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ABSTRACT Cancer cells exploit a mesenchymal-like transcriptional state (MLS) to survive

drug treatments. Although the MLS is well characterized, few therapeutic vul-
nerabilities targeting this program have been identified. In this study, we systematically identify
the dependency network of mesenchymal-like cancers through an analysis of gene essentiality
scores in ~800 cancer cell lines, nominating a poorly studied kinase, PKN2, as a top therapeutic
target of the MLS. Coessentiality relationships, biochemical experiments, and genomic analy-
ses of patient tumors revealed that PKN2 promotes mesenchymal-like cancer growth through a
PKN2-SAV1-TAZ signaling mechanism. Notably, pairing genetic PKNZ inhibition with clinically
relevant targeted therapies against EGFR, KRAS, and BRAF suppresses drug resistance by deplet-
ing mesenchymal-like drug-tolerant persister cells. These findings provide evidence that PKN2
is a core regulator of the Hippo tumor suppressor pathway and highlight the potential of PKN2
inhibition as a generalizable therapeutic strategy to overcome drug resistance driven by the MLS
across cancer contexts.

SIGNIFICANCE: This work identifies PKN2 as a core member of the Hippo signaling pathway, and its
inhibition blocks YAP/TAZ-driven tumorigenesis. Furthermore, this study discovers PKN2-TAZ as
arguably the most selective dependency of mesenchymal-like cancers and supports specific inhi-
bition of PKN2 as a provocative strategy to overcome drug resistance in diverse cancer contexts.

INTRODUCTION

The robustness of cancer cell populations in the face of
varying environmental selection pressures depends on their
ability to engage diverse phenotypic cellular states (1). One
way of accessing various cellular states is through “phenotypic
plasticity,” a term describing the nongenetic mechanisms
cancer cells utilize to alter their biological characteristics
through epigenetic, transcriptional, and metabolic repro-
gramming events (2, 3). A large body of studies has identified
the mesenchymal-like state (MLS) as a particularly import-
ant, recurrently selected product of phenotypic plasticity that
drives tumor progression and therapeutic resistance across
diverse cancer contexts (4, 5). Phenotypic features of the MLS
include activation of antiapoptotic machinery, altered met-
abolic demands, decreased cellular proliferation, increased
metastatic capacity, and alteration of the tumor microen-
vironment to avoid immune cell detection (6-8). Taken to-
gether, the characteristics of the MLS promote resistance to
radiotherapy (9), chemotherapy (10, 11), targeted therapy
(12-14), and immunotherapy (15).

Epithelial-mesenchymal plasticity (EMP) is necessary for
normal embryologic development and wound healing, but it
is exploited by epithelial-derived cancers for tumor develop-
ment and progression (8, 16-20). Interestingly, nonepithelial
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cancers such as melanoma (21), leukemia (22), and neuro-
endocrine cancers (23-26) also activate mesenchymal-like
cellular programs, suggesting that the fitness advantages of
this state are generalizable beyond just epithelial cancers.
Although the transcription factors and phenotypic mech-
anisms that drive EMP are well characterized (6-8, 27), few
therapeutic interventions targeting the MLS have emerged.
GPX4 inhibition was found to induce ferroptosis in mesen-
chymal-like cancers (28, 29), but pharmacologic options to
activate ferroptosis are currently limited (30). Therefore, there
is a significant need to identify pharmacologically accessible
therapeutic vulnerabilities of the MLS that are generalizable
across mesenchymal-like cancer populations.

Here, we discover that the kinase PKN2 is a core regula-
tor of Hippo signaling and is required for mesenchymal-like
cancer survival. Additionally, we reveal that PKN2 suppres-
sion prevents the MLS-dependent acquisition of resistance to
major oncogene-targeted therapies.

RESULTS

PKN2 Is an Understudied Kinase Required for the
Survival of Mesenchymal-like Cancers

In search of genetic dependencies specific to the MLS, we
assigned every solid cancer cell line, excluding sarcomas, an-
notated in the Cancer Dependency Map (DepMap; ref. 31)
a score based on its expression of the Hallmark epithelial-
mesenchymal transition (EMT) gene signature (Supplemen-
tary Fig. S1A; ref. 32). As expected, fibroblast cells uniformly
generated the highest EMT scores, highlighting their mesen-
chymal features (Supplementary Fig. S1B). Conversely, tumor
cells from myeloid and lymphoid lineages consistently pro-
duced the lowest scores (Supplementary Fig. S1B). Interest-
ingly, solid cancer cell lines exhibited a wide range of EMT
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scores across all cancer lineages (Supplementary Fig. S1A and
S1B), which suggests that these cell models faithfully repre-
sent the continuum of EMP cell states. Following the exclu-
sion of sarcomas, we performed linear regression analyses in
~800 solid cancer cell lines to assess the correlation coefficient
between the EMT score and the gene dependency score for
each gene in the genome, derived from genome-wide CRISPR/
Cas9 loss-of-function screening data (Fig. 1A; Supplementary
Table S1). Genes with the most negative correlation coeffi-
cients are more required for the survival of mesenchymal-like
cells than epithelial-like cells. Reassuringly, these genes in-
cluded GPX4 as a top hit (Fig. 1A), suggesting that this anal-
ysis identifies previously validated vulnerabilities of the MLS.

Unexpectedly, although the mRNA expression of many
genes is upregulated in MLS-high cell lines, only a small sub-
set of these genes showed differential dependency scores in
the same lines. Many of these genes were related to integrin-
focal adhesion signaling (FERMT2, JUN, ITGAV, and VCL) or
the downstream Hippo tumor suppressor signaling path-
way (WWTRI; Fig. 1B; Supplementary Table S2). Using our
ranked list of correlation coefficients (Fig. 1A), we performed
GSEAPreranked (33) with Kyoto Encyclopedia of Genes and
Genome (KEGG) gene sets, identifying the enrichment of gene
sets related to focal adhesion and cytoskeletal regulation among
the top dependency pathways enriched in the MLS (Fig. 1C).
To ensure our results were not biased by lineages with skewed
EMT scores, we repeated our correlation analysis in only
non-small cell lung cancer cell lines. We found that the family
of focal adhesion genes identified in the pan-cancer analy-
sis was once again the most negatively correlated hits, sug-
gesting that EMT score predicts dependency on these genes
even when controlling for cancer lineage (Supplementary Fig.
S1C). Together, these data suggest that although hundreds of
genes are transcriptionally upregulated in the MLS, a specific
network of genes associated with focal adhesion and Hippo
tumor suppressor signaling are unique dependencies of mes-
enchymal-like cancers.

We were particularly interested in PKN2, a gene encoding
an understudied kinase that scored as the ninth most selec-
tive dependency of mesenchymal-like cell lines (Fig. 1A, B,
and D). PKN2 is a Rho effector serine/threonine kinase that
becomes activated upon Rho GTPase (RhoA/Racl) binding
to its inhibitory N-terminal domains and is known to be in-
volved in cell cycle regulation and cytoskeletal remodeling
(34). Notably, PKN2 was one of the few mesenchymal-specific
dependencies that did not exhibit upregulated mRNA expres-
sion in MLS-high cells (Fig. 1B; Supplementary Fig. S1D).
Our interest in exploring PKN2 as a therapeutic target of the
MLS is fourfold. First, although no underlying mechanism
was identified, Pkn2 was recently reported to be essential for
the expansion of the mesoderm during mouse embryogene-
sis (35), highlighting the specificity and potency of Pkn2 de-
pendence in mesenchymal cells in vivo. Second, very little is
known about PKN2’s role in cancer biology and cellular sig-
naling. PKN2 is known to be involved in cytoskeletal regula-
tion, but it is unclear why mesenchymal-like cancers would
require this kinase for survival. Third, PKN2 can be inhibited
by conventional small molecule kinase inhibitors, though no
PKN2-selective inhibitors that spare other broadly essential
kinases exist yet (36, 37). Finally, conditional knockout of

Pkn2 is well tolerated in adult mice, suggesting that future
drugs targeting this kinase may exhibit a broad therapeutic
window (38).

We began validating PKN2 as a specific dependency of
the MLS using clonogenic growth assays across a panel of
cancer cell lines from epithelial or melanocyte lineages with
epithelial- or mesenchymal-like transcriptional profiles (Sup-
plementary Fig. S1E). We confirmed the epithelial-like cell
lines expressed E-cadherin and showed no evidence of vimen-
tin and the mesenchymal-like cell lines expressed vimentin
but not E-cadherin (Supplementary Fig. S1F). Next, we ob-
served the mesenchymal-like cancer cell lines A375 (BRAFV600E
melanoma), NCI-H2030 [KRASS!2¢ non-small cell lung can-
cer (NSCLC)], PC3 (castration-resistant prostate adenocarci-
noma), and BT549 (triple-negative breast cancer) exhibited
markedly diminished growth following genetic PKN2 abla-
tion with three independent CRISPR/Cas9 single-guide RNAs
(sgRNA; Supplementary Fig. S1G), whereas the epithelial-like
cancer cell lines 22Rv1 (castration-resistant prostate adeno-
carcinoma), HCT-15 (KRASS!?P colorectal adenocarcinoma),
MCF-7 (ER+ breast cancer), and NCI-H1437 (MEK1Q5¢P
NSCLC) were minimally affected (Fig. 1E and F). To con-
firm the mesenchymal-selective nature of PKN2 dependency,
we used two isogenic models: immortalized human mam-
mary epithelial cells (HMLE), which can be induced to un-
dergo EMT by treatment with TGF-B (Fig. 1G; ref. 39), and
SKMEL28 BRAFV®'E mutant melanoma cells, which exhibit
hallmarks of the MLS following long-term treatment with
a BRAF inhibitor PLX4720 (BRAFi-addicted or BA; Fig. 1H;
ref. 40). Interestingly, PKN2 knockout did not prevent HMLE
cells from entering the MLS (Supplementary Fig. S1H),
but in each isogenic model, cells became more PKN2 de-
pendent following induction of the MLS, as defined by loss
of E-cadherin and gain of N-cadherin, AXL, and vimentin
expression (Fig. 1G and H). Finally, to assess the potency of
PKN2 dependence in mesenchymal cancer cells in vivo, we es-
tablished xenograft tumors from either epithelial-like 22Rv1
[Fig. 1I (left)] or mesenchymal-like PC3 [Fig. 1I (right)] pros-
tate cancer cells in castrated mice, in which each tumor ex-
pressed doxycycline-inducible shRNA constructs targeting
PKN2 (or an empty vector control). Consistent with in vitro
evidence (Supplementary Fig. S1I; Fig. 1E and F), PC3 tumors
exhibited PKN2 dependence in vivo, whereas 22Rv1 tumors
did not (Fig. 1I). Together, these findings demonstrate that
although PKN2 is dispensable for cellular entry into the MLS,
it is selectively required for the survival of cancer cells with
mesenchymal features.

Coessentiality Mapping Identifies PKN2 as a
Negative Regulator of the Hippo Tumor Suppressor
Pathway

In search of mechanistic insights to explain mesenchymal-
specific PKN2 dependence, we utilized coessentiality mapping
to identify genes functionally related to PKN2 (41). Briefly,
genes with highly correlated dependency scores across hun-
dreds of genome-wide essentiality CRISPR/Cas9 screens are
considered coessential. Modules of coessential genes have
helped assign novel biological functions to poorly character-
ized proteins (41-43). Recently, a coessentiality interaction
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Figure 1. PKN2isanunderstudied kinase required for the survival of mesenchymal-like cancer. A, Genome-wide Pearson correlation analysis of gene
dependency score (CRISPR gene score) and EMT ssGSEA score in all solid tumor cancer cell lines except sarcoma models. B, Scatterplot of correlation
coefficients generated from gene dependency score vs. EMT ssGSEA score and mRNA expression vs. EMT ssGSEA score in all solid tumor cancer cell
lines except sarcoma models. C, Top five enriched KEGG gene sets from a GSEAPreranked of correlation coefficients in A. D, PKN2 gene dependency
scores of cell lines in the top 25% or bottom 25% of EMT score. The dashed line represents the median, and the dotted line represents the quartiles.
E, Clonogenic growth assay of the indicated cell line following CRISPR/Cas9 knockout of PKN2 with the indicated sgRNA. F, Quantitative analysis of
datain E. The viability of each knockout population was normalized back to its respective LacZ population. G, Left, Western blot analysis of the indicated
proteins following 5 ng/mL TGF-B treatment for 14 days in HMLE cells. Right, 10,000 parental or TGF-p transformed HMLE cells with knockouts of the
indicated genes were seeded in six-well plates and stained with crystal violet dye when the LacZ condition hit confluency. H, Left, Western blot analysis
of parental or PLX4720-addicted (BA) SKMEL28 cells. Right, 5,000 parental or PLX4720-addicted SKMEL28 cells with the indicated knockouts were
stained with crystal violet dye when the LacZ condition hit confluency. I, Tumor growth kinetics of 22rv1 and PC3 cells with doxycycline-inducible shRNA
against PKN2 (eight mice per group) were measured on the indicated days. Doxycycline was started once the tumors hit 50-100 mm3, and tumors were
measured every 3-4 days. A one-way ANOVA was performed on the last day of measurements with P values represented in the panel. G and H, Quantifica-
tions of the percent surface area covered are shown below each clonogenic well. E, G, and H, The data represent three biologically independent experiments
(n=3).Fand|, Data are presented as mean + SEM.
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map was created to identify functional “neighborhoods” of
genes through a modified Uniform Manifold Approximation
and Projection model (41). We searched for PKN2 in the coes-
sentiality map and discovered that it clustered with many core
members of the Hippo tumor suppressor pathway (44), which
was the only pathway significantly enriched upon a Gene On-
tology (GO) search of PKN2’s “neighborhood” (Fig. 2A).

The Hippo tumor suppressor pathway is an evolutionarily
conserved mechanism known to control organ development
during embryogenesis, but it is one of the most frequently
dysregulated pathways in cancer (45, 46). The primary func-
tion of the Hippo pathway is to silence the transcription-
activating homologs yes-associated protein 1 (YAP) and WW
domain-containing transcription regulator 1 (WWTR1/TAZ;
ref. 47). In response to appropriate upstream inputs, mam-
malian STE20-like protein kinase 1 and 2 (MST1/2) bind to
the scaffold protein Salvador family WW domain-containing
protein 1 (SAV1), which promotes MST1/2 autophosphory-
lation and self-activation (48). Once activated, MST1/2 phos-
phorylates and activates large tumor suppressor kinase 1
and 2 (LATS1/2), which initiates the cytosolic sequestration
of YAP and proteasomal degradation of TAZ through phos-
phorylation events. If Hippo pathway signaling is repressed,
YAP and TAZ translocate to the nucleus and associate with
DNA-binding proteins, including the TEADs, to stimulate
the transcription of oncogenic programs that contribute to
cellular proliferation and survival (49).

We corroborated the results from the coessentiality map
by finding many core Hippo signaling members, including
WWTRI1/TAZ and TEADI, among top-ranked PKN2 coes-
sentials in DepMap (Supplementary Fig. S2A). Additionally,
using DepMap’s predictability model, we observed that the
genomic feature most strongly associated with PKN2 de-
pendence in a pan-cancer analysis is the mRNA expression
level of CYRG61, a canonical YAP/TAZ target gene (Fig. 2B;
ref. 31). Next, we assigned every cell line in DepMap a
score corresponding to YAP/TAZ transcriptional activity
with single-sample gene set enrichment analysis (ssGSEA)
using a 22 target gene signature (45, 50) that only con-
tained three genes that overlapped with the 200-member
Hallmark EMT gene set. YAP/TAZ score strongly correlated
with PKN2 dependence (Supplementary Fig. S2B) and EMT
score (Supplementary Fig. S2C), implying that the mesen-
chymal-like cancer cell lines most dependent on PKN2 also
exhibit the highest levels of YAP/TAZ transcriptional acti-
vation. Consistent with this observation, levels of canon-
ical YAP/TAZ target genes were higher in isogenic HMLE
and SKMEL28 models that underwent EMT (Supplemen-
tary Fig. S2D). Interestingly, our correlation analysis re-
vealed that mesenchymal-like cancer cells were specifically
dependent on TAZ (hit #11) for survival but not YAP (hit
#6502; Supplementary Fig. S2E). We validated that TAZ,
but not YAP, is a mesenchymal-specific dependency in
the isogenic SKMEL28 parental (epithelial-like) and SK28-BA
(mesenchymal-like) model (Supplementary Fig. S2F). Finally,
we observed that PKN2-TAZ dependence poorly correlates
with YAP dependence across all lineages (Supplementary
Fig. S2G), suggesting that cancer lineages may become de-
pendent on PKN2-TAZ and YAP through different molecu-
lar mechanisms.

To interrogate if PKN2 regulates YAP/TAZ signaling,
we knocked out PKN2 with four independent sgRNAs in
SKMEL28 melanoma cells. Genetic PKN2 ablation resulted
in mRNA suppression of a panel of the canonical YAP/TAZ
target genes ANKRDI1, CTGF, and CYR61 (Fig. 2C) and de-
creased TAZ protein expression (Fig. 2D). To determine
whether PKN2’s modulation of YAP/TAZ occurs through
the canonical Hippo pathway, we knocked out PKN2 in
293FT cells, which resulted in an increase in phosphoryla-
tion of LATS1T1979 and YAPS37 and downregulation of total
TAZ levels, all of which are consistent with Hippo pathway
activation and downstream suppression of YAP/TAZ tar-
get gene expression (Fig. 2E). We corroborated that PKN2
loss resulted in YAP/TAZ inactivation in three additional
mesenchymal-like cancer cell line models (Fig. 2F). Recipro-
cally, ectopic expression of a constitutively active PKN2 trun-
cation mutant (A642) that lacks its autoinhibitory N-terminal
Rho-binding domains, HR1a-c (51), results in significantly
elevated TAZ protein expression (Fig. 2G). This effect re-
quires PKN2 kinase activity, as expression of the A642
construct with a point mutation in the catalytic lysine
(K686A) prevented TAZ protein upregulation (Fig. 2G).
Consistent with the hypothesis that PKN2 regulates YAP/
TAZ through the canonical Hippo pathway, PKN24642 ex-
pression in 293FT cells decreased LATSIT1079) YAPS!?7 and
YAPS397 phosphorylation, an effect that depends on PKN2
kinase activity (Fig. 2H). Similar effects were observed on
the expression of canonical YAP/TAZ target genes, includ-
ing CYRG61 (Fig. 2I). Together, these findings establish that
activated PKN2 is a necessary and sufficient positive regu-
lator of oncogenic YAP/TAZ activity that antagonizes the
Hippo signaling pathway.

A Hippo Pathway-Resistant TAZ Mutant Rescues
PKN2 Dependency

Given that PKN2 loss leads to suppression of YAP/TAZ tar-
get gene expression in association with activation of the Hippo
signaling pathway, coupled with the fact that mesenchymal-
like tumors utilize TAZ signaling as a core survival program,
we hypothesized that PKN2 dependence in mesenchymal-
like cancers could be rescued through the expression of
a Hippo-resistant TAZ mutant. We expressed wild-type
TAZ (TAZYT) and a TAZ construct with its four canoni-
cal LATS1/2 regulatory phosphosites (566, S89, S117, and
S311) mutated to alanine (TAZS*; ref. 52) in SK28-BA cells
and validated that both constructs showed significantly
increased TAZ target gene expression (Supplementary Fig.
S2H). We observed that the forced expression of TAZS*
but not TAZWVT, rescued the suppression of the TAZ tar-
get gene ANKRDI (Fig. 2]) and PKN2 dependence (Fig. 2K)
following PKN2 knockout in SK28-BAs, consistent with
the concept of Hippo-dependent TAZ regulation by PKN2.
We confirmed this rescue result in two additional PKN2-
dependent mesenchymal-like cancer cell lines (BT549 and
NCI-H2030; Supplementary Fig. S2I and S2L). Together,
these findings support a model wherein mesenchymal-like
cancer cells become addicted to PKN2’s repressive effects
on Hippo signaling and resultant downstream TAZ activa-
tion, for their survival and proliferation.
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Figure 2, Coessentiality mapping identifies PKN2 as a negative regulator of the Hippo tumor suppressor pathway. A, Identification of PKN2's coes-
sentiality neighborhood on coessentiliaty.net. All Hippo pathway-related members were annotated. B, Representation of the DepMap PKN2 dependence
predictability model using CoreOmics features. C,RT-qPCR of ANKRDI, CTGF, and CYR61 48 hours after knockout of PKNZ2 in SKMEL28 cells with the
PKN2 sgRNAs 1-4.D, Western blot analysis of the indicated proteins 48 hours after knockout of PKN2 with sgRNAs 1-4. E, Western blot analysis of the
indicated proteins in 293FT cells following PKN2 knockout with sgPKN2-2. F, RT-gPCR of CYR61 in SKMEL28 PLX4720-addicted (SK28-BA), BT549, and
NCI-H2030 cells with knockout of LacZ or PKN2 with sgPKN2-2. G, Overexpression of empty vector (EV), full-length (FL) PKN2, 643-948 amino acids
(AB42) PKN2, and A642 PKN2 with a K686A mutation (A642K686A) in 293FTs for 24 hours. Western blot analysis was performed on the cell pellets for

the indicated proteins. H, Overexpression of EV or the indicated PKN2 variants in 293FTs for 24 hours before immunoblotting. I, Overexpression of EV

or the indicated PKN2 variants in 293FTs for 48 hours. RT-qPCR was performed on the cell pellets to measure the relative mRNA of the indicated genes.
J,Knockout of PKN2 in SK28-BA cells stably overexpressing EV, TAZ (WT), and TAZ5# with sgPKN2-2. RT-qPCR was performed on the cell pellets for
ANKRD1I.K, SK28-BA cells stably expressing EV, TAZ (WT), or TAZ5* had PKN2 (sgPKN2-2) knocked out before being seeded into six-well plates at 5,000
cells per well. Crystal violet staining was performed when the EV-LacZ population hit confluency. L, BT549 and NCI-H2030 cells stably expressing EV or
TAZ5% had PKNZ2 (sgPKN2-2) knocked out before being seeded into six-well plates at 5,000 cells per well. Crystal violet staining was performed when the
EV-LacZ population hit confluency. C, F, and I-J, One-way ANOVA was performed. P values are defined as nonsignificant (ns) > 0.05; **, P <0.01; ** P <0.001;

#+ P<0.0001.D,E, G, H,K, and L, The data represent three biologically independent experiments (n = 3). K and L, Quantifications of the percent surface
area covered shown below each clonogenic well. C,F, I, and J, Data are presented as mean + SEM.
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PKN2 Directly Modulates the Hippo Pathway
through Phosphorylation of SAV1

To define the molecular mechanism through which PKN2
regulates the Hippo pathway, we performed quantitative
phosphoproteomics to identify serine and threonine residues
differentially phosphorylated in 293FT cells expressing ei-
ther PKN24642 (constitutively active) or PKIN24642-K8684 (kinase
dead; Fig. 3A; Supplementary Table S3). Reassuringly, we ob-
served strong enrichment in phosphorylation of predicted
PKN2 substrates, derived from a recently published serine/
threonine substrate atlas (53), in PKN224642 expressing cells
[Fig. 3B (left)]. An unbiased kinase enrichment analysis (53) of
the phosphoproteomics dataset revealed that predicted PKN2
substrates were the most differentially enriched phosphosites
in the PKN224642 condition (Supplementary Fig. S3A). Consis-
tent with PKN2’s putative regulation of the Hippo pathway,
we observed that substrates of MST1/2 were among the top
depleted phosphosites in the PKIN24642 condition (Supplemen-
tary Fig. S3B). Diminished MST1/2 kinase activity in PKN24642
expressing cells was further confirmed through mass spec-
trometry analysis and immunoblotting that showed a reduc-
tion of canonical MST1/2 phosphosites LATS1572, LATSI15%,
and LATS1/2™%7° (Fig. 2H; Supplementary Fig. S3C). These
data rogether suggest that direct PKN2 substrates are enriched
in the phosphoproteomic dataset and that PKN2 regulates the
Hippo pathway at or above the level of MST1/2.

We next created a refined list of candidate PKN2-specific
substrates by applying filters to select substrates that (i) are
predicted, direct PKN2 sites from the serine/threonine sub-
strate atlas (51) and (ii) exhibit a >2-fold change in abun-
dance at P < 0.05, in cells expressing PKN24642 relative to
PKIN24642K868A ipy the phosphoproteomic dataset. Using these
strict criteria, we generated a list of 129 unique candidate
PKN?2 substrates [Fig. 3B (right); Supplementary Table S4].
Although we observed many significant differences in the
phosphorylation of Hippo signaling pathway members (54)
in PKIN24642 expressing cells (Supplementary Fig. S3D), SAV15%
was the only core Hippo pathway phosphorylation site meet-
ing both the above selection criteria [Fig. 3B (right)]. To fur-
ther interrogate this finding, we searched for PKN2 interactors
in a recent large-scale, systematic kinobead competition and
correlation analysis (kiCCA) of all human kinases (55) and
found it was predicted to interact with multiple regulators of
Hippo signaling, including SAV1 (Supplementary Fig. S3E,
red genes). Furthermore, we attempted to predict an Alpha-
fold3 (56) model of activated PKN2 (phospho-T816) with SAV1
(phospho-590). The resultant PKN2:SAV1 heterodimer predic-
tion contains multiple interaction surfaces, with phospho-S90
located proximal to the PKN2 kinase activity site (Fig. 3C),
which suggests that PKN2 may directly interact with SAV1 in
amanner that makes S90 accessible to PKN2’s kinase domain.
Biochemically, the SAV15% sequence motif (IMRRES*N-
RLSA) is primed for phosphorylation by basophilic kinases
based on the arginine residues at the =3, -2, and +2 positions
(53). A Protein Blast (57) search of the human SAV15° peptide
sequence revealed that SAVI®® is evolutionarily conserved
throughout vertebrates, which implies it may play an essen-
tial role in the regulation of vertebrate SAV1 function (Sup-
plementary Fig. S3F). Together, these data nominate PKN2’s

phosphorylation of SAV1%%, which lies directly upstream
of MST1/2, as a candidate mechanism of Hippo pathway
inhibition.

We first confirmed that HA affinity-tagged SAV1 coim-
munoprecipitates with activated PKN24%42 but not inactive
full-length PKN2 in 293FT cells (Supplementary Fig. S3G).
Next, we examined the serine/threonine substrate atlas (53)
and found that PKN2 is a top-ranked kinase for two SAV1
sites, S90 and S36 (Supplementary Fig. S3H). Although a sig-
nificant change in SAV1%% phosphorylation was observed in
the phosphoproteomics dataset (Supplementary Fig. S3H),
no SAV1%3¢ phosphopeptides were detected. To determine if
PKN2 phosphorylates SAV1 in cells, we coexpressed active
(A642) or dead (A642K6864) PKN2 with wild-type or mutated
SAV1 in 293FTs, then resolved lysates using a phostag gel.
We observed a robust laddering pattern (phosphorylation) of
SAV1 in PKN2-activated cells that was lost in cells express-
ing SAV15%A but not SAV153A (Fig. 3D). Using SAV1¥T and
SAV1%994 a5 substrates, we performed an in vitro kinase assay
with purified PKN2 and assessed phosphorylation of SAV1
with a phospho-serine antibody that detects RRXS* motifs
like the one found at SAV15%. Following incubation with acti-
vated PKN2, SAVI¥T showed a pronounced p-serine (RRXS*)
signal that was ablated in the SAV15 condition (Fig. 3E).
Together, these data demonstrate that PKN2 directly phos-
phorylates SAV15% making it the only known kinase to phos-
phorylate this site in a cell-based system.

Next, we set out to understand the signaling impact of
PKN2’s phosphorylation of SAV15% on the Hippo path-
way. Firstly, expression of SAV1 in the presence of MST2
and PKN22642 Jed to phosphorylation of an RRXS* motif at
SAV1’s expected molecular weight and disruption of the ag-
onistic Hippo pathway SAV1-MST?2 interaction (Fig. 3F). We
next generated stable SAVI knockout 293FT (SAVI7") cells,
validated protein loss via immunoblotting (Fig. 3G), and con-
firmed functional loss of SAV1 through TAZ protein stabili-
zation (Fig. 3G). We then knocked out endogenous PKN2 in
control (SAV1¥T) and SAV1/~ cells, observing the loss of TAZ
protein levels in only SAVI¥T cells (Fig. 3G), suggesting that
SAV1 expression is required for PKN2-dependent regulation
of TAZ. Next, we expressed active PKN2 in 293FT cells har-
boring endogenous SAVI, SAVI knockout, or SAV1 knockout
with rescued, ectopic WT SAV1 (Fig. 3H). This analysis once
again revealed that PKN2’s ability to stabilize TAZ protein
levels depends upon the presence of SAV1. Finally, PKN2-
dependent stabilization of TAZ and expression of the TAZ
target gene ANKRDI are reversible through the expression
of the nonphosphorylatable SAV1594 mutant (Fig. 31 and J).
Together, these results demonstrate that PKN2 inhibits the
Hippo pathway, leading to downstream YAP/TAZ activation
through its phosphorylation of SAV15%.

The PKN2 Substrate Signature Is Enriched in
Patients with YAP/TAZ-High Tumors

To understand if the MLS promotes the activation of PKN2
and phosphorylation of SAV1, we induced EMT with our pre-
viously validated HMLE system (Supplementary Fig. S1H).
As the HMLE cells transitioned to the mesenchymal-like
state, phosphorylation of PKN2T81¢ was increased (Fig. 3K).
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Figure 3. PKN2 directly modulates the Hippo pathway through the phosphorylation of SAV1. A, Schematic of quantitative phosphoproteomics exper-
imental design created with Biorender.com. B, Left, Volcano plot of experimental results from the experiment depicted in A. PKN2 predicted substrates
are all substrates in which PKN2 was a top 15-ranked kinase in the serine/threonine substrate atlas (53). Right, The candidate PKN2 substrate signa-
ture: Substrates (i) were a predicted top 15 substrate for PKN2 and (ii) showed a fold change >2 in PKN2-expressing cells at P < 0.05. The predictability
score is the rank of PKN2 for the specified substrate from the atlas of serine/threonine substrates. C, AlphaFold 3 prediction of interaction between
full-length PKN2 (phospho-T816) with full-length SAV1 (phospho-5S90). The PKN2 kinase domain is highlighted with key catalytic residues shown in red.
The SAV1-590 residue is highlighted in green. D, Specified SAV1 mutants were coexpressed with PKN2-A642 and PKN2-A642K686A for 24 hours ata 1:1
ratio in 293FT cells. The resultant lysates were separated in polyacrylamide gels with or without phostag and blotted for the stated proteins. The red
arrow highlights a p-SAV15% band and the black arrow highlights SAV1 (unphosphorylated). E, In vitro kinase assay of purified PKN2 with HA-SAV1WT or
HA-SAV15%4 substrates. The reaction results were subjected to immunoblotting for the specified proteins. F, HA-SAV1WT was expressed alone or in the
specified combinations with PKN2-A642K686A and MYC-MST2 in 293FT for 24 hours before immunoprecipitation with HA beads. Input and IP lysates were
subjected to immunaoblotting. G, Control (SAV1%T) and SAV1 knockout (SAV1-/-) 293FT cells were transduced with CRISPR/Cas9 virus containing sglLacZ
or sgPKN2-2. Following selection, the cells were seeded at equal density for 48 hours before immunoblotting for the specified proteins. H, SAV1%Tand
SAV1-/-293FT cells were transfected with the indicated plasmid combinations ata 1:1 ratio for 24 hours before immunoblotting. I, SAV1-~293FT cells
were transfected to express SAV1WT or SAV1590A for 24 hours before transfe nwith PKN2-A642 at a 4:1 ratio. RT-qPCR was performed 24 hours after
AB42 transfection. One-way ANOVA was performed. P values are defined as ****, P < 0.0001. Data are presented as mean + SEM. J, SAV1-/~293FT cells
were transfected to express SAV1WT or SAV1594 and PKN2-A642 at a 4:1 ratio for 24 hours before immunoblotting. K, HMLE cells were treated
with 5 ng/mL TGF-B for the indicated times. Immunoblotting was performed for the specified proteins.
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[PKN2T816 js the site within PKN2’s activation loop that PDK1
phosphorylates to promote its kinase activity (34, 51)]. Addi-
tionally, induction of EMT led to phosphorylation of SAVI,
as demonstrated by its slowed progression through a phostag
gel (Fig. 3K). These data correspond to the activation of YAP/
TAZ signaling previously observed in this model (Supplemen-
tary Fig. S1D)

To investigate if the MLS is associated with PKN2 kinase
activity and SAV1 phosphorylation in patient tumors, we uti-
lized data from the National Cancer Institute’s Clinical Pro-
teomic Tumor Analysis Consortium (CPTAC), which recently
characterized transcriptomic, proteomic, and phosphopro-
teomic features of >1,100 human patient tumors from 11
cancer lineages to allow for pan-cancer analysis (58-60). Based
on PKNZ2’s ability to inactivate Hippo signaling, we sought to
determine whether PKN2 is differentially activated in tumor
samples with high YAP/TAZ target gene expression. To do
this, we first assigned every patient in the database a YAP/
TAZ transcriptional score using ssGSEA and then correlated
each patient’s YAP/TAZ score against the abundance of ev-
ery protein in the CPTAC proteomics dataset using a simple
linear regression model (Fig. 4A; Supplementary Table SS5).
A positive correlation coefficient from this analysis indicates
enhanced protein expression in tumors with high YAP/TAZ
transcriptional activity. Reassuringly, we found that proteins
representing multiple top-ranked mesenchymal-specific de-
pendencies (ILK, VCL, TLN1, FERMT2, and WWTR1/TAZ)
and the YAP/TAZ target CYR61 were among the top positive
correlates (Supplementary Table SS5). Strikingly, an unbiased
GSEAPreranked analysis of correlation coefficients using the
Hallmark gene sets (32) revealed that the EMT gene set was
the most positively enriched signature from this analysis
(Supplementary Fig. S3I), confirming our previous result that
mesenchymal-like cancers are significantly enriched for high
YAP/TAZ transcriptional activity (Supplementary Fig. S2C).

Next, we identified the serine/threonine kinases most dif-
ferentially upregulated (DAPK3, NEK7, MST1, AKT3, and
ROCK2) and downregulated (SRPK1, VRK1, CDK12, CDKO9,
and TTK) at the protein level in YAP/TAZ-high tumors based
on their correlation coefficients (Fig. 4A; Supplementary Fig.
S3J). PKN2 protein abundance did not correlate with YAP/TAZ
transcriptional activity (Fig. 4A; Supplementary Fig. S3]),
which aligns with our previous observations (Fig. 1B; Supple-
mentary Fig. S1D). Separately, we correlated YAP/TAZ score
against all phospho-substrates represented in the CPTAC pan-
cancer dataset (Supplementary Table S6) and found four
n-terminal SAV1 phosphosites, including SAV15%, were sig-
nificant positive correlates of YAP/TAZ score (Supplementary
Fig. S3K). Using kinase substrate signatures from the serine/
threonine substrate atlas (Supplementary Table S7; ref. 53), we
assessed how predicted kinase substrate signatures correlated
with YAP/TAZ activity. As a positive control, we observed that
5/5 kinases predicted to be strongly upregulated at the protein
level in YAP/TAZ-high tumors showed corresponding positive
enrichment of their substrate signatures (Fig. 4B). Reciprocally,
4/5 kinases strongly downregulated at the protein level in YAP/
TAZ-high tumors showed corresponding downregulation of
their predicted kinase activities in this setting (Fig. 4B). Inter-
estingly, the PKN2 substrate signature that we experimentally
validated to be highly specific to PKN2 kinase activity (Fig. 3B;

Supplementary Fig. S3A) was significantly enriched in the
positive correlates (Fig. 4B and C). These data suggest that
although PKN2 protein levels are not elevated, its kinase sub-
strate signature is enriched to a degree equal to the most up-
regulated kinases in YAP/TAZ-high tumors (Fig. 4D).

Through isogenic experimental models and analysis of
proteogenomic profiles of pan-cancer tumors from patients,
these data support a mechanistic model in which induction
of the mesenchymal-like state leads to posttranslational ac-
tivation of PKN2 and resultant phosphorylation of SAV1 to
antagonize Hippo signaling and promote the oncogenic acti-
vation of YAP/TAZ (Fig. 4E).

Drug-Tolerant Persister Cells Require PKN2 for
Survival

Cancer cells resistant to oncogene-targeted therapies such
as EGFR, KRAS, and BRAF inhibitors emerge from the reser-
voir of residual disease cells that survive upfront treatments.
These residual cells often exhibit a nongenetic and reversible
“drug-tolerant persister” (DTP) phenotype, and its hallmark
features include reduced proliferation, multidrug resistance,
and vulnerability to ferroptosis (61, 62). Notably, a growing
body of work has demonstrated that residual or DTP cells from
diverse tumor lineages surviving treatment with EGFR, KRAS,
and BRAF inhibitors also exhibit mesenchymal-like features
and converge on YAP/TAZ signaling for their survival (63-67).

To understand if PKN2 is a specific vulnerability of the DTP
state, we first validated that a panel of EGFR (PC9, MGH134,
HCC827, and HCC4006), KRAS (NCI-H358 and NCI-H23),
and BRAF (SKMEL28 and RKO) mutant models exhibit mes-
enchymal features and elevated YAP/TAZ signaling following
the induction of the residual disease state with oncogene-
targeted therapy (Fig. 5A; refs. 66-70). DepMap gene expres-
sion profiling revealed that 6/7 profiled cell lines were at or
below the S0 percentile for baseline EMT score compared
with all solid tumor cell lines (Supplementary Fig. S4A). Ad-
ditionally, CRISPR screening data from all four of the lines
from this list screened by DepMap revealed low baseline PKN2
dependence, corresponding to the bottom half of solid tumor
cell lines (Supplementary Fig. S4B).

We treated PCO-tet-on-sgRNA cells for 3 days with the
third-generation EGFR inhibitor osimertinib to generate the
DTP state before inducing the knockout of PKN2 with doxy-
cycline (Fig. 5B). On day 9 of treatment (day 6 post-PKN2
knockout), the control residual cells demonstrated (i) increased
phosphorylation of PKN2™¢ (Fig. 5C), (ii) elevated levels of
the apoptotic cell death markers cleaved caspase 3 (Fig. 5C)
and annexin V*/PI” staining (Fig. SD), (iii) an activated YAP/
TAZ transcriptional signature (Fig. SE), and (iv) cell cycle arrest
(Fig. 5F) when compared with parental PC9 cells. Importantly,
PKN2 knockout potentiated apoptotic cell death (Fig. SC
and D) and blunted YAP/TAZ target gene expression (Fig. SE)
in the PC9 DTP cells. Finally, PKN2 knockout blocked long-
term re-entry into the cell cycle (Fig. SF) seen in control drug-
tolerant expanding persisters (DTEP). These findings were
corroborated and expanded upon in other DTP models,
which demonstrated increased phosphorylation of PKN2T816
and TAZ protein stabilization (Fig. 5G), elevated phosphor-
ylation of SAV1 (Fig. SH), and significant reduction of YAP/
TAZ target gene expression by PKN2 knockout (Fig. SI).
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Figure 4. The PKN2 substrate signature is enriched in YAP/TAZ-high patient tumors. A, Statistical results of linear regression models comparing YAP/
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of PKN2's regulation of Hippo signaling in mesenchymal-like cancer created with Biorender.com.

We introduced inducible CRISPR/Cas9 systems into the
PC9 [CRISPR-SWITCH (71)] and H23-Cas9 (Tet-on-sgRNA)
models and validated their ability to knockout PKN2 upon
appropriate treatment (Supplementary Fig. S4C and S4D).
We treated these models with high-dose oncogene-targeted
therapy and induced PKN2 knockout for 9 days before with-
drawing the drug and allowing the residual cells to resume
growth [Fig. 5] (left)]. In both models, PKN2 knockout re-
sulted in markedly diminished survival and fitness of resid-
ual cells, demonstrated by the lack of outgrowth in PKN2
knockout DTP cells compared with the control DTP cells

[Fig. 5] (right)].

These data support the idea that after selecting a residual
or DTP tumor state, PKN2 becomes activated, stimulates
YAP/TAZ transcription, and is required for survival.

PKN2 Inhibition Suppresses Resistance to
Oncogene-Targeted Therapies

The fact that residual or DTP tumor cells require PKN2 for
survival suggests that concomitant inhibition of PKN2 and
driver oncoproteins should yield deeper and more durable
therapeutic responses. Indeed, we observed that upfront
PKN2 knockout led to 3 to 4-fold deeper responses to matched
oncogene-targeted therapies in H23, PC9, and MGH134
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Figure 5. Drug-tolerant persisters require PKN2 for survival. A, RT-qPCR of the indicated cell lines on day 18 of oncogene-targeted therapy. HCC4006, g.
HCC827,MGH134, and PC9 cells were treated with 500 nmol/L osimertinib. NCI-H23s were treated with 1 pmol/L adagrasib. NCI-H358s were treated c
with 50 nmol/L adagrasib. SKMEL28s were treated with 3 pmol/L PLX4720. RKOs were treated with 1 pmol/L PLX4720 and 100 nmol/L trametinib. 1]
All drugs were refreshed every 72 hours. B, Schematic of experimental design for C-F created with BioRender.com. PC9-tet-on-sgRNA cells containing E
sgRNAs against sglacZ or sgPKN2 were treated with DMSO or 500 nmol/L osimertinib for 72 hours before switching the media to DMSO + 500 ng/mL o
doxycycline or 500 nmol/L osimertinib + 500 ng/mL doxycycline for an additional 9 days. The resultant cell population was subject to (C), immunoblotting 2
for the specified proteins and (D) annexin V and propridium iodide (PI) cell surface flow cytometry. The apoptotic fraction was the percentage of cells §
that stained positive for annexin V+/PI-, (E) RT-qPCR for the indicated gene transcripts, and (F) Flow cytometry for cell cycle analysis with Hoechst 3342 2
inparental, DTP, and DTEP. The cycling fraction was the percentage of cells in the S-M-G; phase. G, HCC4006, PC9, and HCC827 cells treated with §

500-nmol/L osimertinib (Osi) for the indicated time points. Drug was refreshed every 72 hours. Immunoblotting for the specified protein was performed
on the resultant cell lysates. H, HCC827 and PC9 cells were treated with 500-nmol/L osimertinib for 12 days to induce a DTP state. Parental (Par) cells
treated with DMSO were used as controls. Drug was refreshed every 72 hours. Immunoblotting for the specified proteins was performed with a red arrow
demonstrating phosphorylated SAV1. 1, RT-gPCR was performed on sglLacz or sgPKN2 MGH134 (500 nmol/L osimertinib), PC9 (500 nmol/L osimertinib), and
SKMEL28 (3 pmol/L PLX4720) cells following 6 days of treatment with their oncogene-targeted therapy. Drug was refreshed every 72 hours. mRNA was
normalized back to parental control cells treated with DMSO. J, Left, Experimental schematic created with Biorender.com. Middle, 50,000 PC9-SWITCH-
sgCTRL or PC9-SWITCH-sgPKN2-2 cells were seeded in six-well plates and treated with 500 nmol/L osimertinib and DMSO or 100 nmol/L 4-OHT
for 9 days before drug withdrawal. Right, 150,000 Tet-On-sgRNA H23-sgCTRL or H23-sgPKN2 cells were seeded in six-well plates and treated with
500 ng/mL doxycycline in the presence of 3 pmol/L adagrasib or DMSO for 9 days before drug withdrawal. Crystal violet staining was performed when
sgCTRL cells hit confluency. All drugs were refreshed every 72 hours. G and H, The data represent three biologically independent experiments (n = 3).
E and |, Two-tailed unpaired t test P values are defined as *, P < 0.05; **, P < 0.01; **** P < 0.0001. Data are presented as mean + SEM.
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Figure 6. PKN2inhibition suppresses resistance to oncogene-targeted therapies. A, sgLacZ or sgPKN2 NCI-H23, PC9, and MGH134 were subjected
to the indicated treatment regimen. Cell counts were taken on day 3 for DMSO-treated groups and on day 6 and day 12 for oncogene-targeted therapy

groups. A two-way unpaired t test was performed, and P values are defined as **, P <0.01; **, P <0.001, *

* P<0.

0001. B, Cell surface staining of

sglacZ or sgPKN2 PC9 cells with annexin V and propidium iodide (PI) following treatment with 6 days of osimertinib. (continued on following page)
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Figure 6. (Continued) Drug was refreshed every 72 hours. C, Quantification of biologic triplicates from experiment (B). D-K, Left, Short-term
dose-response curves: Directly following puromycin selection, the indicated cell lines expressing sglLacZ, sgPKN2-2, or sgPKN2-4 were seeded at
1,000-2,000 cells per well in 96-well plates. The following day, the cells were dosed with the indicated drug series. CellTiter-Glo was performed

72 hours after drugging. Glsg dose is shown in parentheses for each condition. The red line indicates the drug dose used for the long-term resistance
assays. D-K, Right, Long-term resistance assays: Directly following puromycin selection, the indicated cell lines expressing sgLacZ, sgPKN2-2, or
sgPKN2-4 were seeded at 50,000-75,000 cells per well in six-well format. The following day the cells were treated with DMSO or their cognate targeted
therapy at the following doses: SKMEL28 (PLX4720—3 pmol/L), RKO (PLX4720—1 pmol/L + trametinib—100 nmol/L), NCI-H23 (adagrasib—1 pmol/L),
NCI-H358 (adagrasib—250 nmol/L), HCC4006 (osimertinib—500 nmol/L), HCC827 (osimertinib—500 nmol/L), PCY (osimertinib—500 nmol/L), and
MGH134 (osimertinib—500 nmol/L). All drugs were refreshed every 72 hours. Crystal violet staining was performed when the sglLacZ population
hit confluency. L, Top, Following PC9-SWITCH-sgPKN2-2 tumor formation, mice were randomly selected to one of the four indicated treatment
groups (five mice per group total). The mice were treated with nine daily oral gavages of saline or osimertinib (5 mg/kg). On days 0, 1, and 2, mice
were intraperitoneally injected with corn oil (control) or 3 mg of tamoxifen (TAM). Tumor growth kinetics were measured on the indicated days.

Two-way ANOVA was performed, and P values for the last day of measurements are defined as **

“ P <0.0001, (bottom) day 8 tumor measure-

ments are highlighted. A two-way unpaired t test was performed, and P values are defined as ***, P < 0.001. M, Top, Once MGH134 tumors with the
specified doxycycline-inducible hairpins were grown, they were randomly selected to a saline or osimertinib (5 mg/kg) treatment group (six mice per
group total). The mice were treated with nine daily oral gavages of saline or osimertinib (5 mg/kg). All mice received daily oral gavages of doxycycline
(1 mg) throughout the study. Tumor growth kinetics were measured on the indicated days. Two-way ANOVA was performed, and P values for the last

day of measurements are defined as *

*,P<0.01, (bottom) day 8 tumor measurements are highlighted. One-way ANOVA was performed, and P values

are defined as *, P< 0.05; **, P< 0.01. A D-K, Left,L-M, Data are presented as mean + SEM.

models on day 12 of treatment (Fig. 6A), a finding that was
associated with increased apoptotic cell death in these models
(Fig. 6B and C).

We next surveyed the effects of upfront PKN2 knockout
on short- and long-term responses to oncogene-targeted
therapies. In a 3-day assay, PKN2 knockout had little to
no effect on the sensitivity of eight oncogene-driven cell
line models to their cognate targeted therapies, with only
two of these models (NCI-H23 and HCC827) exhibiting
a greater than fourfold decrease in the dose required to
inhibit growth by 50% (GIso; Fig. 6D-K). However, PKN2
knockout strongly attenuated the long-term expansion of
targeted therapy-resistant cells across all surveyed models
(Fig. 6D-K). The observation that PKN2 knockout only
modestly affected short-term drug responses but substan-
tially suppressed the abundance of long-term expanded
drug-resistant cells is consistent with its ability to deplete
mesenchymal-like residual tumor cells.

Interestingly, examination of data from a diverse array of
published genome-wide CRISPR knockout screens revealed
that PKN2 knockout cells are selectively depleted in the
context of long-term culture with diverse targeted therapies

(Supplementary Fig. S4E; refs. 68, 72-74). Similarly, data
from published CRISPR activation screens revealed that
PKN2 overexpression protects cells from long-term treatment
with targeted therapies (Supplementary Fig. S4E; ref. 75). Fi-
nally, a directed CRISPR knockout screen identified PKN2 as
one of the top genes that, when knocked out, depletes rare
BRAF inhibitor-resistant, mesenchymal-like tumor subclones
from a melanoma cell population (Supplementary Fig. S4E;
ref. 76). These data from independent, unbiased screens sup-
port the notion that PKN2 loss improves the long-term re-
sponsiveness of tumor cell populations to oncogene-targeted
therapies (Supplementary Fig. S4E).

To evaluate whether PKN2 regulates the survival of residual
cancer cells in vivo, we established subcutaneous xenografts
of two EGFR-mutant NSCLC models in which PKN2 can
be knocked out with CRISPR/Cas9 (PC9-SWITCH-sgPKN2)
or knocked down with RNA interference (MGH134-shPKN2;
Supplementary Fig. S4F). Using a recently validated proto-
col, we generated the residual tumor state in these xenograft
models with a nine-dose regimen of osimertinib at 5 mg/kg
(77). At the start of osimertinib treatment, we induced the
knockout of PKN2 in the PC9 tumors with tamoxifen and
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the knockdown of PKN2 in patient-derived MGH134 tu-
mors with doxycycline. PKN2 loss did not affect the growth
of the saline-treated control tumors but significantly in-
creased the depth of response to osimertinib in both xe-
nograft models by day 8 of drug treatment [Fig. 6L and M
(bottom)], as supported by the observation of diminished
residual tumor cell outgrowth following drug withdrawal
[Fig. 6L and M (top)].

Together, these data suggest that PKN2 inhibition may be
a potent strategy for enhancing the depth and duration of re-
sponses to diverse oncogene-targeted therapies.

DISCUSSION

In this study, we discovered that a poorly characterized ki-
nase, PKN2, is a top dependency specific to the MLS through
an unbiased pan-cancer analysis of ~800 cancer cell lines. We
leveraged recent advancements in coessentiality mapping to
predict and validate that PKN2 functions as a negative reg-
ulator of the Hippo tumor suppressor pathway and showed
that PKN2 dependence is rescuable through forced expres-
sion of a Hippo-resistant TAZ mutant. Mechanistically, we
utilized convergent findings from PKN2-specific quantitative
phosphoproteomics, a kinome-wide atlas of serine/threonine
substrates (53), Alphafold3 (56), and kinome interactome
studies (55) to discover that PKN2 exerts its antagonistic
effects on Hippo signaling via direct phosphorylation of
SAV18%. Translationally, we observed that PKN2 kinase activ-
ity is enriched in human tumors with a high YAP/TAZ tran-
scriptional signature and mesenchymal-like features through
a pan-cancer analysis of CPTAC data (58-60). Finally, we lev-
eraged our mechanistic understanding of PKN2 dependence
for therapeutic benefit, demonstrating that PKN2 suppres-
sion inhibits the survival of mesenchymal-like residual tu-
mor cells following treatment with BRAF/MEK-, EGFR-, and
KRAS-targeted therapies.

The findings presented in this study highlight the interwo-
ven relationship between TAZ activation and the MLS (52).
Because YAP/TAZ and mesenchymal-like signatures mirror
each other across a pan-cancer analysis of cell lines (Supple-
mentary Fig. S2C) and patient tumor samples (Supplementary
Fig. S3I), it is no surprise that oncogenic YAP/TAZ activity
acts as a core survival program in the MLS (Supplementary
Fig. S2E). Notably, our results suggest that TAZ, and not YAP,
is functionally crucial for the survival and proliferation of
tumor cells in the MLS (Supplementary Fig. S2E and S2F).
Furthermore, YAP and TAZ gene dependency scores do not
correlate across cancer lineages (Supplementary Fig. S2G), a
finding which is in line with recent literature that suggests
YAP and TAZ can associate with different DNA-binding part-
ners, resulting in the activation of distinct transcriptional
programs and downstream phenotypic outcomes in cancer
(78-80). The contextual differences between YAP and TAZ
functions in the context of cancer cell survival are poorly un-
derstood (47) and will require elucidation before future YAP-
or TAZ-specific pharmacologic inhibitors can be rationally
applied.

Our pan-cancer analysis identified TAZ and multiple
integrin-focal adhesion network members as top MLS depen-
dencies. Induction of the MLS is associated with cytoskeletal

rearrangement and remodeling of the extracellular matrix,
which alters extracellular-intracellular communication and
downstream signaling events in mesenchymal cells (81). As
focal adhesion signaling is known to regulate Hippo signal-
ing through PTK2 (82) and ILK (83), we suspect the increased
dependence on the focal adhesion complex in mesenchymal
cells is mechanistically linked to its activation of TAZ. Inter-
estingly, focal adhesion and YAP/TAZ signaling are recur-
rently identified contributors to therapeutic resistance across
cancer lineages and drug classes (46, 67, 68, 84, 85). Rather
than focal adhesion-Hippo signaling being required for re-
sistance to any specific agent, our work supports a model in
which drug resistance broadly selects for a cancer population
with mesenchymal-like features that have acquired a con-
vergent dependency on focal adhesion-Hippo signaling for
survival. Additionally, because PKN2 is known to become ac-
tivated following Rho GTPase binding (86, 87), our discovery
provides a potential direct link between focal adhesion and
Hippo signaling regulation through RhoA-PKN2 or Racl-
PKN2 interactions (44, 46, 54). Future work will be required to
elucidate the upstream activators of PKN2 in mesenchymal-
like cells.

This work identifies PKN2 as a novel regulator of the Hippo
tumor suppressor pathway and the first kinase to antagonize
SAV1 function through phosphorylation of S90 in human
cells. Phosphorylation of SAV1 on its N-terminus (T26, S36,
and S68) is known to break its inhibitory interaction with
the protein phosphatase 2A (PP2A) complex STRIPAKSIMAP)
which then goes on to dephosphorylate and inactive MST1/2
(48, 88). It is plausible that phosphorylation of SAV15% inhib-
its Hippo signaling through the activation of STRIPAKSIMAP
but future signal transduction studies are needed to clarify
the precise downstream effects of SAV1$%° phosphorylation.
Taken together, the high degree of conservation across verte-
brate species (Supplementary Fig. S3F), the placement of ar-
ginine at the =3, -2, and +2 residue positions (Supplementary
Fig. S3F), and the signaling data presented in this study sug-
gest that SAV15% is a key site for regulatory phosphorylation
by basophilic kinases.

Our study finds that PKN2 primarily exerts its antagonis-
tic effects on Hippo signaling through SAV15°. However,
our findings do not rule out the possibility that additional
contributing factors may play a role in PKN2’s regulation
of Hippo signaling. It is conceivable that PKN2 may directly
phosphorylate additional members of Hippo signaling to ex-
ert its full effect (Supplementary Fig. S3D) or that it may
additionally inhibit Hippo signaling through indirect sig-
naling events, such as f-actin regulation (89). Although our
data suggest that PKN2’s regulation of YAP/TAZ is entirely
Hippo-dependent, there is evidence that PKN2 may regulate
YAP/TAZ activation through a Hippo-independent mecha-
nism (38). Nonetheless, PKN2’s potent regulatory effects on
YAP/TAZ suggest it is a core regulator of Hippo signaling in
mesenchymal-like cells, which may explain its requirement
for mammalian mesoderm expansion in embryogenesis (35).

The results of this work add to an increasing appreciation
for the profound role of YAP and TAZ signaling as an onco-
genic driver in diverse human cancers, leading to great inter-
est in developing drugs that inhibit its function. Achieving
this goal has been challenging, as no known, conventionally
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druggable proteins positively regulate YAP/TAZ function
within the Hippo pathway. A breakthrough came in recent
years with the discovery of a central, cysteine-containing
pocket on the TEAD proteins, and their palmitoylation is
required for YAP/TAZ binding (90). The first clinical pan-
TEAD inhibitor, VT3989, recently showed promising Phase I
efficacy and tolerability in YAP-driven mesothelioma patients
(NCT04665206), providing the first evidence for targeting
YAP/TAZ as an anticancer strategy in patients. Our study
proposes PKN2 as an attractive target for pharmacologic
inhibition in TAZ-driven cancer contexts, such as BRAFi,
EGFRi, and KRASi drug-tolerant residual tumors. As inhibi-
tion of PKN2 activates Hippo signaling, leading to the degra-
dation of TAZ, this mechanism is potentially advantageous
over TEAD inhibition, which does not block TAZ’s tran-
scriptional activity from alternative DNA-binding partners
(49, 79). Unfortunately, no specific inhibitors of PKN2 have
been characterized yet. However, PKN2 seems to be a prime
candidate for pharmacologic inhibition, as its knockout is
well tolerated in adult mice (38), chemical probes targeting
PKN2 are already created (36, 37), and its kinase activity is
enriched in and required for the survival of TAZ-driven mes-
enchymal-like cancers (Fig. 4).

METHODS
Study Approval

The Institutional Animal Care and Use Committee at Duke Uni-
versity (IACUC) approved all animal procedures and studies. The
study’s IACUC protocol number is A189-22-11.

Cell Culture

The following cell lines were used: 22rv1 (RRID: CVCL_1045), HCT-
15 (RRID: CVCL_0292), MCF-7 (RRID: CVCL_0031), NCI-H1437
(RRID: CVCL_1472), A375 (RRID: CVCL_0132), NCI-H2030 (RRID:
CVCL_1517), PC3 (RRID: CVCL_0035), BT549 (RRID: CVCL_1092),
SKMEL28 (RRID: CVCL_0526), HEK293-FT (RRID: CVCL_6911),
HCC4006 (RRID: CVCL_1269), HCC827 (RRID: CVCL_2063), PC9
(RRID: CVCL_B260), NCI-H23 (RRID: CVCL_1547), NCI-H358
(RRID: CVCL_1559), and RKO (RRID: CVCL_0504). MGH134
(RRID: CVCL_DHS54) cells were a gift from Dr. Aaron Hata. All cells
were purchased from the ATCC or Duke University Cell Culture
Facility and were maintained in a humidified incubator at 37°C with
5% CO,. Each cell line had short tandem repeat profiling performed
at the Duke University DNA Analysis Facility to confirm their au-
thenticity. Cells were never passaged for more than 6 weeks before
being discarded. Regular Mycoplasma testing with the MycoAlert My-
coplasma Detection Kit (Lonza, # LT07-318) was employed to ensure
the cell lines were free from contamination. PC3 cells were cultured
in DMEM/F12 (1:1; Gibco), 293FT cells were cultured in DMEM
high glucose (Gibco) with 1% nonessential amino acids and 1% so-
dium pyruvate added, and all other cell lines were cultured in RPMI
(Gibco). All media was supplemented with 10% fetal bovine serum
(VWR) and 1% penicillin/streptomycin (Gibco).

Chemicals

In vitro. PLX4720, trametinib, osimertinib, and adagrasib were
purchased from Selleck Chemicals and prepared at 100 mmol/L
stock solutions in DMSO. Doxycycline was purchased from VWR
(103516-794) and was prepared at 2 mg/mL in molecular biology-
grade water. 4-Hydroxytamoxifen was purchased from MedChem
(HY-16950) and prepared in 10 mmol/L stock solutions in DMSO.

Puromycin Dihydrochloride (6136) and G418 Sulfate (G-418-10)
were purchased from Gold Biotechnology. Blastocidin S was pur-
chased from Sigma (203351).

In vive. Doxycycline hyclate 98% (AC446061000) was purchased
from Thermo Fisher Scientific. Tamoxifen was purchased from Med-
ChemExpress (HY-13757A). Clinical-grade osimertinib (Tagrisso—
AstraZeneca) was purchased from Duke Pharmacy.

Plasmids and Cloning

Plasmids. The following plasmids were purchased from Ad-
dgene: lentiCRISPR v2 (LCV2; RRID: Addgene_52961), Tet-pLKO-
puro (RRID: Addgene_21915), pRDA_355 (RRID: Addgene_187159)
pLenti-EF-FH-TAZ-ires-blast (RRID: Addgene_52083), N174-MCS
(RRID: Addgene_81061), HA-sav (RRID: Addgene_32834), pKLV2-
EFla-Cas9Bsd-W (RRID: Addgene_68343), psPAX2 (RRID: Ad-
dgene_12260), pMD2.g (RRID: Addgene_12259), pClneoMyc human
MST2 (RRID: Addgene_37022), p-EFla-CreERT2-3Xflag-T2A-eBFP2
(RRID: Addgene_170186), and pcDNA3.1-2xFLAG-2xSTREP (RRID:
Addgene_172604). pLVX-TP-3F-TAZ4SA was a gift from Ann Marie
Pendergast. pLenti_SWITCH-ON_PGK-Neo was a gift from Ulrich
Elling (Institute of Molecular Biotechnology, Austrian Academy of
Sciences, Vienna, Austria). PRK2/Prkcl2 cDNA ORF Clone in Cloning
Vector, Human was purchased from Sino Biological (HG10536-M).

Restriction Enzyme Cloning. Full-length and A642-PKN2 were
PCR amplified out of its cloning vector with QS High-Fidelity 2X
Master Mix (NEB, M0492S) according to the manufacturer’s pro-
tocols and ligated into pcDNA3.1-2xFLAG-2xSTREP. Additionally,
TAZS* was amplified out of pLVX-TP-3F-TAZ4SA and ligated into
N174-MCS. All resulting plasmids were confirmed with Sanger se-
quencing.

Site-Directed Mutagenesis. PCR Primers were designed using the
Agilent Primer Design tool. PCR was carried out using PfuUltra II
FUsion HotStart DNA polymerase (Agilent, 600670) according to the
manufacturer’s protocol. All resulting point mutations were validat-
ed with Sanger sequencing.

DepMap Analyses

All datasets used in this article were from the 23Q4 public data
release from Cancer Dependency Map Portal (RRID: SCR_017655) at
the Broad Institute.

Lineage-Based Analyses. Using the custom cell line list feature,
we separated all cell lines from lymphoid and myeloid lineages, fi-
broblasts, colorectal adenocarcinoma, breast carcinoma, esophago-
gastric cancer, mesothelioma, head and neck squamous, renal cell
carcinoma, small cell lung cancer, non-small cell lung cancer, pancre-
atic adenocarcinoma, ovarian cancer, and melanoma based on their
DepMap lineage annotation. We downloaded the DepMap ssGSEA
dataset for all lineages and extracted the Hallmark EMT gene set to be
used for the EMT score. For PKN2, YAP1, WWTR1, and TEADI depen-
dency scores, we downloaded the CRISPR (DepMap Public 23Q4+
Score, Chronos) data for each lineage.

Correlation Analyses. All DepMap correlation analyses were per-
formed in the custom analysis browser using the Pearson correlation
analysis. The DepMap ssGSEA Hallmark EMT score was correlated
against CRISPR (DepMap Public 23Q4+ Score, Chronos) data in
all solid cancer cell lines excluding mesenchymal-derived lineages
to generate the Pearson correlation coefficients for our EMT score
versus CRISPR gene score analysis. We performed GSEAPreranked
using GSEA v4.2.3 (RRID: SCR_003199) on the ranked list of cor-
relation coefficients with all the Kegg Legacy v2023.2 curated gene
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sets (RRID: SCR_018145). We repeated this analysis using just lung
cancer-derived lineages to create the lung cancer-specific EMT score
versus CRISPR score Pearson correlation coefficients. The DepMap
ssGSEA Hallmark EMT score was correlated against Expression
Public 23Q4 data in all solid cancer cell lines, excluding mesenchy-
mal-derived lineages, to generate the Pearson correlation coefficients
for our EMT score versus Expression analysis. We downloaded the
Expression Public 23Q4 and performed ssGSEA with GenePattern
(91) using a YAP/TAZ-specific 22-target gene signature (45) to gener-
ate the YAP/TAZ score for every cell line. We correlated the YAP/TAZ
score against the EMT score (DepMap ssGSEA) and PKN2 dependen-
cy [CRISPR (DepMap Public 23Q4+ Score, Chronos)] using every cell
line represented across these datasets.

PKN2 Dependence Predictability. We downloaded the depmap_
predictability_data_ PKN2 dataset for CRISPR (DepMap Public
23Q4+ Score, Chronos) and RNAi (Achilles+ DRIVE+Marcotte,
DEMETER2) datasets. Only the Core Omics model data was incor-
porated into our article.

Coessentiality Mapping

We searched for PKN2 on coessentiality.net, created a list of genes
immediately surrounding PKN2, and analyzed this list of genes using
Gene Ontology with the Reactome pathways annotation data set. We
downloaded the plot of PKN2’s “neighborhood” from coessentiality.
net and annotated known Hippo pathway members. From DepMap,
we downloaded PKN2’s top 100 codependencies for CRISPR (Dep-
Map Public 23Q4+Score Chronos) and represented the top 15 genes
in a table.

CPTAC Analysis

To generate a YAP/TAZ transcriptional score for each patient rep-
resented in the CPTAC pan-cancer data (RRID: SCR_017135), we
first downloaded the RNA-seq file “RNA_Broad_v1.zip” from pdc.
cancer.gov. We used a 22-gene YAP/TAZ target gene signature (45)
and performed ssGSEA on the processed patient RNAseq data with
Genepattern (91). Using simple linear regression models in R, we
correlated YAP/TAZ score against processed proteome data from
“Proteome_Broad_Institute_harmonized_v1” and phosphoproteome
data from “Phosphoproteome_Broad_Institute_harmonized_v1”.
The resulting ranked list of correlation coefficients from YAP/TAZ
score versus proteome were further analyzed with GSEAPreranked
using Hallmark gene sets. The resulting ranked list of correlation
coefficients from the YAP/TAZ score versus phosphoproteomics
data was analyzed with GSEAPreranked using kinase substrate
signatures generated from the atlas of serine/threonine substrates
(53). As recommended by the authors, the kinase substrate signa-
ture included all phosphosites in which the given kinase was a top
15-ranked kinase.

CRISPR/Cas9 Knockouts

Constitutively Active System. sgRNAs against the chosen gene
were cloned into LCV2 and validated with Sanger sequencing. Len-
tivirus for each plasmid was generated as previously described (40).
Cells were subjected to spinfection with a transduction mixture of
virus, 8 pg/mL polybrene, and media at 2,250 rpm for 1 hour. The
following day, the media was refreshed, and the cells with plasmid in-
tegration were selected with 2 pg/mL puromycin. To select a biallelic
knockout clone, we serially diluted our puromycin-selected popula-
tion to a density of 1 cell/well in a 96-well plate and identified knock-
out clones through immunoblotting.

Inducible Tet-on-sgRNA System. PC9 and NCI-H23 cells were
transduced with lentivirus containing pKLV2-EFla-Cas9Bsd-W
and selected for stable Cas9 expression with 10 pg/mL blasticidin.

sgRNAs against PKN2 were cloned into pRDA_355. PC9-Cas9 and
H23-Cas9 cells were transduced with lentivirus containing pRDA_
355-sgCTRL or pRDA_355-sgPKN2. Plasmid integration was select-
ed for in tet-free FBS media with 2 pg/mL puromycin. Immunoblot
validation of on-target knockout was achieved with 500 ng/mL dox-
yeycline for 96 hours.

All sgRNA sequences were chosen from the TKOv3 genome-
wide library (LacZ: CAGCTGGCGTAATAGCGAAG, sgCTRL: GGT
GTGCGTATGAAGCAGTG, PKN2-1: TTGTTGCTAGTAGAACAACG,
PKN2-2: GCAGTTGCTGAGCTGTACCA, PKN2-3: AGTTCAAGAG
GACTTATCAC, PKN2-4: ATGGGACCAGAAGTTTACAC, SAVI:
TGACACTCACTCCGAAGCAG, WWTRI1-1: GAGGAAGTACCTCT
GGCCAG, WWTRI1-2: ACTGGTGTGGAACTGACGGC, YAPI-1:
AAGGCGGCTGCCCTTGGCCC, and YAP1-2: GAATGAGCTCGA
ACATGCTG; ref. 92) and were validated for on-target protein loss
with immunoblotting.

Clonogenic Growth Assay

We seeded 1,000 to 5,000 cells per well in triplicate in six-well tissue
culture plates directly following their puromycin selection to measure
the proliferative effects of single gene knockouts in parental cell pop-
ulations. The cells were grown in standard growth media until the
sglacZ population hit confluency and then were fixed and stained
with 0.5% (w/v) crystal violet in 6.0% (v/v) glutaraldehyde (Thermo
Fisher Scientific). Quantifications of the surface area covered were
used to estimate cell viability and were performed in ImageJ software
(RRID: SCR_003070) with the ColonyArea plugin (93).

We seeded 50,000 to 75,000 cells per well in a six-well format for
long-term drug resistance experiments. The following day, we started
treatment with the indicated pharmacologic inhibitor or DMSO, and
the cells were maintained in culture until the sglacZ population hit
confluency. The media and inhibitors were refreshed every 72 hours.
The assays were stained and quantified as previously described.

Immunoblotting

Western blot procedure was followed as previously described (94).
The following primary antibodies were purchased from Cell Signal-
ing Technology and diluted at 1:1,000: E-cadherin (#3195, RRID:
AB_2291471), N-cadherin (13116, RRID: AB_2687616), AXL (#8661,
RRID: AB_1121743S5), vimentin (#5741, RRID: AB_10695459),
HSPI90 (#4877, RRID: AB_2233307), phospho-PKN2 (T816; #2611,
RRID: AB_2268567), PKN2 (#2612, RRID: AB_2167753), LATS1
(#3477, RRID: AB_2133513), phospho-LATS1 (Thr1079; #8654,
RRID: AB_10971635), phospho-YAP (Ser397; #13619, RRID:
AB_2650554), phospho-YAP (Ser127; #4911, RRID: AB_2218913),
YAP/TAZ (#8418, RRID: AB_10950494), B-actin (#4970L, RRID:
AB_2223172), HA-Tag (#3724, RRID: AB_1549585), SAV1 (#13301,
RRID: AB_2798176), phospho-PKA Substrate (RRXS*/T*; #9624,
RRID: AB_331817), and vinculin (#13901, RRID: AB_2728768). M2
FLAG antibody (Sigma-Aldrich, Cat. #1804, RRID: AB_262044).

SAV1 Immunoprecipitation. 293FTs were transfected with the
indicated combination of HA-SAV1, FL-PKN2, and A642-PKN2 plas-
mids at a 1:1 ratio using Lipofectamine 2000. Twenty-four hours
after transfection, the cells were lysed with RIPA and incubated with
precleared Anti-HA Magnetic Beads (MedChemExpress) overnight at
4°C. The beads were washed multiple times with lysis buffer before
being boiled in a 4x Laemmli SDS sample buffer and subject to im-
munoblotting.

SAV1 Phostag Gel. 293FTs were transfected with the indicated
combination of HA-SAV1 mutants, A642-PKN2, and AG642K680A.
PKN?2 plasmids at a 1:1 ratio using Lipofectamine 2000. Twenty-four
hours after transfection, lysates were made as previously described
and ran on either a NuPAGE 4% to 12%, Bis-Tris, 1.0- to 1.5-mm gel
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(Thermo Fisher Scientific) or a SuperSep Phos-tag (50 pmol/L), 7.5%
gel (Fujifilm). The Phostag gel was washed multiple times with EDTA
before transferring onto a polyvinylidene difluoride membrane.

In Vitro Kinase Assay

HA-SAVIVT and HA-SAV15°°A plasmids were transfected into
293FT cells for 24 hours before being immunoprecipitated with
a HA-bead pulldown, as previously described. Following multi-
ple washes, the HA-beads containing bound SAV1IYT or SAV15%04
were resuspended in a 40 pL kinase reaction mixture that contained
0.5 mmol/L ATP (Cell Signaling Technology, #9804), 12.5 nmol/L
GST-PKN2 (SignalChem Biotech, P71-10G), 1x Protein Kinase Buffer
9, Cell Signaling Technology, #9802), and ddH,O. The reaction was
carried out at room temperature for 15 minutes. A total of 13.3 pL of
NuPAGE LDS Sample Buffer (4x) was added to the reaction mixture
and boiled at 95 degrees for 5 minutes. The HA beads were separated
with a magnetic stand, and the lysate was transferred to a new Eppen-
dorf before being analyzed with immunoblotting.

RT-qgPCR

The TagMan qPCR protocol was followed as previously de-
scribed (94). The catalog numbers for the TagMan probes are as fol-
lows: TBP (Hs00427620_m1), ANKRD1 (Hs00173317_m1), CTGF
(Hs00170014_m1), CYRG1 (Hs00155479_m1), FN1 (Hs01549976_
m1), CDH2 (Hs00983056_m1), and VIM (Hs00958111_m1).

Short-term Cell Viability Assays

Cell populations were seeded at 1,000 to 2,000 cells per well in
a 96-well plate. The following day, the inhibitor was added at the
specified concentrations. Seventy-two hours after adding the drug,
the cells were incubated in 10 pL of CellTiter-Glo (Promega) for
10 minutes. The relative cell viability was determined by normaliz-
ing the raw luminescence values for each treatment condition to
DMSO-treated wells.

Flow Cytometry

Annexin V and Propidium Iodide Staining. Following drug treat-
ment, PC9 cell populations were pelleted and resuspended in a con-
centration of 1 x 10° cells/mL of 1x annexin-binding buffer. Cells
were profiled for cell surface expression of phosphatidylserine with
the Dead Cell Apoptosis Kit with Annexin V Alexa Fluor 488 &
Propidium Iodide (Invitrogen, # V13245) kit according to the man-
ufacturer’s protocol.

Cell-Cycle Analysis. Following drug treatment, Hoechst 33342
(Thermo Fisher Scientific, # 62249) was added to the culture media
at 5 pg/mL and incubated at 37°C for 1 hour. Cell populations were
collected and resuspended in eBioscience Flow Cytometry Staining
Buffer (Thermo Fisher Scientific, # 00-4222-57) at 1 x 10° cells/mL
concentration.

Data were acquired with a BD Scientific Canto II Flow Cytometer
(RRID: SCR_018056) and the results were analyzed in FlowJo (RRID:
SCR_008520).

Quantitative Phosphoproteomics

Sample Preparation. The Duke Proteomics and Metabolomics
Core Facility received six samples of 293FT cell pellets (three of each
PKN2-Active and PKN2-Dead), kept at —80°C until processing. Sam-
ples were supplemented with 100 pL of 8 mol/L urea and subjected
to three rounds of sonication at 10 seconds per round. Protein con-
centrations were determined via Bradford Assay, ranging from 11 to
16 mg/mL. Samples were normalized to 300 pg using 8 mol/L/50
mmol/L ammonium bicarbonate and spiked with undigested casein
ata total of either 1 or 2 pmol as an internal quality control standard.

Next, they were supplemented with 4.8 pL of 20% SDS and reduced
with 10 mmol/L dithiothreitol for 45 minutes at 32°C, alkylated with
20 mmol/L iodoacetamide for 45 minutes at room temperature, and
then supplemented with a final concentration of 1.2% phosphor-
ic acid and 283 pL of S-Trap (ProtiFi) binding buffer (90% MeOH/
100 mmol/L TEAB). Proteins were trapped on the S-Trap mini car-
tridge, digested using 100 ng/pL sequencing grade trypsin (Promega)
for 1.5 hours at 47°C, and eluted using 80 mmol/L TEAB, followed
by 0.2% FA, and lastly using 50% ACN/0.2% FA. All samples were then
lyophilized to dryness.

Phosphopeptide Enrichment. The phosphopeptide samples were
resuspended in 80% acetonitrile and 1% TFA prior to TiO; enrich-
ment. Each sample was subjected to complex TiOx enrichment
(using a competitive modifier) using GL biosciences TiO; tips and
manufacturer-recommended protocols. Eluted phosphopeptides
were then subjected to C18 stage tip cleanup. All samples were frozen
and lyophilized to dryness. Samples were resuspended in 12 pL of 1%
TFA/2% acetonitrile with 12.5 fmol/pL of yeast ADH and 10 mmol/L
citric acid.

LC/MS-MS Analysis. Quantitative LC-MS/MS was performed
on 3 uL (25%) of each sample, using an EvoSep One UPLC system
coupled to a Thermo Orbitrap Astral high-resolution accurate mass
tandem mass spectrometer (Thermo Fisher Scientific) via a nano-
electrospray ionization source. The samples were loaded onto the
EvoSep tip, and the analytical separation was performed using a
1.5 pm EvoSep 15 cm performance (EveoSep) with a 30 SPD
(44 minutes) method. Data collection on the Orbitrap Astral mass
spectrometer was performed in a data-independent acquisition
(DIA) mode of acquisition with a » = 240,000 (@ m/z 200) full MS
scan from m/z 380 to 1,080 with a target AGC value of 4e5 ions.
Fixed DIA windows of S m/z from m/z 380 to 1,080 DIA MS/MS
scans were acquired in the Astral with a target AGC value of Se4
and max fill time of 8 ms. A higher energy collision dissociation set-
ting of 27% was used for all MS2 scans. The total analysis cycle time
for each sample injection was approximately 45 minutes.

Quantitative Data Analysis. Following nine total UPLC-MS/MS
analyses, data were imported into Spectronaut (Biognosis), and in-
dividual LC/MS data files were aligned based on the accurate mass
and retention time of detected precursor and fragment ions. Relative
peptide abundance was measured based on MS2 fragment ions of
selected ion chromatograms of the aligned features across all runs.
The MS/MS data was searched against the SwissProt Homo sapiens
database (downloaded in August 2022), a common contaminant/
spiked protein database (bovine albumin, bovine casein, yeast ADH,
etc.), and an equal number of reversed-sequence “decoys” for false
discovery rate determination. A library-free Spectonaut performs
the database searches. Database search parameters included fixed
modification on Cys (carbamidomethyl), variable modification on
Met (oxidation) and Ser/Thr, and Tyr (phosphorylation). Full tryp-
sin enzyme rules were used along with 10 ppm mass tolerances on
precursor ions and 20 ppm on product ion. Spectral annotation was
set at a maximum 1% peptide false discovery rate based on g-value
calculations. Note that peptide homology was addressed using razor
rules in which a peptide matched to multiple different proteins was
exclusively assigned to the protein with more identified peptides. Pro-
tein homology was addressed by grouping proteins that had the same
set of peptides to account for their identification. A master protein
within a group was assigned based on % coverage.

AlphaFold 3 Prediction

Full-length PKN2 (UniProtKB/Swiss-Prot: Q16513.1) and Full-
length SAV1 (UniProtKB/Swiss-Prot: Q9H4B6) sequences were in-
put into AlphaFold 3 using the public server Alphafoldserver.com.
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A phosphothreonine PTM was added to full-length PKN2 at residue
T816. A phospho-serine PTM was added to full-length SAV1 at res-
idue S90. The resultant protein sequence prediction models were
generated on Alphafoldserver.com. The data were processed and an-
notated in PyMol Version 3.0.3 (RRID: SCR_000305).

In Vivo Experimentation

All mouse experiments were approved by the Duke University
IACUC prior to initiation and are in accordance with the Guide for
the Care and Use of Laboratory Animals, eighth ed.

Inducible shPKN2 Knockdown Studies. We cloned three PKN2-
targeting short-hairpin RNA sequences (1:GCAGGAATTAAATGC
ACATATCTCGAGATATGTGCATTTAATTCCTGC,3:GCACAT
TCATACTGATGTCTTCTCGAGAAGACATCAGTATGAATGT
GC,4:GCAGCAGAAATTGGATGATATCTCGAGATATCATC
CAATTTCTGCTGC) into Tet-pLKO-puro. Lentivirus was prepared
with the shRNA plasmids for transduction in PC3, 22rvl, and
MGH134 cancer cell lines. We validated PKN2-specific knockdown
in vitro following treatment with 100 ng/mL doxycycline for 72 hours.

For the prostate models, 6- to 8-week-old male NOD/SCID gamma
(NSG) mice were purchased from The Jackson Laboratory and were
surgically castrated under anesthesia with proper pain control. One
week following castration, 5 x 105 PC3 or 22rv1 shRNA cells were in-
jected into the flanks of the mice in a 1:1 ratio with Matrigel. Once
tumors reached 50 to 100 mm?, they were switched to doxycycline
water (2 mg/mL) with 5% sucrose.

1 x 10° MGH134 cells containing the appropriate Tet-pKLO-shRNA
backbones were subcutaneously injected into 10-week-old female
NSG mice flanks in a 1:1 ratio with Matrigel. Once tumors reached
100 mm?3, they all began doxycycline treatment and were randomly
assigned to a saline or osimertinib treatment group. Osimertinib was
resuspended in a sterile solution of 20% Captisol and administered to
mice via daily oral gavages at 5 mg/kg for nine total doses. Doxycy-
cline was given via daily oral gavage at 1 mg per mouse for the entirety
of the study.

CRISPR-SWITCH Study. PC9 parental cells were transduced
with pKLV2-EF1a-Cas9Bsd-W and selected with 5-pg/mL blasticidin
for 96 hours. The PC9-Cas9 cells were transduced at an MOI of 0.1
with p-EFla-CreERT2-3Xflag-T2A-eBFP2, and BFP-expressing cells
were sorted into a new population 72 hours later. PC9-Cas9-CreERT2
cells were transduced at a MOI of 0.3 of pLenti_SWITCH-ON_PGK-
Neo that contained a cutting control sgRNA sequence (GGTGT
GCGTATGAAGCAGTG) or sgPKN2-2 (GCAGTTGCTGAGCTGT
ACCA) and were selected for with 500 pg/mL of G418. Follow-
ing in vitro validation of the inducible knockout of PKN2 in PC9-
SWITCH-sgPKN2-2 cells, 7.5 x 10° cells were injected into the flanks
of 10-week-old female NSG mice 7.5 x 10° in a 1:1 ratio of Matrigel.
Once tumors reached 150 mm?, they were randomly assigned
to saline-corn oil, saline-tamoxifen, osimertinib-corn oil, and
osimertinib-tamoxifen treatment groups. Corn oil or Tamoxifen
(3 mg per mouse) dissolved in corn oil was intraperitoneally injected
on days 0, 1, and 2 of the study. osimertinib was resuspended in a
sterile solution of 20% Captisol and administered to mice via daily
oral gavages at 5§ mg/kg for nine total doses.

All tumors were measured via calipers every 1 to 4 days, and tumor
volume was calculated V= (L x W x W)/2 (L = longest diameter and
W = shortest diameter). The study continued until IACUC-approved
endpoints, including when tumors reached ~1,500 mm?, tumors
were ulcerated, or the mice displayed clinical impairments.

Statistical Analysis

All results are shown as means + SEM unless otherwise shown.
P values were determined using unpaired, two-tailed Student ¢ tests,
or, for grouped analyses, one-way or two-way (ANOVA with the Tukey

post hoc test; P < 0.05 was considered statistically significant. Unless
otherwise noted, all experiments were performed a minimum of three
times, and measurements were taken from individual biological rep-
licate samples.

Data Availability

All darta associated with this study are available in the main text or
the Supplementary Materials.
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