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CELL BIOLOGY

Synthetic dysmobility screen unveils an integrated
STK40-YAP-MAPK system driving cell migration

Ling-Yea Yu"?!, Ting-Jen Tseng'!, Hsuan-Chao Lin®', Chi-Lin Hsu'!, Ting-Xuan Lu
Chia-Jung Tsai'®, Yu-Chiao Lin', I Chu? Chien-Tzu Peng’, Hou-Jen Chen', Feng-Chiao Tsai'**

Integrating signals is essential for cell survival, leading to the concept of synthetic lethality. However, how signal-
ing is integrated to control cell migration remains unclear. By conducting a “two-hit” screen, we revealed the
synergistic reduction of cell migration when serine-threonine kinase 40 (STK40) and mitogen-activated protein
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kinase (MAPK) were simultaneously suppressed. Single-cell analyses showed that STK40 knockdown reduced cell
motility and coordination by strengthening focal adhesion (FA) complexes. Furthermore, STK40 knockdown
reduced the stability of yes-associated protein (YAP) and subsequently decreased YAP transported into the nucleus,
while MAPK inhibition further weakened YAP activities in the nucleus to disturb FA remodeling. Together, we
unveiled an integrated STK40-YAP-MAPK system regulating cell migration and introduced “synthetic dysmobility”

as a novel strategy to collaboratively control cell migration.

INTRODUCTION

The cell is a robust signaling system. Within it, various pathways
interact with each other for survival and cellular functions (1-3),
creating an impeccable integrated system for signaling. Thus, current
antimicrobial and anticancer treatments used combination thera-
pies to simultaneously disrupt multiple pathways as a practice of
“synthetic lethality” (4-7). This integrated signaling system is criti-
cal for cell survival, yet whether it also contributes to cell migration
and other cellular functions remains elusive. Moreover, there are
extensive studies on cytoskeletal dynamics in cell migration (8-12).
However, how different pathways are integrated within the cell sig-
naling network to control cytoskeleton for cell migration remains
unclear. To address these questions, we conducted a short hairpin
RNA (shRNA)-drug two-hit screen to study signaling cross-talk during
cell migration in human umbilical vein endothelial cells (HUVECs).
Results from this screen provided a proof of concept for the proposal
of “synthetic dysmobility.” Furthermore, in-depth investigations of
the interactions identified from this screen lead to the discovery of
an integrated serine-threonine kinase 40 (STK40)-yes-associated
protein (YAP)-mitogen-activated protein kinase (MAPK) system
driving cell migration.

RESULTS

Two-hit screen to elucidate signaling interaction

in cell migration

In this screen, HUVECs were doubly “hit” by one shRNA and one
small-molecule inhibitor and evaluated by the standardized scratch-
wound healing assay (Fig. 1A) (13). We designed a hypothesis-driven
targeted screen using selected shRNAs and inhibitors to primarily
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provide the proof of concept on synthetic dysmobility. For the first
hit, we aimed to use sShRNAs suppressing genes from different func-
tional modules during cell migration (13). Therefore, we purposefully
elected all 119 genes identified from both of the previously reported
comprehensive cell migration screens (13, 14) instead of applying a
genome-wide search. For the second hit, three effective and well-defined
drugs inhibiting store-operated Ca** entry (15), Rho-associated
kinase (ROCK) (16, 17), or MAPK signaling (18) were used for we
aimed to cover characterization in major signaling regulators, struc-
tural components, and their coordinators during cell migration.
Concentrations of shRNAs and drugs were carefully titrated to
minimize alterations on cell viability (fig. SIA), while their effects on
wound healing were maintained (Fig. 1, B and C).

Proceeding with the screening experiments, raw data of sheet
migration were processed by cell density correction (fig. S1B) and
normalization using control shRNAs within each plate (Fig. 1D).
We then calculated z scores of each shRNA based on the values of
control shRNAs within each group (data S1), followed by com-
paring the effects of shRNAs with or without drugs to evaluate
their interaction (fig. S1C). When the efficacy of an shRNA was
magnified or reduced by a drug, we defined the shRNA-drug inter-
action to be synergistic (fig. S1D) or antagonistic (fig. S1E), re-
spectively. This strategy enabled us to identify many interesting
shRNA-drug interaction pairs, including 20 pairs in the BTP2
group (11 synergistic and 9 antagonistic), 23 pairs in the Y27632
group (11 synergistic and 12 antagonistic), and 14 pairs in the
PD98059 group (fig. S1, C to E). Comprehensive literature search
further revealed that many of these identified pairs have been re-
ported before (data S2), including the antagonistic interaction
between Ste20-like serine/threonine protein kinase (SLK) and ROCK
via suppressive phosphorylation of RhoA by SLK (19-21), the syn-
ergistic interaction between fibroblast growth factor receptor 1
(FGFR1)/insulin-like growth factor 1 receptor and MAPK via clas-
sical receptor signaling cascade (22-26), and the antagonistic inter-
action between Rho GTPase Activating Protein 29 (ARHGAP29)
and ROCK (27-29) via regulators of guanosine triphosphatase activi-
ties. Identification of these interaction pairs with literature support
indicates that our screen has sufficient power to find important and
specific sShRNA-drug interactions.
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Fig. 1. Two-hit screen revealed STK40-MAPK interaction in sheet migration. (A) Scheme for the two-hit sheet migration screen. (B) Representative images showing
sheet migration of HUVECs treated with shRNAs: shCTRL, shCTNNA1, and shRAC1; and drug inhibitors: ND [no drug; i.e., dimethyl sulfoxide (DMSO)], 2 uM Ca*" inhibitor
BTP2, 5 uM ROCK inhibitor Y27632, and 10 uM MAPK inhibitor PD98059. Hoechst stain marked cell nucleus. (C) Quantification of the sheet migration effects by shRNAs
and drugs in (B). (D) Dot plot demonstrates sheet migration effects by individual shRNAs. Red circles resemble shSTK40s, while gray circles resemble other individual
shRNAs. (E) Black bars resemble average sheet migration of all shRNAs (n = 1890), while gray bars resemble average sheet migration of shSTK40 (n = 15) upon specific drug
treatments. Notice that shSTK40 markedly decreased sheet migration under PD98059. (F) Representative images of shSTK40- and/or PD98059-treated sheet migration in
our HUVEC screen. (G) SAS cells treated with shSTK40 and another MAPK inhibitor trametinib (TRA) also revealed synergistic suppression in sheet migration. Left: Repre-
sentative images. Right: Quantification. Error bars denote means + SEM. n = 6 biological repeats for each group.
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We further examined these sShRNA-drug pairs and focused on
the STK40-MAPK interaction (Fig. 1D and fig. S1, C and D). Previous
studies suggested potential involvement of STK40 on MAPK modula-
tion in tissue development (30), but its mechanistic linkage remained
unclear. We hence began to characterize the role of STK40-MAPK
interaction in cell migration. As shown in the screen, shSTK40,
together with MAPK suppressor PD98059, synergistically reduced
sheet migration in HUVECs (Fig. 1, D to F, and fig. S1, Cand D). To
verify STK40-MAPK interaction in sheet migration, we further
treated different cell lines with shSTK40 and another MAPK inhib-
itor trametinib using HUVECs (fig. S2E), head and neck cancer SAS
cells (Fig. 1G and fig. S2D), trophoblast 3A-Sub E cells (fig. S2F),
and keratinocyte HSC3 cells (fig. S2G). Moreover, concentrations
of trametinib were carefully titrated to generate the dose-response
curves and/or median inhibitory concentration (ICs) values with-
out and with shSTK40 in each cell line. On the basis of the concept
of synthetic interaction (fig. S2, A to C), if synergistic interactions
exist between shSTK40 and trametinib, then we would notice the
decrease in ICsg in trametinib by shSTK40 (fig. S2A) and leftward
shift of dose-response curves in trametinib by shSTK40 (fig. S2C).
In addition, synergistic suppressive effects by shSTK40 would be
more prominent in low rather than high concentration of trametinib
(fig. S2C). Results with all four cell lines supported all above specu-
lations, suggesting robust synergistic suppression between shSTK40
and trametinib (fig. S2, D to G). Therefore, STK40 interacts with
MAPXK signaling to control sheet migration. Furthermore, using HUVECs
in the transwell dextran permeability assay, we demonstrated that
shSTK40, together with trametinib, synergistically disrupted the
barrier capacity of endothelial cells (fig. S2H), indicating the impor-
tance of STK40-MAPK synergism in physiological functions.

STK40 changes cell migration by mediating

adhesion cytoskeletons

Next, we explored the mechanism underlying STK40-MAPK inter-
action by focusing on the role of STK40. Since previous screens
showed that STK40 knockdown reduced cell-cell coordination (13, 14),
we analyzed migration behaviors of individual SAS cells by auto-
matic single-cell tracing (Fig. 2 and figs. S3 and S4). Both random
migration (Fig. 2A and movies S1 and S2) and wound healing (fig.
S3A and movies S3 and S4) assays were used because they belong to
different modes of cell migration. Cell speed is determined by mo-
tility and adhesion in random migration but by polarity in addition
to motility for wound healing. We observed markedly impaired cell
speed and cell-cell coordination by STK40 knockdown in random
migration (Fig. 2, A and B). However, in wound healing, cell speed
was mildly reduced by shSTK40, and we did not observe consistent
change in directionality (fig. S3, A and C). These differential effects
of shSTK40 implied that shSTK40 regulated cell adhesion rather than
cell migration polarity. Therefore, the role of STK40 is to regulate
cell adhesion during cell migration.

We further explored the specific adhesion cytoskeleton structure
regulated by STK40 with a double-inhibition assay. SAS cells were
simultaneously treated with shSTK40 and shRNAs/inhibitors sup-
pressing molecules in the adhesion cytoskeleton structure [Rac1 for
F-actin (31), o-catenin for adherens junction (32), paxillin (PXN)
for focal adhesion (FA) complexes (33, 34), and myosin light-chain
kinase for myosin (35)] (fig. S3D). We characterized the cell migra-
tion behaviors of these treated cells through wound healing (quan-
tified by speed and directionality) (fig. S3, E to H) and random
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Fig. 2. STK40 knockdown reduced cell migration by enhancing FA complexes.
(A) Random migration experiments in SAS cells. Left: Cell nuclei were labeled with
Hoechst 33342 for tracing of their migration. Right: Colored lines depicted traces
and directions of individual migrating cells treated with shCTRL or shSTK40 within
the 2-hour period. (B) Well-based quantification showed prominent reduction of
cell speed and cell-cell coordination by shSTK40. (C) Double inhibition experiment
in random migration showed the reduction of shSTK40 effect by PXN knockdown
(shPXN) in cell speed, and the reversal of the shSTK40 effect by shPXN in coordina-
tion. (D and E) Left: Representative images of FA complexes transduced with (D)
STK40 shRNAs and (E) control [yellow fluorescent protein (YFP)] and STK40 con-
structs. Right: Quantification of the integrated FA signals (described in fig. S5). Error
bars denote means + SEM. *P < 0.05.

migration (quantified by speed and coordination) (Fig. 2C; fig. S4,
B to E; and data S3). In wound healing, shSTK40 reduced cell speed
and cell directionality in the absence of shRNA targeting Ras-related
C3 botulinum toxin substrate 1 (ShRAC1), but it failed to affect both
parameters with the presence of sShRACI (fig. S3E). In random mi-
gration, the capacity of shSTK40 to reduce cell speed and coordination
also disappeared under shRAC1 (fig. S4B). These results indicated
that shRAC1 abolished the effect of shSTK40 on cell speed, coordination,
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and directionality (figs. S3E and S4B). Similarly, the capacity of ML9
to increase cell speed (figs. S3F and S4C) and coordination (fig. S4C)
disappeared under the presence of shSTK40, indicating that shSTK40
abolished the effect of myosin light chain kinase inhibitor ML9 on the
same parameters (figs. S3F and S4C). These epistatic effects implied that
actin and myosin were both involved in the regulation of STK40-mediated
adhesion structure. In contrast, siRNA targeting catenin alpha 1
(shCTNNA1) showed additive effects to shSTK40 on cell migration
parameters (figs. S3G and S4D), indicating that the adherens junction
was independent from STK40-mediated structure. Notably, shPXN
not only reduced effects on speed and directionality of shSTK40
(Fig. 2C and fig. S3H) but also reversed its suppression in coordina-
tion (Fig. 2C). This implied that PXN knockdown antagonized the
effect of shSTK40. Since PXN is the major component of the FA
complex, our results suggested that shSTK40 might disrupt cell mi-
gration by strengthening FA complexes.

To answer whether shSTK40 enhanced FA complexes, we examined
the signals of the anti-PXN antibody-labeled FA in SAS cells. shSTK40
increased both PXN-labeled FA area and mean PXN signals over-
laying the area (Fig. 2D and fig. S5), indicating that shSTK40 not
only increased the size of FA in two-dimensional manners but also
increased the height or strengthened the structure of FA. Moreover,
the average number of FA in individual cells was not notably altered
by shSTK40 (fig. S6A), suggesting that STK40 was not involved
in the initiation process of FA but was responsible for its turnover.
These STK40 effects on FA were further confirmed by the results that
shSTK40 also increased integrated FA signals (total signals from
individual FAs) in HepG2 cells (fig. S6B) and HUVEC:s (fig. S6C)
and that overexpression of STK40 reduced integrated FA signals in
SAS cells (Fig. 2E). Thus, our results confirmed that shSTK40 dis-
rupted cell migration by strengthening FA complexes.

Next, we explored how shSTK40 altered FA turnover, to see
whether shSTK40 strengthened FA by increasing formation or de-
creasing degradation of FA complexes. We used SAS cells over-
expressing enhanced green fluorescent protein (EGFP)-tagged PXN
in live-cell imaging for the measurement (fig. S7A and movie S5)
and analyses (Fig. 3, A and B, and fig. S7, B and C) of FA dynamics
in SAS cells. STK40 knockdown increased the rates of both FA for-
mation and degradation (Fig. 3C and fig. S7C) but did not notably
shorten the duration of an average FA turnover cycle (Fig. 3D).
Therefore, we inferred that shSTK40 increased FA by facilitating its
formation, while increased FA degradation probably reflected com-
pensatory responses. Because force-mediated FA strengthening is
the major mechanism of FA formation (36-38), we examined whether
this mechanism also applied to shSTK40-mediated FA enhancement.
When we labeled stress fibers with phalloidin and monitored the
contractile activities by overlying phalloidin with the phosphorylated
myosin light chain (p-MLC) (17), shSTK40 increased the number
of stress fibers and their contractile activities (Fig. 3E). These re-
sults indicated that shSTK40 altered FA via force-mediated FA
strengthening, which was further supported by the elimination of
shSTK40 effects on FA using ROCK inhibitor or myosin inhibitor
(Fig. 3, F and G, and fig. S7D). In contrast, although calpain is the
major mechanism of FA degradation (39, 40) with its suppression
increasing average FA sizes (fig. S7E) by creating huge FAs (Fig. 3H),
its effect was not altered by the presence of shSTK40 (Fig. 3H).
These independent effects between calpain knockdown and shSTK40
on FA dynamics further support the involvement of STK40 on
force-mediated FA remodeling.
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Fig. 3. STK40 knockdown enhanced force-mediated FA formation. (A to
D) Quantification of FA dynamics using SAS cells expressing GFP-tagged PXN. (A) Col-
or maps of FAs sorted by the timing of peak FA signals. (B) Sorted FAs were re-
aligned by the timing of peak signals. (C) Quantification of slopes [derivatives of FA
signals over time, depicted in (D)] during FA formation and degradation. (D) Aver-
age traces of FA signals based on aligned FA signals in (B). (E) shSTK40 increased
the number of stress fibers (labeled by phalloidin) and their overlaying p-MLC in
SAS cells. (F) Representative images of FA in SAS cells treated with shSTK40 plus
DMSO, 5 uM Y27632 (Y27), or 5 uM blebbistatin (BLE) overnight. (G) Quantification
of FA in (F). Note the abolishment of shSTK40 effect by both drugs. (H) Bar graph of
the percentage of “huge FAs” in cells treated with STK40 knockdown (shSTK40)
and/or calpain knockdown (shCAPN2). Huge FAs were defined as the integrated FA
intensity of >2.5x of the average FA signal in shCTRL. Note the increased percent-
age of huge FAs by shCAPN2 but not by shSTK40. Error bars denote means + SEM.
*P <0.05.

We further studied the mode of action in STK40-FA remodeling
using three approaches. We first dissected the role of STK40 by
altering functions and locations of STK40 proteins and examining
their effects on FA. STK40 was reported to regulate cell differentia-
tion as a putative nuclear kinase (30, 41-43) and to maintain protein
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stability as a cytoplasmic pseudo-kinase (44, 45). Thus, we want to
know either STK40 location or kinase activity determined FA re-
modeling. Again, SAS cells overexpressing STK40 protein of full
length (FL) had reduced FA (Fig. 4, A and B) and increased cell
migration speed (fig. S8A) compared to cells overexpressing the yellow
fluorescent protein (YFP) plasmid. In contrast, truncated STK40
with merely its kinase domain (KD) failed to reduce FA. Truncated
STK40 without its KD (AKD) reduced FA and increased cell speed
as the FL protein did (fig. S8A), indicating that the KD of STK40
was not mandatory for FA remodeling. Moreover, translocating

STK40 from the nucleus to the cytosol by tagging it with a nuclear
exportation sequence did not significantly alter its reduction effect
on FA (Fig. 4, C and D). Therefore, STK40 effects on FA dynamics
were potentially not directly related to its kinase function or nuclear
localization.

We then resorted to literature and examined whether STK40-
mediated FA dynamics was related to known functions of STK40
and/or FA-mediated signaling. Although STK40 was reported to
regulate the differentiation of several cell types, our explorations re-
vealed that shSTK40 did not alter cell size, cell cycle, and major
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Fig. 4. STK40 and MAPK signaling regulated YAP-mediated FA remodeling in collaborative manners. (A) Top: Diagram of FL STK40, STK40 with KD only, and AKD
constructs expressed in SAS cells. Bottom: Quantification of integrated FA intensity in SAS cells overexpressing above vectors. YFP, control vector. (B) Representative
images of FAs of (A). (C) Top: Diagram of STK40-EYFP and STK40-EYFP-NES constructs expressed in SAS cells. Bottom: Quantification of integrated FA intensity in SAS cells
overexpressing above vectors. (D) Representative images of FA of (C). 4of (Diamidino-2-phenylindole (DAPI) channel revealed locations of cell nuclei. YFP channel de-
notes subcellular distribution of above vectors. Note the distinct cytosolic translocation of STK40 by the NES. (E) Representative images and quantification of FA in SAS
cells without or with shSTK40 treated with 100 nM trametinib overnight. Note that the trametinib effect was masked by STK40 knockdown in high efficiency. (F) Repre-
sentative images of a-SMA in fibroblast HS68 cells without or with shSTK40 treated with 100 nM trametinib overnight. Note that the lower knockdown efficiency of
STK40 in HS68 cells than in SAS cells resulted in marked synergistic enrichment of a-SMA on stress fibers of H568 cells under combination treatment. (G) YAP activity
[labeled by connective tissue growth factor (CTGF) expression] was decreased in SAS cells treated with (top) verteporfin (VP) and (bottom) trametinib, shRNA targeting
cyclic adenosine 3',5-monophosphate response element-binding protein (shCREB), or shSTK40. HPRT, hypoxanthine-guanine phosphoribosyltransferase. (H) Represent-
ative images and quantification of FA in SAS cells without or with VP treated with shCTRL or shSTK40. (I) Representative images and quantification of FA in SAS cells with
shSTK40 and treated with VP and/or trametinib. Note that shSTK40 and VP abolished effects of trametinib. Error bars denote means + SEM. *P < 0.05. ns, not significant.
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markers of epithelial-mesenchymal transition (fig. S8, B to D), fur-
ther suggesting that STK40 did not alter FA by regulating cell prolif-
eration or differentiation in the nucleus. Next, we investigated
whether STK40 affected signaling regulators of FA, specifically FA
kinase (FAK) signaling (46-48). Our immunochemistry data showed
that shSTK40 did not change the expression and phosphorylation of
FAK (fig. S8E), indicating that STK40 exerted no direct effect on
FAK signaling. In sum, our first two approaches indicated that, in
STK40-mediated FA remodeling, the participation of kinase activity
from STK40, STK40 functions in the nucleus, indirect effects from
cell differentiation and FAK signaling were all excluded.

STK40 collaborates with MAPK on YAP-mediated

FA remodeling

We took a third approach by turning back to our screen results and
examined whether MAPK interacted with STK40 for this force-
mediated FA strengthening. The MAPK kinase (MEK) inhibitor
trametinib enhanced FA in SAS cells similarly to shSTK40 (Fig. 4E).
Moreover, high efficiency of STK40 knockdown reduced the effects
of trametinib on FA and cell speed, and vice versa (Fig. 4E and fig.
S9A). These epistatic effects of trametinib in high concentration to
STK40 knockdown in high efficiency showed that STK40 and MAPK
signaling were involved in the same pathway for FA remodeling and
cell migration. Furthermore, immunofluorescence of a-smooth
muscle actin (0-SMA) revealed its prominent enrichment on stress
fibers under simultaneous shSTK40 plus trametinib treatment (Fig. 4F).
Together, our results confirmed the participation of STK40-MAPK
synergism in force-mediated FA remodeling.

STK40 was suggested to regulate tissue development by
MAPK signaling (30, 49). We also observed that shSTK40 mildly
reduced MEK and extracellular signal-regulated kinase (ERK) ac-
tivities (fig. S9B) and increased the sensitivities in MAPK suppression
by trametinib (fig. S9C), while the c-RAF protein levels decreased
(fig. S9D). These data supported the role of STK40 in MAPK signal-
ing. However, while shSTK40 only slightly reduced MAPK activi-
ties, trametinib completely suppressed it (fig. S9B). However, both
shSTK40 and trametinib induced a marked and comparable in-
crease in FA (Fig. 4E). These disproportionate results between
shSTK40-induced MAPK suppression and FA enhancement sug-
gested the existence of missing links between STK40 and MAPK
signaling.

We investigated the missing links. The increase in FA by trame-
tinib was seen 16 hours after treatment (Fig. 4E) but was not visible
within the first 8 hours (fig. S9E), indicating potential involvement
of transcriptional control in MAPK-mediated FA remodeling. Thus,
we explored whether there existed any transcriptional machinery
specifically responsible for FA remodeling. Recent reports demon-
strated that suppression of the YAP pathway increased FA forma-
tion (29, 50, 51) similarly to our results of STK40 knockdown or
MAPK inhibition. These similarities in phenotypes encouraged us
to examine whether the YAP pathway was involved in STK40-MAPK
interaction. Using the expression levels of connective tissue growth
factor (CTGF) (52), cysteine-rich angiogenic inducer 61 (CYR61) (53),
ankyrin repeat domain 1 (ANKDR1) (54), and 8XGTIIC luciferase
assay (55) as the readout, we demonstrated that the activity of YAP
was suppressed by STK40 knockdown and also by MAPK suppression
(Fig. 4G and fig. S9, F to I) (56). The YAP inhibitor verteporfin (VP) not
only increased FA as reported previously (51) but also fully abolished
the effects of STK40 knockdown (Fig. 4H) or MAPK inhibition (Fig. 4I).
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Moreover, YAP knockdown also fully masked the effect of shSTK40
on FA (fig. S9]). Therefore, we inferred that the YAP pathway took
a dominant role on STK40-MAPK interaction for FA remodeling.

Next, we worked on the mechanism of how STK40 and MAPK
were involved in YAP-mediated FA remodeling. Western blots sug-
gested that STK40 regulated YAP levels as it remarkably abolished
trametinib-mediated compensatory YAP accumulation (fig. S10B).
Literature showed that YAP localization was critical for its activity
(57), as YAP in the nucleus regulated gene expression, while YAP in
the cytosol was prone to be degraded (58). We thus examined whether
STKA40 altered the expression and spatial distribution of YAP at the
subcellular level. Immunofluorescence revealed that shSTK40 re-
duced YAP level both in the nucleus and cytosol (fig. S10A), together
with the reduction of its nucleus-to-cytosol (N/C) ratio (Fig. 5A).
The exportin inhibitor leptomycin B (59), which blocked nuclear
exportation to cause YAP accumulation in the nucleus (fig. S10C),
abolished shSTK40-induced FA increase (Fig. 5B). Furthermore,
the decrease in YAP level by shSTK40 was rescued by overexpression
of STK40 in FL and in its KD-truncated form (Fig. 5C and fig.
S10D), compatible with their rescue effects on FA dynamics (Fig. 4A).
These results indicated that shSTK40 suppressed YAP activities via
reducing YAP expression. This suppression might occur by reducing
its expression or by promoting its degradation. The YAP reduction
subsequently exerted less effect in cell nucleus for FA remodeling.
Previous reports showed that STK40 bound to Constitutive Photo-
morphogenic Protein 1 (COP1) (44), which functioned as the E3
ubiquitin ligase for protein degradation. Hence, shSTK40 might alter
YAP stability via the degradation machinery. STK40 knockdown
was also reported to increase the expression of histone deacetylase 5
(41), which in turn might increase YAP expression (60) and its effect on
cytoskeletal remodeling. In our experiments, shSTK40 did not signifi-
cantly alter mRNA levels of YAP (fig. S10E). In contrast, shSTK40
enhanced the degradation of YAP under cycloheximide treatment
(Fig. 5D). Therefore, STK40 probably enhances protein stability of
YAP, subsequently altering YAP effect for FA remodeling.

Last, we examined how MAPK inhibition regulated YAP effects
on FA remodeling. Since both trametinib and shRNA targeting
cyclic adenosine 3’,5'-monophosphate response element-binding
protein (shCREB) suppressed YAP activity (Fig. 4G) and increased
FA (Figs. 4G and 5E), we proposed that MAPK signaling augmented
YAP effects on FA via its downstream target CREB (61). Similarly to
trametinib treatment (Fig. 4I), the FA-enhancing effect by shCREB
was also reduced under STK40 knockdown or YAP inhibition
(Fig. 5E), confirming the involvement of CREB to augment YAP
activities. Furthermore, with careful titration of shCREB levels, syn-
ergistic suppression of shSTK40 and shCREB on YAP activities was
revealed as indicated by CTGF expression (fig. S10F). Notably, al-
though decreasing YAP activity as indicated by CTGF reduction
(Fig. 4G), trametinib increased intracellular YAP levels (fig. S10B).
These results supported strong feedback interactions between CREB
and YAP as reported in the literatures (61, 62), so MAPK inhibition
resulted in compensatory increase in YAP levels. Together, we
found an integrated YAP-centered system regulating cell adhesion
and cell migration. Within this system, STK40 promoted YAP
stability and, hence, its activity, which was further augmented by
MAPK signaling via CREB to control adhesion cytoskeleton. There-
fore, simultaneous suppression of STK40 and MAPK collabora-
tively disrupted FA turnover resulting in synthetic dysmobility
(Fig. 5F).
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Fig. 5. STK40 and MAPK signaling regulated YAP-mediated FA remodeling in
distinct mechanisms. (A) Representative images and quantification of subcellular
YAP distribution. Notice the decreased N/C ratio of YAP by shSTK40. A.U., arbitrary
units. (B) Representative images and quantification of FA in SAS cells without or
with leptomycin B (LMB) treated with shCTRL or shSTK40. Note the vanishment of
STK40 effect under leptomycin B. (C) SAS cells received STK40 knockdown
(shSTK40) followed by rescue experiments using STK40 of FL, KD, and AKD con-
structs. Their cytosolic YAP levels were measured using immunofluorescence.
Notice that FL and AKD rescued YAP levels that were reduced by shSTK40. shCTRL,
control shRNA; YFP, control vector. (D) Top: SAS cells with STK40 knockdown
(shSTK40) were treated with cycloheximide. Their YAP protein was collected at dif-
ferent time points after cycloheximide treatment and measured using Western
blots. Bottom: Quantification of the above results. Note that shSTK40 facilitated
YAP degradation. (E) Representative images and quantification of FA in SAS cells
with shSTK40 and treated with VP and/or shCREB. Note that shSTK40 and VP abol-
ished effects of shCREB. Error bars denote means + SEM. *P <0.05. (F) Working
models depict how STK40 and MAPK collaboratively regulate YAP activities (left)
and how STK40 plus MAPK suppression causes synthetic dysmobility (right).

DISCUSSION

Previous studies unveiled potential involvement of STK40 on cell
differentiation and tissue development (30, 41-43, 45, 49), but its
molecular mechanism has remained elusive. Our research resolved

Yuetal, Sci. Adv. 2021; 7 : eabg2106 28 July 2021

this issue by confirming the kinase-independent effect of STK40 on
force-mediated FA turnover. We further elucidated that STK40 ex-
erted effects on FA by altering YAP protein stability, as well as its
subsequent N/C localization and activities. Hence, STK40 likely
regulates cell differentiation and tissue development via its kinase-
independent action on YAP signaling. Although direct molecular
targets of STK40 remain to be identified, recent reports suggested
that it altered protein activities via scaffold properties (44, 45). We
thus speculate that STK40 may directly bind to proteins responsi-
ble for YAP stability. Candidate proteins include YAP itself, the
machinery of YAP ubiquitination and degradation, and the ma-
chinery of its N/C shuttling, all of which are currently under our
investigations.

Our results also identified the missing links between STK40 and
MAPK (30) by unraveling how STK40 collaborated with MAPK on
different levels of YAP control, as STK40 regulates YAP protein sta-
bility, while MAPK uses its downstream transcription factor CREB
to enhance YAP signaling in mutual feedback loops (61, 62). Via
this STK40-YAP-MAPK interaction, we demonstrated how differ-
ent signaling pathways constituted an integrated system to drive
cytoskeletons. First and foremost, our screen disclosed that cell
migration could be blocked by multitargeting strategies mimicking
the concept of synthetic lethality, which will lead to the develop-
ment of combination drug therapies to stop cell migration in col-
laborative manners.

MATERIALS AND METHODS

Cell culture

SAS cells and HSC3 cells were gifts from J. S. Chia’s Lab (National
Taiwan University, Taipei, Taiwan). 3A-Sub E cells were gifts from
H.-N. Kung’s lab (National Taiwan University, Taipei, Taiwan).
HepG2, HS68, and human embryonic kidney (HEK) 293T cells were
purchased from American Type Culture Collection (Manassas, VA,
USA), while HUVECs were purchased from Lonza (Lonza, Basel Stiicki,
Switzerland). Cells were maintained at 37°C and 5% CO,. SAS, 3A-Sub
E, HepG2, HSC3, HS68, and HEK293T cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Thermo Fisher Scientific,
Waltham, MA, USA and HyClone, Logan, UT, USA). HUVECs were
grown in endothelial cell growth medium-2 (EGM2) (Lonza). Culture
medium was supplemented with 1% of penicillin/streptomycin (P/S)
(Gibco) and 10% fetal bovine serum (FBS; HyClone). Cells were passaged
using 0.5% trypsin-EDTA (Gibco) and washed with phosphate-buffered
saline (PBS) (Corning, New York, USA) within 10 passages.

Generation of knockdown plasmids and
overexpression constructs
To knockdown STK40 or other genes [RAC1, CTNNAI, PXN,
YAP, CREBI, and calpain 2 (CAPN2)], we transfected shRNA plas-
mids bought from National RNAi Core (NRC; Academia Sinica,
Taipei, Taiwan) into HEK293T cells to prepare lentiviruses for in-
fection (data S4). For knockdown control, we directly bought shRNA
lentiviruses (shLuc, shGFP, shLacZ, and shRFP) from NRC (Academia
Sinica, Taipei, Taiwan) and mixed these viruses in the same quanti-
ty as our shControl. To overexpress STK40 or PXN, we created sev-
en different constructs (data S5).

1) Control construct pLAS2w.eYFP.Pbsd was created by digest-
ing the vector pLAS2w.Pbsd (Academia Sinica) using restriction
enzymes Nhe I [New England Biolabs (NEB), MA, USA] and Eco RI

70f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

(NEB) and then ligating cloned YFP using T4 ligase (NEB) to the
vector. YFP sequence was cloned from primers eYFP_Nhel and
eYFP-EcoRI and pEX-SP-eYFP.STIM1 (gift from T. Meyer’s lab,
Stanford, CA, USA) and was cloned to pLAS2w.Pbsd vector.

2) pLAS2w.STK40-P2A-EYFP was created by digesting vector
pLAS2w.Pbsd using restriction enzymes Nhe I and Xba I (Takara,
Shiga, Kyoto, Japan) and ligating two inserts, STK40 and porcine
teschovirus-1 2A (P2A)-EYFP, to the vector. Cloned STK40 section
was created by performing nested polymerase chain reaction (PCR)
with two sets of primers: STK40_NstPCR1/F, STK40_NstPCR1/R
and STK40 cds RE Nhe I F, STK40 cds Xba I R, using extracted cDNA
from HepG2 cells as template. P2A-EYFP was cloned by performing
PCR with primers P2A-EYFP RE Xba I F and P2A-EYFP RE Sbf I R
using pLAS2w.FGFRIIIb-P2A-EYFP as template.

3) pLAS2w.STK40-EYFP was generated from pLAS2w.STK40-
P2A-EYFP by performing PCR, site-directed mutagenesis, and
self-ligation. Primers RE Xba I EYFP-F and STK40 cds Xba I R, tem-
plate pLAS2w.STK40-P2A-EYFP, and reagents from QuikChange
site-directed mutagenesis kit (Agilent, Santa Clara, CA, USA) were
used for PCR. The enzyme Dpnl from the kit was added to the PCR
product to degrade the original template. Restriction enzyme Xba I
was further used for digestion of the vector, and self-ligation was
performed to create the final construct.

4) pLAS2w.STK40-EYFP-nuclear export signal (NES) was created by
replacing STK40-EYFP from pLAS2w.STK40-EYFP with STK40-
EYFP-NES. pLAS2w.STK40-EYFP was digested using restriction
enzymes Nhe I and SbfI. Cloned insert STK40-EYFP-NES was then
ligated to the vector. STK40-EYFP-NES was generated by perform-
ing PCR with primers STK40 cds RE Nhe I F and STK40-EYFP-NES
primer R pLAS2w.Sbf I, using pLAS2w.STK40-EYFP as template.

5) pLAS2w.STK40-AKD(51 to 299)-P2A-EYFP was generated
by truncating amino acids 51 to 299 of STK40 from pLAS2w.
STK40-P2A-EYFP. PCR was carried out using primers Kinase
domain truncate 300 aa Xma I primer F and Kinase domain truncate
50 aa Xma I primer R and pLAS2w.STK40-P2A-EYFP as template
to clone the sequence excluding of the KD. DPN1 (Agilent) was
used to degrade template pLAS2w.STK40-P2A-EYFP. Restriction
enzyme Xma I (NEB) was used for digestion, and self-ligation was
then performed to create the final construct.

6) pLAS2w.STK40-KD(50 to 300 amino acids) only-P2A-EYFP
comprises only the KD of STK40, which is the amino acids 50 to 300
of STK40. pLAS2w.STK40-P2A-EYFP was digested with restriction
enzymes Nhe I and Sbf I with the insert STK40-KD ligated to it.
STK40-KD was generated by performing in-fusion PCR cloning us-
ing primers STK40 35 ATG infusion F and STK40 331 infusion R,
Phusion DNA polymerase (Thermo Fisher Scientific) and the tem-
plate pLAS2w.STK40-EYFP.

7) To create a cell line SAS-GFP-PXN for FA dynamics, we cre-
ated pLKO.AS3W-GFP-PXN.bsd. pLKO.AS3W-GFP-PXN.bsd was
created by digesting vector pLKO.AS3w.bsd (Academia Sinica) using
restriction enzymes Nhe I and Sbf I and then ligating cloned GFP-PXN
to the vector. GFP-PXN was cloned using primers GFP-PXN-F and
GFP-PXN-R and template GFP-PXN (gift from T. Meyer’s lab). pLKO.
AS3W-GFP-PXN.bsd was later expressed in SAS cells and sorted to cre-
ate cell line SAS-GFP-PXN to label FAs in FA dynamic experiments.

Lentivirus preparation and infection
HEK293T cells were plated on 6- or 10-cm dish (Jet Biofil, Guanzhou,
China) and transfected with shRNA plasmid or cloned construct,
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pMD2.G and pCMV A8.91 (gifts from C.-C. Chen’s lab, National
Taiwan University) using Lipofectamine 3000 (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) and P3000 enhancer (Invitrogen)
in Opti-MEM (Gibco). After 6 hours of transfection, the medium
was removed and replaced with DMEM with 1% bovine serum al-
bumin (BSA). Viral supernatant was collected for 48 hours after
transfection, centrifuged, and concentrated using Lenti-X (ClonTech,
Takara, Shiga, Kyoto, Japan). SAS, HUVEC, 3A-Sub E, or HepG2
cells were infected with lentiviruses, including polybrene (8 pg/ml;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) for enhancement
of infection. Cells were then selected using puromycin (2 pug/ml;
Sigma-Aldrich, St. Louis, MI, USA) for shRNAs or blasticidin
(10 pug/ml; InvivoGen) for overexpression constructs for 24 to 48 hours.

“Two-hit” migration screen

High-throughput screening [high content screening (HCS)] service
and shRNA provided by NRC in Academia Sinica were used to ac-
celerate the process of the two-hit migration screen. HUVECs were
plated manually on 96-well plates (Corning, Costar 3599) coated
with collagen I (30 pug/ml; rat tail, Invitrogen). A total of 119 genes
were selected from two previous screens (13, 14) as our candidates
in the two-hit migration screen. A total of 588 shRNAs targeting the
119 genes were used to infect HUVECs operated by robotic arms.
On the day of wound healing assay, HUVECs were stained with
Hoechst 33342 (Invitrogen) in EGM2 medium at room temperature.
After nuclei staining, the medium was changed to EGM2 containing
dimethyl sulfoxide (DMSO; Sigma-Aldrich), 2 pM BTP2 (Sigma-
Aldrich), 5 uM Y27632 (Sigma-Aldrich), or 10 uM PD98059
(Sigma-Aldrich). A scratcher (13) was then used to create wounds
for wound healing migration. Plates were sent to ArrayScar VTI
HCS Reader (Thermo Fisher Scientific, Cellomics) to take images at
0 and 15 hours of incubation at 37°C.

Data from our two-hit migration screen were analyzed using
MATLAB (MathWorks, Natick, MA, USA) in the following flow
(data S7):

1) Generation of wound healing area. The wound-healing area
of the sheet migration images between 0 and 15 hours in the two-hit
migration screen on HUVECs was analyzed. (data S1). The extent
of wound healing after wound-scratch was demonstrated as the
wound healing area.

2) Density correction. Density correction (fig. S1B) was carried
out by generating a linear regression curve of sheet migration ver-
sus cell density. The estimated sheet migration per density was gen-
erated on the basis of the regression line. Density corrected speed
was calculated as the following formula

Density corrected speed = actual speed — estimated speed

3) Normalization. Normalized sheet migration was calculated as
the following formula (Fig. 1D and data S1).

Sheet migration of each shRNA

Normalized sheet migration = S
Average sheet migration of untreated cells

4) z scores. z scores of sheet migration were calculated as the
following formula (fig. S1, C to E, and data S1)

zscore =

(wound healing area of the gene — average wound healing area of all SsRNAs under treated vehicle)

SD of the wound healing area of all shRNAs under treated vehicle
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Positive z score values imply greater wound healing, while negative
values imply less healing. Take STK40 as an example: The z score of
the N column of shSTK40 is close to 0, while shSTK40 plus PD98059
generated a negative value. This implies a synergistic reduction in
sheet migration when coinhibiting STK40 and MAPK.

Single-cell tracing migration (random migration and wound
healing assays)

SAS, HUVEC, HSC3, and 3A-Sub E cells were plated on collagen I
(rat tail, Invitrogen)-coated 96-well plates (Corning, CoStar 3599).
Cells were infected with lentiviruses for 24 hours and selected with
antibiotics for 24 to 48 hours (see the “Lentivirus preparation and
infection” section). On the day performing migration assays, SAS,
HSC3, and 3A-Sub E cells were stained with Hoechst 33342 (1 pg/ml)
for 1 hour at 37°C, while HUVECs were stained with Hoechst 33342
(1 pg/ml) for 15 to 30 min at the same temperature. After nucleus
staining, medium of SAS and 3A-Sub E cells was changed to
serum-free medium containing 20 mM Hepes (Gibco), 0.1% BSA
(BioShop, Ontario, Canada), and epidermal growth factor (0.5 ng/ml;
PeproTech, Rockyhill, NJ, USA) or supplemented with FGF1
(25 ng/ml; Invitrogen) plus 10 U of heparin (Sigma-Aldrich). Medium
of HUVECs was changed to EGM2 medium. Addition of other
drugs such as 100 nM trametinib (LC Laboratories, Woburn, MA,
USA) or DMSO was added into the medium together with the sup-
plements. For wound healing assays, cells were scratched by a scratcher,
while random migration assays do not require wound scratch. After
wound scratch (or unscratched), the cells were then placed in an
acrylic incubator at 32°C for SAS cells and 37°C for HUVEC and
3A-Sub E cells using Nikon Eclipse Ti microscope (Nikon, Tokyo,
Japan) for live-cell imaging. Images were taken every 10 min for a
duration of 6 to 10 hours. Parameters such as speed, coordination,
and directionality were analyzed using MATLAB (data S7).

Double-inhibition experiment

SAS cells were plated on collagen I (rat tail)-coated 96-well plates.
For double-inhibition experiments, cells were coinhibited with (i)
shSTK40 plus (ii) shRNAs or drug targeting migration-related mol-
ecules: Racl for F-actin, a-catenin for adherens junction, and PXN,
FA, and myosin light-chain kinase for myosin. Cells were infected
with shSTK40 plus shCTNNA1, shRACI, or shPXN for 24 hours
and selected with puromycin for 24 hours before performing migra-
tion. Ten micromolars of ML9 (Sigma-Aldrich), myosin-light chain
kinase inhibitor, was added into serum-free DMEM with supple-
ments after nucleus staining on the day performing migration. Ran-
dom migration or wound healing migration was carried out after
infection and selection [see the “Single-cell tracing migration (random
migration and wound healing assays)” section]. Nucleus-stained or
drug-treated SAS cells, scratched or unscratched, were then placed
in an incubator at 32°C for migration using Nikon Eclipse Ti micro-
scope for live-cell imaging. Images were taken every 10 min for a
duration of 10 hours, followed by analysis using MATLAB.

Immunofluorescent staining

SAS, HUVEC, and HepG2 cells were plated on collagen (100 pg/ml;
collagen I, bovine, Gibco)-coated chamber slides (Thermo Fisher
Scientific, 155411 or 155383 Nunc Lab-TEK) or 96-well plate (Thermo
Fisher Scientific, Nunc 165305) and infected with shRNA viruses or
prepared viruses of overexpression constructs, followed by afore-
mentioned antibiotic selection. SAS cells were treated with or without
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drugs before fixation. Drugs include 5 uM Y27632, 5 uM blebbistatin,
100 nM trametinib treatment overnight, 2.5 uM VP (MedChemExpress,
Monmouth Junction, NJ, USA) for 8 hour, and 100 nM leptomycin
B (Cayman Chemical Company, Ann Arbor, MI, USA) for 2
to 3 hours.

Before fixation, cells were processed to a 2-hour migration. Cells
were washed with PBS, and wounds were created using a tip for
chamber slides or a scratcher for 96-well plates. The cells were incu-
bated in serum-free DMEM supplemented with 20 mM Hepes,
0.1% BSA, FGF1 (25 ng/ml), and 10 U of heparin, including or ex-
cluding drug treatment at 37°C for 2 hours to perform migration.
After 2 hours of migration, cells were fixed with 4% paraformalde-
hyde (Sigma-Aldrich) in PBS at room temperature for 15 min, per-
meated with 0.25% Triton X-100 (J. T. Baker, Phillipsburg, NJ,
USA) at room temperature for 10 min, and blocked with 5% BSA at
room temperature for 1 hour. Cells were then incubated overnight
at 4°C with primary antibodies with 1% BSA in PBS. The cells were
then stained with secondary antibodies (see the “Antibodies” section),
phalloidin dyes, and 4',6-diamidino-2-phenylindole (DAPI; 10 pg/ml;
Invitrogen) with 1% BSA in PBS. Phalloidin dyes, Alexa Fluor 488
phalloidin (Invitrogen, catalog no. A12379; 1:500 to 1:1000 dilution),
and Alexa Fluor 594 phalloidin (Invitrogen, catalog no. A12381;
1:500 to 1:1000 dilution) were used to stain stress fibers. We then
used Nikon Eclipse Ti to take images of the fixed cells.

In vitro permeability assay

HUVECs were plated on 24-well transwell inserts with a 0.4-mm
pore size (Corning) and attached overnight. Then, cells were infected
with lentiviruses for 24 hours and selected with puromycin for
24 hours (see the “Lentivirus preparation and infection” section).
After that, we treated the cells with trametinib (100 nM) or DMSO
overnight. On the day performing permeability assay, 70-kDa fluo-
rescein isothiocyanate (FITC)-conjugated dextran (1 mg/ml; Sigma-
Aldrich) was added to the upper compartment of the inserts at
specific time points (60 and 120 min). Fluorescence of the medium
of the lower compartment was measured with spectrophotometer
(Synergy HT, BioTek) excitation of 485 nm and emission of 528 nm.
FITC-dextran concentrations were calculated on the basis of the
standard curve of FITC-conjugated dextran in extracellular matrix
ranging from 0 to 1 mg/ml using MATLAB script (data S7).

YAP activity assay

SAS cells were infected with lentiviruses for 24 hours and selected
with antibiotics for 24 hours (see the “Lentivirus preparation and
infection” section). Cells (treated with or without shRNAs) were
then seeded 2 x 10° cells per well on a 6-well plate and attached
overnight. Next, 8XGTIIC-luciferase plasmid (Addgene) and pRL-TK
plasmid (Promega) were cotransfected to the cells with Lipofectamine
3000 (Invitrogen) for at least 14 hours before being harvested. VP or
DMSO was treated to the cells 6 hours after transfection for drug
treatment experiment. Cell lysate was then harvested and trans-
ferred to a 96-well-plate for analysis using the Luc-Pair Duo-Luciferase
Assay Kit (GeneCopoeia). Luminescent signals were detected using
spectrophotometer (Synergy HT, BioTek).

Real-time reverse transcription PCR

Total RNAs of cells were extracted using Iso-RNA lysis reagent
(Five Prime Therapeutics, South San Francisco, CA, USA) or NucleoZol
(MACHEREY-NAGEL, Diiren, Germany) and converted into cDNAs
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using SuperScript Transcriptase II or SuperScript Transcriptase IV
(Invitrogen). Sample reactions containing SYBR Green Supermix
(Bio-Rad), primers (data S6), and cDNA templates were then loaded
onto 96-well PCR plates (Bio-Rad) and then set up for real-time
PCR using the CFX Connect Real-Time PCR Detection System
(Bio-Rad). MATLAB was used to analyze PCR cycles, annealing
temperature, and quantification of mRNA levels (data S7).

FA analysis

Immunofluorescent images of FA were analyzed using MATLAB
(data S7). FA quantification was performed using the following flow:
(i) FA background subtraction: Script FA_background_20200313.m
was used for FA background subtraction. The background signal of
each of the individual pixels was separately determined by the me-
dian value of its surrounding pixels within the radius of 1.46 pm. (ii)
Thresholding: Script FA_identification_FAclearer_20200316.m was
used. The threshold for the mask of FA was determined as two SDs
above the mode of the background value. (iii) Segmentation: Function
of watershed segmentation in MATLAB was used for FA segmenta-
tion. (iv) FA selection: FAs were identified and selected in a semi-
automatic manner. FAs within 15 pm of the lamellipodia edge were
further analyzed. For each FA, we acquire its area and mean FA signal.
The integrated FA signal (fig. S5) was generated by

Integrated FA = FA area x mean FA signal

FAs and cells from multiple sites were analyzed, and data were
pulled up using Microsoft Excel (Redmond, WA, USA) for statisti-
cal analysis. Here is a list of the cells and FAs chosen in each figure:

1) FAs of eight cells at the wound edge from one site of each
condition were analyzed for STK40 knockdown and overexpression
(Fig. 2, D and E) in SAS cells. Number of FAs per cell was also ana-
lyzed (fig. S6A). FAs of 23 cells at wound edge from one site in cells
infected with shControl and 31 cells from one site in cells infected
with shSTK40 were analyzed in HepG2 cells (fig. S6B). FAs of 14
cells at the wound edge from one site in cells infected with shCon-
trol and 13 cells from one site in cells infected with shSTK40 were
analyzed in HUVEC:s (fig. S6C).

2) FAs of eight cells at the wound edge from one site of each
treatment were analyzed in the experiment removing traction force
upon knockdown of STK40 (Fig. 3, F and G, and fig. S7D).

3 FAs of 8 to 10 cells at the wound edge from one to three sites of
each treatment were analyzed for shSTK40 and shCAPN2 double-
treatment experiment. (Fig. 3G and fig. S7E)

4) FAs of eight cells at the wound edge from one to two sites of
each treatment were analyzed for the overexpression and KD trun-
cation of STK40 (Fig. 4, A and B).

5) FAs of 24 cells at the wound edge from three sites of each
condition were analyzed in the experiment translocating STK40 from
nucleus to cytosol (Fig. 4, C and D).

6) FAs of eight cells at the wound edge from one site of each
condition were analyzed in the experiment of shSTK40 plus trame-
tinib (Fig. 4E).

7) FAs of eight cells at the wound edge from one site of each
condition were analyzed in the experiment of shSTK40 plus VP
(Fig. 4H).

8) FAs of eight cells at the wound edge from two to four sites of
each condition were analyzed in the experiment of shSTK40 plus
trametinib and VP (Fig. 4I).
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9) FAs of eight cells at the wound edge from one site for each
condition were analyzed in the experiment of shSTK40 plus lepto-
mycin B (Fig. 5B).

10) FAs of eight cells at the wound edge from one site for each
condition were analyzed in the experiment of shSTK40 plus VP and
shCREB (Fig. 5E).

11) FAs of eight cells at wound edge from one to two sites for
each condition were analyzed in the experiment of shSTK40 plus
shYAP (fig. $9J).

Images of FA shown in figures were processed using MATLAB
(data S7). Script Generate_FA_demo_20200831.m was used.

FA dynamic assay
Sorted cells were used to create cell line SAS-GFP-PXN for FA dy-
namics experiments (Fig. 3, A to D, and fig. S7, A to C). We infected
SAS cells with viruses packaged pLKO.AS3w-GFP-PXN.bsd and
cultured the cells for cell sorting. After trypsinizing and centrifug-
ing infected cells, the supernatant was removed, and cells were
treated and resuspended with 1 ml of sorting buffer that includes 1x
PBS (Ca®*/Mg**-free), 1 mM EGTA (Sigma-Aldrich), 2 mM Hepes,
1 to 2% FBS, and 0.1 to 0.2% BSA at a pH of 7.0. Cells were filtered
and prepared with a sterilized sorting tube (BD Biosciences, BD Falcon,
352235) before cell sorting using flow cytometer BD LSRFortessa
(The Flow Cytometric Analyzing and Sorting Core of the First Core
Laboratory, College of Medicine, National Taiwan University).
Coverglass base plates (96-well plates; Thermo Fisher Scientific,
Nunc 164588) were coated with 100 uM poly-p-lysine hydrobromide
(Sigma-Aldrich) for 5 min of incubation at 37°C and then coated with
collagen (10 ug/ml; collagen I, rat tail) overnight. GFP-PXN-SAS cells
were then plated for FA dynamic assay. On the day of FA dynamic
assay, the medium of cells was removed and replaced with phenol
red-free serum-free medium DMEM (Gibco) supplemented with 10%
of FBS and 100 uM L-ascorbic acid (Sigma-Aldrich, catalog no. A4544).
Movies of live cells were recorded using Nikon Eclipse Ti microscope
with a frequency of 5 s per image and a total duration of 8 min. FA
dynamics were analyzed using MATLAB (data S5). All FAs of all cells
in one site of each treatment (shControl or shSTK40) were analyzed.

Western blotting

Cells were infected with viruses and treated with or without drugs
such as PD98059, trametinib, Y27632, and blebbistatin (Sigma-
Aldrich) for 24 hours. Cells were washed in ice-cold PBS and then
harvested in radioimmunoprecipitation assay lysis buffer (Cell Sig-
naling Technology, Danvers, MA, USA) and supplemented with
phenylmethylsulfonyl fluoride (MD Bio Inc., Rockville, MD, USA)
and protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific). Lysates were centrifuged for 15 min at 15,000 rpm. Sam-
ples that were boiled at 95°C for 5 min were loaded into wells of
SDS-polyacrylamide gel electrophoresis gel, transferred onto poly-
vinylidene difluoride (PVDF) membrane (Merck Millipore, Burlington,
MA, USA, Immobilon-P PVDF Membrane), blocked with 3% BSA
in 0.05% Tris Buffered Saline with Tween-20 (TBST) (BioLink, Lisle,
IL, USA), and incubated at 4°C overnight with primary antibodies
and secondary antibodies at room temperature for 1 hour (see the
“Antibodies” section). Enhanced chemiluminescent substrates (T-Pro
Biotechnology, New Taipei City, Taiwan) were used to visualize
conjugated proteins, followed by imaging using Bio-Rad Gel Doc2000
(Bio-Rad, Hercules, CA, USA). Image Lab software (Bio-Rad) was
used for protein quantification.

100f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

Antibodies

Antibodies in immunofluorescent staining were as follows: purified
mouse anti-PXN (BD Biosciences, San Jose, CA, USA, catalog nos.
610061 and 610062) at 1:150; p-MLC2 (Ser-19) antibody (Cell
Signaling Technology, catalog no. 3671) at 1:1000; YAP (D8H1X)
XP rabbit monoclonal antibody (mAb) (Cell Signaling Technology,
catalog no. 14074) at 1:1000; goat anti-mouse immunoglobulin G
(IgG) (H + L) cross-adsorbed secondary antibody and Alexa Fluor
488 (Invitrogen, catalog no. A11001) at 1:500; goat anti-mouse
IgG (H + L) cross-adsorbed secondary antibody and Alexa Fluor
594 (Invitrogen, catalog no. A11005) at 1:500; goat anti-rabbit IgG
(H + L) cross-adsorbed secondary antibody and Alexa Fluor 488
(Invitrogen, catalog no. A11008) at 1:500; and goat anti-rabbit IgG
(H + L) cross-adsorbed secondary antibody and Alexa Fluor 594
(Invitrogen, catalog no. A11012) at 1:500. Antibodies in Western
blots were as follows: phospho-p44/42 MAPK (Erk1/2) (Thr*®/
Tyr*™) antibody (Cell Signaling Technology, catalog no. 9101) at
1:5000; p44/42 MAPK (Erk1/2) antibody (Cell Signaling Technolo-
gy, catalog no. 9102) at 1:5000; phospho-MEK1/2 (Ser*'’/Ser**')
(41GY9) rabbit mAb (Cell Signaling Technology, catalog no. 9154) at
1:1000; MEK1/2 (L38C12) mouse mAb (Cell Signaling Technolo-
gy, catalog no. 4694) at 1:1000; phospho-c-Raf (Ser™®) antibody
(Cell Signaling Technology, catalog no. 9421) at 1:1000; c-Raf anti-
body (Cell Signaling Technology, catalog no. 9422) at 1:1000; phos-
pho-FAK (Tyr’®’) antibody (Cell Signaling Technology, catalog no.
3283) at 1:1000; FAK antibody (Cell Signaling Technology, catalog
no. 3285) at 1:1000; phospho-YAP (Ser'?”) (D9W2I) rabbit
mAb (Cell Signaling Technology, catalog no. 13008) at 1:1000;
YAP (D8H1X) XP rabbit mAb (Cell Signaling Technology, catalog
no. 14074) at 1:1000; a-tubulin (DM1A) mouse mAb (Cell
Signaling Technology, catalog no. 3873) at 1:5000; E-cadherin anti-
body [N3C2], internal (GeneTex, Irvine, CA, USA, catalog no.
GTX124178) at 1:1000; anti-o-SMA antibody (Abcam, Cambridge,
UK, catalogno.ab5694) at 1:1000 dilution; GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) loading control mAb (GAIR) (Thermo
Fisher Scientific, catalog no. MA5-15738) at 1:5000; horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (H + L)
mouse serum adsorbed (Abgent, San Diego, CA, USA, catalog no.
LP1001c) at 1:2000; and HRP-conjugated goat anti-mouse IgG
(H + L) human serum-adsorbed (Abgent, catalog no. LP1002c)
at 1:2000.

Myofibroblastic differentiation assay

To assess myofibroblastic differentiation, fibroblasts (6 x 10> cells
per well) were plated on 96-well plate coated with collagen (3 ug/ul)
and allowed to attach overnight. Cells were infected with lentiviruses
for 24 hours and selected with antibiotics for 24 hour (see the
“Lentivirus preparation and infection” section). The medium of the
cell was changed to DMEM with 0.1% FBS, 1% P/S, and transforming
growth factor—f (10 ng/ml; PeproTech, Rocky Hill, NJ, USA) to induce
myofibroblastic differentiation of fibroblasts. Cells were incubated
for 48 hours and with the addition of trametinib (100 nM) in the
night before fixation. Cells were fixed with acetone/methanol (1:1)
(acetone, methanol, Sigma-Aldrich) in —20°C fridge for 5 min and then
blocked with 5% BSA in PBS for 1 hour. To detect 0-SMA, a marker
of myofibroblastic differentiation, we treated cells with 0-SMA antibodies
(Cell Signaling Technology; 1:100) and 5% BSA in PBS at 4°C overnight
and then stained with Alexa Fluor 594 dye-conjugated secondary
antibody (1:300) and DAPI (10 ug/ml) in 5% BSA in PBS for 1 hour.
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A fluorescence microscope was used to detect fluorescence from
0-SMA (594 nm) and nuclei, respectively.

Flow cytometry

SAS cells were knocked down with shControl and shSTK40 for the
flow cytometry experiment to investigate whether shSTK40 alters
cell size (fig. S8B). Samples were trypsinized and centrifuged, fol-
lowed by resuspension with a staining buffer: 1% FBS, (Biological
Industries, Beit-Haemek, Israel), 2 mM of EDTA (J. T. Baker), and
0.05% sodium azide (Sigma-Aldrich) in PBS on ice. Flow cytometry
was performed on flow cytometer BD LSRFortessa.

YAP analysis

Immunofluorescent images of YAP were analyzed using MATLAB
(data S7) in our experiments to investigate nuclear and cytosolic
YAP level (Fig. 5, A and C, and fig. 10, A and D). Script N_C_
calculation_20190627 _YFP_20191026_YAP.m was used for YAP
analysis. To determine YAP signals of a single cell, the image of its
DAPI signal was used as a nuclear mask. Its nuclear YAP signals
were determined by the YAP signals overlying the nuclear mask. Its
cytosolic YAP signals were determined by the YAP signals on the
ring area of 0.73 um in width surrounding the nuclear mask. YAP
levels of shControl or shSTK40 treated cells were analyzed from
12 sites for each treatment (shControl or shSTK40) (Fig. 5A and fig.
S10). YAP levels of shControl- or shSTK40-treated cells and then
overexpressed with YFP or FL, AKD, or KD-only STK40 construct
were analyzed from 20 sites for each treatment.

Cycloheximide assay

In the cycloheximide assay (Fig. 5D), SAS cells were infected with
lentiviruses for 24 hours and selected with puromycin for 24 hours
(see the “Lentivirus preparation and infection” section). After that,
cells were treated with cycloheximide (200 pg/ml; Cayman Chemi-
cal Company) at specific time points and then harvested. Western
blot was then conducted to determine the protein degradation level.

Double knockdown experiment of shSTK40 and titrations

of shCREB using different multiplicities of infection

Double knockdown experiment of shSTK40 and shCREB using ti-
trated multiplicity of infection (MOI) viruses (fig. SI0F) was carried
out to investigate the relationship between STK40, YAP, and CREB
to confirm our model (Fig. 5F). SAS cells were infected with shCon-
trol or shSTK40 viruses using an MOI of 0.31 or 10 overnight and
selected with puromycin for 24 hours. Next, we infected the cells
with shCREB viruses using MOIs of 0, 1, 2, 4, and 8. After 24 hours,
these infected cells were harvested for quantitative PCR analysis of
CTGF level.

Statistical analysis

Experimental data such as bar graphs and error bars are presented
as means * SE. Two-tailed Student’s ¢ tests and one-way analysis of
variance (ANOVA) were performed with Microsoft Excel and
MATLAB. Differences were considered statistically significant when
P values were less than 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/31/eabg2106/DC1
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