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Regulation of pancreatic cancer metastasis ™
through the Gli2-YAP1 axis via regulation

of anoikis

Pancreatic cancer, mostly pancreatic ductal adenocarci-
noma (PDAC), is often metastatic upon the initial diagnosis,
and has a high mortality rate. However, the primary and the
matched metastatic cancers often share the same driver
gene mutations.””? Gene expression comparison between
primary and metastatic PDAC tissues revealed high
expression of Gli2 and YAP1 in the metastatic PDAC. Gli2 is
an important player in non-canonical hedgehog signaling,
and YAP1 is an essential cell polarity gene. In this study, we
investigated the effects of Gli2 and YAP1 on pancreatic
cancer cell function in 3D culture and in mouse models. We
further determined the relationship between Gli2 and
YAP1. These studies further our understanding of pancre-
atic cancer metastasis.

Using Gene Expression Omnibus (GEO) datasets, we
identified several genes highly expressed in metastatic
PDAC, including Gli2 and YAP1 (Table S1). To understand
how Gli2 and YAP1 are involved in the metastatic process,
we tested whether Gli2 knockdown affects pancreatic
cancer cell function. First, we determined whether Gli2
affects anoikis in model systems. The cells were plated on
ultra-low attachment plates and incubated for 48 h at
37 °C. As shown in Figure 1A, the control cells formed large
tumorspheres, while Gli2 knockout cells formed much
smaller spheres (0.497 + 0.017 for ASPC1/CRISPR/Gli2 and
0.640 + 0.037 for PANC1/CRISPR/Gli2 in diameters
respectively, control groups referred as 1.0, P < 0.001).
The rates of anoikis in the control and Gli2 knockout cells in
suspension were then detected by EthD1 staining followed
by flow cytometry.®> We found that the rates in Gli2
knockout cells were significantly higher than those in con-
trol cells (23.87% + 1.27% vs. 11.53% + 0.65% for ASPC1,
P = 0.003; 19.57% + 0.75% vs. 6.65% + 0.39% for PANC1,
P < 0.001; Fig. 1B). Since cleaved caspase-3 indicates cell
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death, we examined the protein level of cleaved caspase-3
in anoikis cells. As expected, cleaved caspase-3 was
increased in Gli2 knockout cells (ASPC1/CRISPR/Gli2 and
PANC1/CRISPR/GLli2 cells, Fig. 1C). These data indicate that
Gli2 knockout in pancreatic cancer cells induces anoikis.

Next, we injected 5 x 10° Gli2 knockout cells (GFP-
infected ASPC1/CRISPR/V2 or ASPC1/CRISPR/Gli2) into the
tail vein of immunodeficient NOD/SCID Gamma mice mice.
Anoikis was shown as the percentage of cleaved caspase-3
positive cells in all GFP positive cells. As shown in Figure
1D, the ASPC1/CRISPR/Gli2 expressing lung tissues dis-
played more cleaved caspase-3 positive cells, as high as
72.4%. In contrast, cells without Gli2 knockout (ASPC1/
CRISPR/V2) had less cleaved caspase-3 positive cells
(~40%, see Fig. 1E).

As another significant change in metastatic PDAC, we
examined YAP1 protein following Gli2 knockout. We found
that YAP1 phosphorylation is decreased in ASPC1 and PANC1
cells after Gli2 knockout, and the phospho-YAP1/total YAP1
ratio was elevated to 2.603 + 0.261 and 1.721 + 0.151,
respectively, as indicated by Western blot analysis (Fig. 1F).
Furthermore, immunofluorescence staining showed the
increased cellular localization of YAP1 in Gli2 knockout
cells compared to the control cells (Fig. 1G). These results
suggest that YAP1 activity is decreased in Gli2 knockout
pancreatic cancer cells.

To determine whether the phenotypes of Gli2 knockout
pancreatic cancer cells were functionally caused by YAP1
inactivation, Gli2 knockout cells (ASPC1/CRISPR/Gli2 and
PANC1/CRISPR/Gli2) were ectopically expressed with a
constitutively active form of YAP1, YAP1°%A.* The five Ser
residues were replaced with Ala in YAP1%4, which caused
YAP1 sustained activation. Successful transfection of
YAP1%** was verified by detecting Flag in transfected cells
(Fig. 1H). Indeed, when YAP1%* was introduced into ASPC1/
CRISPR/Gli2 and PANC1/CRISPR/Gli2 cells, the inhibition
effect of Gli2 knockout on tumorsphere size was reversed
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Figure 1  The role of Gli2 and YAP1 in regulation of pancreatic cancer cell anoikis. (A—C) Gli2 knockout in pancreatic cancer cells
induces anoikis. Representative photographs of tumor spheres in ASPC1 Gli2 knockout cells and their control cells after 48 h of
culture in suspension. The bar graph shows the mean diameter length ratio of tumor spheres in Gli2 knockout cells compared with
corresponding control cells (ASPC1 and PANC1) (A). Representative histograms depicting apoptosis and the apoptosis rates of ASPC1
and PANC1 (Gli2 knockout and control) cells after 48 h of culture in suspension (B). Protein expression of caspase-3 and cleaved
caspase-3 in Gli2 knockout cells and control cells by Western blot analysis. Data are represented as mean + SD from three inde-
pendent experiments. **P < 0.01, **P < 0.001 (C). (D, E) Knockout of Gli2 induces anoikis in vivo. Representative images of cleaved
caspase-3 and GFP positive cells in mouse lungs 24 h after injection with ASPC1/CRISPR/V2 or ASPC1/CRISPR/Gli2 cells. Blue: 4'-6-
diamidino-2-phenylindole (DAPI); Green: GFP; Red: cleaved caspase-3 (D). The bar graph shows the mean percentage of cleaved
caspase-3 positive cells in GFP positive cells in lungs from ASPC1/CRISPR/V2 or ASPC1/CRISPR/Gli2 injected mice. Data are rep-
resented as mean + SD. ***P < 0.001 (E). (F, G) Gli2 knockout induces anoikis and YAP1 inactivation in pancreatic cancer cells.
Western blot analysis shows total YAP1 and phosphorylated YAP1 in ASPC1 and PANC1 (Gli2 knockout and the control) cells. The bar
graph represents the ratio of phosphor-YAP1/YAP1. Data are means + SD of triplicates. *P < 0.05 (F). Immunofluorescence staining
for YAP1 in CRISPR/V2 and CRISPR/GLli2 of ASPC1 and PANC1 cells (G). (H—K) Ectopic expression YAP1 rescues the Gli2 knockout
effect in pancreatic cancer cells. Western blot analysis of YAP1 in ASPC1/CRISPR/Gli2 and PANC1/CRISPR/Gli2 cells with expression
Flag-Ctrl and Flag-YAP1SSA cells, with their parental cells used as negative controls (H). Bar graphs of tumor spheres in ASPC1/
CRISPR/Gli2 and PANC1/CRISPR/Gli2 with the expression of YAP1%** compared with the control cells after 48 h of culture in sus-
pension (l). Representative histograms depicting apoptosis in ASPC1/CRISPR/Gli2 and PANC1/CRISPR/Gli2 with the expression of
YAP 1354 after 48 h of anoikis induction. The apoptosis rates of the two groups of cells were shown (J). Protein expression of caspase-
3 and cleaved caspase-3 in YAP1%%* overexpression cells compared with the control cells by Western blot analysis. Data are shown as
mean + SD from three independent experiments. **P < 0.01 (K). (L—N) Gli2 knockout in pancreatic cancer cells downregulates YAP
target genes and LATS1 phosphorylation. Real-time PCR analysis of YAP1, CTGF, CYR61, Gli1, Gli2, and PTCH1 transcript levels in
ASPC1/shYAP1, PANC1/shYAP1, and their relative control cells (L). Real-time PCR analysis of CTGF, CYR61, and YAP1 transcripts in
ASPC1 and PANC1 Gli2 knockout cells and their matched control cells (M). Western blot analysis of total LATS1 and phosphorylated-
LATS1 in ASPC1 and PANC1 Gli2 knockout cells and their control cells. The bar graph shows the ratio of phosphor-LATS1/LATS1. Data
are represented as mean + SD of triplicates. *P < 0.05, **P < 0.01 (N).
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(2.347 + 0.372 and 2.482 + 0.323 in diameters, respec-
tively, all control groups also referred to as 1.0, P < 0.01,
Fig. 11). Moreover, progression toward anoikis was also
reduced when YAP1%%* was expressed in Gli2 knockout cells
(ASPC1/CRISPR/GLli2 and PANC1/CRISPR/Gli2) (5.85% =+
0.27% vs. 21.30% 4+ 1.31% for ASPC1, P = 0.0055;
4.53% + 0.38% vs. 20.00% + 0.96% for PANC1, P = 0.0013,
Fig. 1J). Confirming the effect, the protein level of cleaved
caspase-3 was dramatically reduced after YAP1°** over-
expression (Fig. 1K). These data support that anoikis
induced by Gli2 knockout is YAP1 expression-dependent.

Next, we determined the mechanism by which Gli2
regulates YAP1. As shown in Figure 1L, YAP1 and YAP
pathway target genes CTGF and CYR61 were downregulated
in YAP1 knockdown ASPC1 and PANC1 cells. In contrast, the
Hedgehog pathway target genes Gli1, Gli2, and PTCH1 were
not affected by YAP1 knockout. However, Gli2 knockout
reduced YAP1 target genes CTGF and CYR61 (Fig. 1M).
These results indicate that Gli2 regulates YAP1, not the
reverse order, in pancreatic cancer cells. We further
examined the upstream target of the YAP1 pathway by
which Gli2 knockout affects. We found that LATS1 phos-
phorylation was significantly increased after Gli2 knockout
in pancreatic cancer cells (Fig. 1N), suggesting that Gli2
knockout induces anoikis by regulation of LATS1
phosphorylation.

The exact mechanisms by which Gli2 regulates LATS1
phosphorylation is being actively investigated, and we
have evidence to suggest that phosphorylation of ERK1/2
and AKT phosphorylation is altered by Gli2, and inhibi-
tion of MEK1 and AKT1 increases YAP1 phosphorylation.
We previously observed that the Erk1/2 pathway was
activated by Hedgehog signaling.” Western blot analysis
showed that Erk1/2 and Akt phosphorylation was mark-
edly decreased in ASPC1 and PANC1 cells by Gli2
knockout (Fig. S1A). Further, MEK1 (upstream of Erk1/2)
inhibitor AZD6244 and PI3K (upstream of Akt) inhibitor
BKM120, that block these two pathways, increased
phosphorylation of YAP and LATS1 (Fig. S1B). Reduced
phosphorylation of Erk1/2 and Akt1 by the corresponding
inhibitors was associated with an elevated level of
cleaved caspase-3 (Fig. S1C), and more anoikis
(Fig. S1D). These data suggest that Gli2 knockout in-
duces anoikis by regulation of YAP1 via the ERK1/2 and
AKT signaling in metastatic pancreatic cancer cells (as
shown in our working model in Fig. S1E).

In summary, we identified Gli2Z and YAP1 as major
upregulated genes during pancreatic cancer metastasis.
Knocking down Gli2 induces anoikis in pancreatic cancer
cells in 3D culture and in mouse models. Gli2 also regu-
lates cytoplasmic localization of YAP1. Expression of a
constitutively active YAP1, YAP1°%A, reversed Gli2-induced
effects on anoikis but did not affect Gli2 expression. These
results indicate that the Gli2/YAP1 signaling axis is
essential for resistance to anoikis during pancreatic can-
cer metastasis. We predict that down-regulation of the

Gli2/YAP1 signaling axis will reduce pancreatic cancer
metastasis.
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