 6-well culture dishes and
cell number was determined with trypan blue staining. Three replicates were included. The
error bars represent s.d. ns (p>0.05); *** p<0.001. Student’s t-test was applied.
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a: Partial deletion of LATS1/2 in MC38 diminishes YAP/TAZ phosphorylation in response
to actin polymerization inhibitor LatB and energy stress by 2-DG treatment. Wild-type and
LATS1/2 partial knockout MC38 clone #5 were seeded on six-well plates and treated with

LatB and 2-DG for 1 hour. Cells were collected for determination of YAP/TAZ

phosphorylation. l.e., long exposure of films.

b: LATS1/2 deletion abolishes YAP/TAZ phosphorylation in Panc02 cells. Experiments are

similar to panel A.

c: LATS1/2 deletion increases the expression of YAP/TAZ target genes Ctgfand Amotl2.
mMRNA levels of Ctgfand Amot/2 expression were measured by quantitative real-time PCR.
Results were from triplicated experiments. The error bars represent s.d. ** p<0.01; ***

p<0.001. Student’s t-test was applied.

d-e: LATS1/2 deletion induces constitutive nuclear YAP/TAZ localization. LatB-treated or
non-treated MC38 or Panc02 cells were subjected to immunostaining with the YAP/TAZ

antibody (green) along with DAPI for DNA (blue). Scale bar, 10 um.

f: Quantification of data from panels D-E. Ten randomly chosen fields for each treatment
were examined. Typically, 100 cells were counted in each field. N and C denote nuclear and

cytoplasmic.
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Fig 4. YAP/TAZ mediate the growth inhibitory effect of LATS1/2 deletion in M C38.
a: Immunoblots showing CRISPR-mediated deletion of LATS1/2 in MC38 cells. MC38 WT,

cell pools generated by two independent CRISPR guide sequences (TMC23/35 and
TMC15/16) and cell clone #5 were subjected to immunoblot analysis.

b: LATS1/2 deletion decreases anchorage-independent growth of MC38. Cells described in
panel A were subjected to soft-agar colony-formation assay, and the colonies were stained
with crystal violet for quantification. Data are mean=SD from 3 independent experiments.

**p<0.01; *** p<0.001; one-way ANOVA test.

c: Re-expression of LATS1/2 rescues YAP phosphorylation in MC38 clone #5. MC38 #5
cells infected with retroviruses encoding human LATS1 and mouse LATS?2 or with control
empty retrovirus were treated with serum starvation, LatB or 2-DG, and then analyzed for

YAP phosphorylation by immunoblot.
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d: LATS1/2 re-expression restores anchorage independent growth of MC38 clone #5.
Indicated cells were subjected to soft-agar colony-formation assay, and the colonies were
stained with crystal violet for quantification. Data are mean+SD from 3 independent
experiments. *** p<0.001; one-way ANOVA test.

e Expression of YAP5SA or YAP5SA/S94A in MC38 WT cells. MC38 WT cells stably
expressing control vector, YAP5SA or YAP5SA/S94A were subjected to immunoblot with
indicated antibodies.

f: Expression of the active mutant YAP5SA inhibits anchorage-independent growth of MC38
cells. Soft-agar colony-formation assay of cells in panel E was performed and the colonies
were stained with crystal violet for quantification. Date are mean+SD from 3 independent
experiments. *** p<0.001; one-way ANOVA test.

0: CRISPR-mediated deletion of YAP/TAZ in MC38 clone #5. Cell lysates (MC38 WT,
clone #5, and cell pool of YAP/TAZ deletion in MC38 clone #5) were subjected to
immunoblot analysis to show the reduction of YAP/TAZ proteins.

h: YAP/TAZ deletion increases anchorage-independent growth of MC38 clone #5. Indicated
cells were subjected to soft-agar colony-formation assay, and the colonies were stained with
crystal violet for quantification. Date are mean+SD from 3 independent experiments. ***
p<0.001; one-way ANOVA test.
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Fig 5. LATSL/2 deletion in M C38 represses cell proliferation and promotes cell apoptosisin
suspension culture.
a: Cell proliferation is reduced by LATS1/2 deletion. Cells harvested from attachment or

detachment conditions were subjected to immunostaining with Ki-67 for proliferation
(green) and DAPI for DNA (blue). ** p<0.01; one-way ANOVA test. Quantification is
shown in the right panel.

b: Loss of LATS1/2 promotes senescence in MC38 cells. MC38 WT, LATS1/2 partial
deletion clone #5, and complete LATS1/2 deletion clone #8 were cultured and stained for the
senescence marker SA-fB-gal. Quantification is shown in the right panel. Data are mean+SD
from 3 independent experiments. *** p<0.001; one-way ANOVA test.

c: LATS1/2 deletion increases senescence related gene expression in MC38 cells. Moxa and
p16 mRNA expressions were determined by Q-PCR.

d: LATS1/2 deletion increases cell death. MC38 WT and clone #5 were cultured in
suspension for the indicated times. PI (propidium iodine) staining followed by FACS detects
cell death. Etoposide treatment overnight (50 pM) was included as a positive control. Data
are mean=SD from 3 independent experiments. * p<0.05; ** p<0.01. one-way ANOVA test.
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e: LATS1/2 deletion promotes apoptosis. MC38 WT and clone #5 were cultured for 72 h in
suspension. 0.5 x 10° cells were stained with PE Annexin V and analyzed by FACS within 1
h. Data are mean+SD from 3 independent experiments. ** p<0.01, one-way ANOVA test.

f: LATS1/2 deletion increased apoptosis markers of cleaved caspase 3 and PARP. MC38 WT
and LATS1/2 deletion clone #5 were cultured in suspension for 24 h or 48 h. Etoposide
treatment overnight (50 uM) was used as a positive control. Western blot was performed
with indicated antibodies.

Oncogene. Author manuscript; available in PMC 2019 June 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pan et al.

Page 21

A B c MC38
— Tumor: WT #5
7 =+-MC38 WT
— 900 =MC38#5 Lats1@l
g 800 31000 LATS1(l.e) e
= 700 1=
2 600 - bt p-YAP [
2 500 k= (8127)
> 400+ p-YAP
5 300, i 127)(e) W
S 200 € YAP | ™S e
= 100 =
0; Tz |
Day0 5 10 15 MC38 WT MC38 #5 o
=
D
aé’ 5 Ctgf qg,) 4 93 Amotl2 ag)’ Ankrd1
eyt IS s 854 P
5 5 3 < G
o 3 G2 -3
S 2> ko) S
Lo £ S L2
< P Ly <
Z 4 > =9 Z1
4 & 5 o
= £ £0 Eo
MC38 (Tu): WT WT  #5
E
w
T
o o 30
; U% 25 Kk
% Q 20
™ 15
£ 3 10
™ RS 5
-a MC38 WT  MC38 #5
9O g
O O |
& %) 30
T | B 25
2 §2 %
L @@ 15
% T 8_ 10 *kKk
: & 5
a | 7
X o

MC38 WT MC38 #5

Fig 6. Loss of LAT S1/2 inhibits M C38 tumor growth in xenografted mice.
a-b: Deletion of LATS1/2 in MC38 cells inhibits tumor growth /n vivo. MC38 WT and

LATS1/2 deletion clone #5 (1x106 cells for each injection) were implanted subcutaneously
into nude mice. Tumor volume was monitored and tumor weight determined at the end of
the experiments. ** p<0.01, *** p<0.001. The p value of tumor volume was determined
using two-way ANOVA test. The p value of tumor weight was Student’s t-test.

c: YAP phosphorylation is decreased in the LATS1/2 deleted tumors. Tumor samples (panel
B) were harvested and then subjected to immunoblot analysis with indicated antibodies.

d: Increased expression of YAP/TAZ target genes in the LATS1/2 deleted tumors. RNA was
isolated from tumor samples (panel B) and analyzed by RT-PCR for YAP/TAZ target genes.
Normalized data are expressed relative to the corresponding value for WT tumors and are
meanxSD; n=3 tumors for each group.
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e Loss of LATS1/2 decreases cell proliferation and increases apoptosis in MC38 tumors.
Immunohistochemistry staining for YAP, cleaved caspase3, and p-Histone H3 in
representative tumor tissue. Scale bar, 100 um. Data are mean=SD from 5 independent
fields. *** p<0.001; Student’s t-test was applied.
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Fig 7. The YAP target genes Wisp2 and Ccdc80 contribute to growth inhibition by L AT S1/2

deletion in MC38 cdlls.

a: Genome-wide RNA-seq analysis of MC38 WT and clone #5. Genes changed under

between detachment and attachment conditions.

b: Top 20 enriched gene Ontology (GO) terms. KO vs WT under detachment.

c: Top 20 enriched KEGG analysis. KO vs WT under detachment. Fold>1.5, p<0.05.

d: Effects of LATS1/2 deletion on gene expression in MC38 cells. Total RNA extracted from
MC38 WT and clone #5 was subjected to RT-PCR analysis for the indicated genes. Data are

meanxSD from triplicated experiments.

e: Effects of LATS1/2 deletion on expression of Wisp2, Ccdc80and Scara5in Panc02,
CT26, and 168FARN cells. Experiments were similar to panel D.
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f: Deletion of WISP2, CCDC80 restores anchorage-independent growth of MC38 clone #5.
Soft agar assay was performed and the colonies were stained with crystal violet for
quantification, which is shown in the right panel. Data are mean+SD from 3 independent
experiments. one-way ANOVA test.***p < 0.001.

g: WISP2 and CCDC80 deletion rescues cell growth defects in MC38 LATS1/2 KO cells in
suspension conditions. Cells (1x10°) were plated in 6-well culture dishes and cell number
was determined with trypan blue staining. Three replicates were included. The error bars
represent s.d. ** p<0.01; *** p<0.001. Student’s t-test was applied.

h: Increased expression of WispZand Ccdc80in the LATS1/2 deleted tumors tissue. RNA
was isolated from mouse tumor samples and analyzed by RT-PCR for WispZand Ccdc80
genes. Normalized data are expressed relative to the corresponding value for WT tumors and
are mean+SD; n=3 tumors for each group.

i: YAP/TAZ deletion reduces the expression of Wisp2and Ccdc80. Total RNA extracted
from indicated cells were subjected to real time PCR analysis for the indicated genes. Data
are means + SD of from triplicated experiments.

j:YAP and TEADL bind to the promoters of Wisp2and Ccadc80. Chromatin
immunoprecipitation (ChlP) with an antibody against YAP or TEADL or control IgG was
performed. The precipitated DNA was quantitated by real-time PCR with primers specific
for putative TEAD binding elements in promoters. Gapalh was included as a negative
control. Data are means £SD of quadruplicates.
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