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Abstract

Lung squamous cell carcinoma (LSCC) is the second most prevalent type of lung cancer. Despite
extensive genomic characterization, no targeted therapies are approved for the treatment of LSCC.
Distal amplification of the 3q chromosome is the most frequent genomic alteration in LSCC, and
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there is an urgent need to identify efficacious druggable targets within this amplicon. We identify
the protein kinase TNIK as a therapeutic target in LSCC. 7N/Kis amplified in approximately 50%
of LSCC cases. TNIK genetic depletion or pharmacological inhibition reduces the growth of
LSCC cells in vitroand in vivo. In addition, TNIK inhibition showed antitumor activity and
increased apoptosis in established LSCC patient-derived xenografts. Mechanistically, we identified
the tumor suppressor Merlin/ VF2as a novel TNIK substrate and showed that TNIK and Merlin are
required for the activation of focal adhesion kinase. In conclusion, our data identify targeting
TNIK as a potential therapeutic strategy in LSCC.
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Introduction

Results

Lung squamous cell carcinoma (LSCC) accounts for one-third of all lung cancer cases.
Despite extensive genomic sequencing, the identification of oncogenic drivers in LSCC has
remained challenging, and actionable alterations are unknown in the majority of LSCC
patients (1,2). As a result, no targeted therapies have been approved to treat LSCC, and
treatment still relies on chemotherapy or radiotherapy. Genomic characterization of LSCC
tumors shows that distal chromosome 3q amplification (3q26-29) is the most prevalent
genomic alteration in LSCC (3). This region contains very well-characterized oncogenes,
including the transcription factors SOX2and 7P63, and the kinase genes P/IK3CA and
PRKCI (4). While the former are not druggable to date, results in head and neck squamous
cell carcinoma (HNSCC) suggest that P/IK3CA amplification does not predict sensitivity to
PI3K inhibitors, and PI3K inhibitors have not shown significant clinical benefit as
monotherapies in HNSCC (5,6). Evaluation of PKCu is still in pre- or early-phase clinical
testing (7).

The protein kinase TNIK (Traf2- and Nck- interacting kinase) has been identified as a
potential genetic dependency in tumors with distal amplification of the 3q chromosome (8);
however, an in-depth evaluation of its functional role in LSCC has never been performed.
Here we tested the potential of TNIK as a therapeutic target in LSCC. Our results suggest
that targeting amplified TNIK could serve as a new intervention strategy for a subset of
LSCC patients.

To investigate the consequences of targeting TNIK in LSCC, we queried The Cancer
Genome Atlas (TCGA) LSCC data sets to determine the frequency of 7A/K amplification in
LSCC samples. We observed that 7A/K'is amplified (>3 gene copies) in 35-44% of cases,
with an additional 46-54% of cases displaying copy-number gains (Fig. 1A, Supplementary
Fig. S1A). In contrast, TAV/K was amplified in 3-4% of lung adenocarcinoma cases (Fig.
1A, Supplementary Fig. S1A). Consistent with TCGA data, we observed increased
expression of TA/K mRNA in a panel of LSCC cell lines compared to non-transformed
primary lung cells (Fig. 1B). Although 7N/K expression was high in LSCC cell lines with
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3qg amplification, some cell lines lacking 7A/K amplification (SW900 and Calu-1) also
showed enhanced 7NM/K mRNA levels. Analogous expression patterns were observed when
TNIK levels were assayed by immunoblot (Fig. 1C).

To assess if LSCC cells require TNIK to maintain cancer cell viability, we depleted TNIK
with doxycycline (dox)-inducible TNIK-targeting shRNAs, which led to a significant
reduction (60-80%) in the clonogenic growth of LSCC cells with high TNIK expression
(LK2, NCI-H520, and SW900 cells; Fig. 1D, 1E). No significant effect on clonogenic
growth was observed in low-expressing TNIK LSCC cells when TNIK was depleted with
dox-inducible shRNAs (NCI-H157 and HCC15 cells; Fig. 1D, 1E, Supplementary Fig.
S1B). Next, we assessed the importance of TNIK in maintaining cancer cell survival in
Matrigel 3D cultures, which more accurately mimic the conditions of the tumor
environment. TNIK depletion abrogated LK2 cell growth in Matrigel cultures, which was
rescued by re-expression of a catalytically competent TNIK shRNA-resistant mutant (Fig.
1F, 1G). However, a TNIK kinase-dead (K54R) mutant was unable to rescue the effects of
TNIK knockdown on cell growth (Fig. 1F, 1G).

Since TNIK catalytic activity is a requirement for maintaining the growth of the LK2 LSCC
cell line, we assessed the effect of a TNIK inhibitor, NCB-0846, on LSCC cell growth. This
compound is a well-characterized TNIK small-molecule catalytic inhibitor (9) that traps
TNIK in an inactive conformation and impedes TNIK autophosphorylation in an in vitro
kinase assay (Supplementary Fig. S2A). The TNIK inhibitor reduced cell viability in all
LSCC cell lines tested, with ECsq values ranging from 230 nM in LK2 cells to 870 nM in
NCI-H157 cells, and TNIK-high-expressing cells displayed greater sensitivity to NCB-0846
in most cases (Fig. 2A, 2B). Interestingly the SW900 cells were not sensitive to the TNIK
inhibitor, indicating TNIK will have some tumorigenic functions independent of the catalytic
activity of the kinase. As kinase inhibitors are promiscuous, we identified a TNIK drug-
resistant mutant that we could use as a tool to validate the NCB-0846-induced toxicity is
specifically due to inhibiting the catalytic activity of TNIK. We tested numerous mutants
that would be predicted to be resistant to an ATP competitive inhibitor (10,11,
Supplementary Table S1) and identified that mutation of the TNIK pocket protector residue
(-1 GXGXXG site, V31 in TNIK) to tryptophan (V31W) retained catalytic activity in the
presence of NCB-0846 (as evaluated by phosphorylation of the TNIK substrate Merlin,
Supplementary Fig. S2B). We then assessed this mutant in cells treated with NCB-0846 and
observed that expression of TNIK V31W could rescue the inhibitor-induced decreases in
viability (Fig. 2C). To further validate NCB-0846 effects were due to specifically inhibiting
TNIK, we treated cells in which TNIK had been knocked down with increasing
concentrations of NCB-0846. As expected, almost complete depletion of TNIK in NCI-
H520 cells reduced short-term cell viability in this cell line, but cell viability was not
diminished further after treatment with NCB-0846 in cells in which TNIK was depleted,
indicating that NCB-0846 is not targeting other kinases to suppress the viability of LSCC
cells (Fig. 2D). These results support that the observed effects of NCB-0846 on cell viability
are due to specifically targeting TNIK.

To determine if TNIK was essential for maintaining LSCC growth /n vivo, we generated
mouse xenograft models derived from the LK2 and NCI-H520 cell lines. Treatment of the
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mice with 100 mg/kg of NCB-0846 significantly reduced tumor growth /n vivo without
effects on the overall weight of the mice (Fig. 2E, 2F, Supplementary Fig. S2C), consistent
with our results indicating that TNIK is essential for maintaining LSCC clonogenic growth
in culture. Tumor analysis by immunohistochemistry showed that NCB-0846 treatment
significantly increased cell apoptosis but did not affect cell proliferation (Fig. 2G, 2H and
Supplementary Fig. S2D). We then established LSCC mouse xenograft models derived from
two treatment-naive LSCC patients (PDX), as these models more accurately recapitulate
patients’ pharmacological responses to cancer drugs (12). A similar response to NCB-0846
was observed in these PDX models. In PDX model 1 (PDX-1), TNIK inhibition
significantly halted tumor growth from the very onset of the treatment, while in the second
model (PDX-2), TNIK inhibition effectively stabilized tumor growth (Fig. 3A, 3B). There
was a minor overall decrease in the relative weight of the mice treated with NCB-0846 in the
PDX-1 model (5.84 + 3.92 %, Supplementary Fig. S3A). Analysis of tumor samples by
immunohistochemistry demonstrated that NCB-0846 treatment increased cell apoptosis in
PDX-2 but did not affect cell proliferation, however we observed that NCB-0846 suppressed
proliferation in PDX-1 (Fig. 3C, 3D, Supplementary Fig. S3B). These results indicate that
TNIK represents a pharmacological target in LSCC and that TNIK inhibitors could represent
new treatment options for LSCC patients.

We next investigated the mechanisms through which TNIK could promote LSCC cell
viability. In colon cancer cells, TNIK has been reported to contribute to cell viability through
regulation of the Wnt/B-catenin pathway (13,14); however, analysis of B-catenin expression
and activity did not differ in LSCC cells depleted of TNIK (Supplementary Fig. S4A). To
identify alternative mechanisms by which TNIK could modulate LSCC viability, we scanned
established oncogene and tumor suppressor gene products for occurrences of the consensus
TNIK phosphorylation site motif (15). We found that the tumor suppressor Merlin (moesin-
ezrin-radixin-like protein; NMF2) harbored a potential TNIK phosphorylation site at T576, a
position analogous to known regulatory sites on the related ERM proteins (ezrin, radixin and
moesin). Moreover, Merlin had several additional sites (S13, T23, and T272) conforming to
the TNIK consensus sequence. Of note, these phosphorylation sites are evolutionally
conserved in metazoans, suggesting that their posttranslational modification has functional
consequences (Supplementary Table S2). Also, structural modeling of Merlin indicates that
these sites are accessible to the solvent, and thus, exposed to be phosphorylated. These data
suggested that Merlin may be a novel substrate of TNIK. We also performed a global reverse
phase protein array analysis in cells depleted of TNIK and identified FAK as a downstream
effector (Supplementary Fig. S4B). FAK has been reported to be regulated by Merlin (16),
providing us with additional rationale to evaluate Merlin as a downstream substrate of
TNIK. Indeed, co-expression of Merlin and TNIK resulted in increased Merlin
phosphorylation as assessed with a pan-phospho-threonine antibody; this phosphorylation
was sensitive to the addition of the TNIK inhibitor NCB-0846 (Fig. 4A). In addition, we
observed that TNIK and Merlin co-immunoprecipitated (Fig. 4A). A TNIK kinase-dead
mutant (K54R) also interacted with Merlin but did not induce its phosphorylation (Fig. 4A).
We verified that TNIK directly phosphorylated Merlin /n vitroin a radiolabel kinase assay,
and this phosphorylation was also sensitive to treatment with NCB-0846 (Supplementary
Fig. S4C). Using /n vitro kinase assays followed by phosphopeptide mapping, and mass
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spectrometry analysis on Merlin isolated from cells co-expressing TNIK and Merlin, we
determined that TNIK could phosphorylate Merlin at S13, T272, S315, and T576 (Fig. 4B,
Supplementary Fig. S4D, and Supplementary Table S3). The mass spectrometry analysis of
Merlin isolated from cells co-expressing TNIK and Merlin also revealed phosphorylation of
Merlin at S518, a site that is phosphorylated by PKA and the PAK kinases (17), S566, and
T581, which were unlikely to be phosphorylated by TNIK since they were not detected by
phosphopeptide mapping, nor were these sites of phosphorylation increased upon TNIK
overexpression (Supplementary Fig. S4D and Supplementary Table S3). Co-expression of
TNIK and Merlin in HEK 293T cells resulted in increased phosphorylation of Merlin at S13,
which did not occur when the TNIK kinase-dead mutant was expressed, indicating that
TNIK was directly phosphorylating S13 (Fig. 4C). This phosphorylation was lost when
expressing a Merlin mutant where the serine is exchanged for an alanine (S13A; Fig. 4C),
confirming its specificity. In addition, pThr-phosphorylated Merlin was largely diminished
when the non-phosphorylatable T272A mutant was expressed (Supplementary Fig. S4E);
however, expression of the T576A or T581A mutants did not affect global Merlin threonine
phosphorylation, indicating that Merlin pT272 is the main site recognized by the pan-
phospho-threonine antibody (Supplementary Fig. S4F). Phosphorylation of Merlin at S315
has been previously reported (18) but could not be verified by immunoblot due to lack of
site-specific antibodies. In agreement with the above observations, molecular dynamics
simulations were performed and overall indicate that TNIK-mediated phosphorylation of
Merlin at the sites identified (S13, T272, S315, and T576) will impact Merlin structure and
activity (Supplementary Fig. S5 and Supplementary Table S4).

We next determined if endogenous TNIK could phosphorylate Merlin at these sites in LSCC
cells. Pulldown of endogenous Merlin from NCI-H520 cells followed by mass spectrometry
analysis of phosphopeptides identified phosphorylation of Merlin S13 and S315.
Phosphorylation of S13 was not identified in NCB-0846-treated samples, indicating TNIK is
directly phosphorylating this site in NCI-H520 cells (Supplementary Fig. S6A, S6B).
Similarly, phosphorylation at S315 was reduced after TNIK inhibition (fold-change: 1.00 vs
0.34, DMSO/NCB-0846 samples; Supplementary Fig. S6C), indicating endogenous TNIK is
directly phosphorylating S315 in NCI-H520 cells. Since we lack sensitive phospho-site
specific antibodies that recognize endogenous Merlin, we validated phosphorylation of
Merlin at S13 by endogenous TNIK in LK2 and NCI-H520 cells by overexpressing Merlin
and showed that this phosphorylation was sensitive to treatment with the TNIK inhibitor
NCB-0846 (Fig. 4D). However, the pan-pThr antibody was not sensitive enough to detect
phosphorylation on Merlin in LK2 or NCI-H520 cells. Combined, these results demonstrate
that Merlin is a direct TNIK substrate and indicate that S13 and S315 were the main TNIK-
mediated Merlin phosphosites. We were unable to identify phosphorylation of endogenous
Merlin T272 in the pull-down mass spec experiments, but cannot exclude that this site may
be phosphorylated by endogenous TNIK.

Merlin is a scaffold protein regulated by phosphorylation and can modulate downstream
effectors such as focal adhesion kinase (FAK) (16). We found that FAK activation (as
determined by FAK pY397 levels) was reduced in LK2 and NCI-520 cells upon TNIK
knockdown (Fig. 4E). Importantly, re-expression of catalytically active TNIK, but not a
kinase-dead mutant, rescued the effects of TNIK knockdown on FAK activation in LK2 cells
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(Fig. 4F). In agreement with TNIK activity being required for FAK activation, treatment of
LK2 and NCI-H520 cells with NCB-0846 reduced FAK phosphorylation at Y397
(Supplementary Fig. S7A). In addition, Merlin negatively regulates the pro-oncogenic
YAP/TAZ transcription factors through activation of effectors of the Hippo pathway (16).
Consistently with TNIK modulating Merlin, we also observed reduced YAP levels following
TNIK knockdown in LK2 and NCI-H520 cells (Supplementary Fig. S7B).

These results indicate that TNIK phosphorylates Merlin and led us to hypothesize that
phosphorylated Merlin is required to maintain FAK activation. To test this model, we
knocked down Merlin, TNIK, and the combination of Merlin and TNIK. Knockdown of
Merlin in LK2 and NCI-520 cells reduced FAK activation, which was further diminished
with the combination of Merlin and TNIK knockdown (Fig. 4G, Supplementary Fig. S7TA,
S7C). Furthermore, we found that expression of a Merlin phosphomimetic mutant (Merlin
4D) restored FAK activation and YAP levels in NCI-H520 cells with TNIK knockdown (Fig.
4H), but a wild-type Merlin or a non-phosphorylatable mutant (Merlin 4A), did not effect
FAK activation and YAP levels in cells depleted of TNIK (Fig. 4H). We also assessed if
these pathways contributed to maintain cell survival; sSiRNA-mediated knockdown of
Merlin, FAK, and YAP significantly reduced cell viability in LK2 and NCI-H520 cells (Fig.
41, 4], Supplementary Fig. S7TD-F). In summary, our results suggest that phosphorylated
Merlin is required for the maintenance of FAK activation and YAP stabilization and provides
one possible mechanism by which TNIK maintains LSCC cell survival (Fig. 4K,
Supplementary Movie 1).

Discussion

We have identified amplified 7A/K as a promising therapeutic target in LSCC. Using a
variety of functional assays, we determined that targeting TNIK significantly reduced cell
viability in LSCC cell lines with high TNIK expression as evaluated by colony formation
assays and cell growth on 3D matrices. Importantly, TNIK depletion had no significant
effect on LSCC cells that lack 7/A/K amplification and have low TNIK expression.
Moreover, we have shown that pharmacological targeting of TNIK with a small-molecule
inhibitor, NCB-0846, significantly reduced viability of LSCC cells /n vitroand in vivo,
including in established LSCC PDXs. Our data indicate that NCB-0846 effects on cell
viability are specifically due to catalytic inhibition of TNIK, as cell viability could be
rescued by expression of an inhibitor-resistant mutant (TNIK V31W) or viability was not
affected by NCB-0846 in cells with almost complete TNIK knockdown. Although TNIK
was mainly overexpressed in LSCC cell lines with 3q amplification, we found a subset of
LSCC cell lines (SW900 and Calu-1) that lacked 7A/K amplification but displayed high
TNIK levels, suggesting that other mechanisms can drive increased TNIK abundance in
these cell lines. Importantly, these cells were also sensitive to TNIK depletion.

TNIK has been previously involved in the promotion of colorectal cancer, triple-negative
breast cancer, prostate cancer, and chronic myelogenous leukemia (9,19-21).
Mechanistically, we observed that TNIK did not mediate its effects by regulating the Wnt/p-
catenin pathway, contrary to previous reports in other cancer types (14,19). We found that
TNIK’s effects were in part mediated through regulation of Merlin/ VF2, although the
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contribution of additional substrates cannot be ruled out. Merlin is a tumor suppressor
protein, closely related to members of the ERM family. The ERM proteins are an
evolutionarily conserved group of proteins that act as crosslinkers between membrane
receptors and the actin cytoskeleton. ERM proteins are present in two conformations, a
closed or inactive conformation, which involves the intramolecular association between the
C-terminal and the FERM domain, and an open or active conformation in which this
intramolecular association is disrupted (22,23). Activation of ERM is a multiple-step process
that requires association to the plasma membrane through binding of the FERM domain to
phosphatidyil-inositol (4,5)-bisphosphate (PIP,), and subsequent phosphorylation at a
conserved C-terminal threonine (T567 in ezrin), that can be mediated by multiple protein
kinases (22,23). Because of the structural conservation between Merlin and ERM proteins, a
similar mechanism was thought to operate to regulate Merlin’s function. Indeed,
phosphorylation of Merlin at the C-terminal S518 (equivalent to ezrin T567) has been
proposed to modulate Merlin activity, but contrary to ERM proteins, several studies have
shown that Merlin is inactivated by phosphorylation (16,17,24). Of note, LSCC cells with
distal 3q amplification (such as the LK2 and NCI-H520 cell lines) also harbor amplification
of the PAKZ gene, which encodes one of the kinases responsible for the phosphorylation of
Merlin at S518. However, the functional relevance of S518 phosphorylation has been
recently questioned using a CRISPR knock-in approach to generate the respective
phosphomimetic and non-phosphorylatable Merlin S518 mutants (25). Similar to ERM
proteins, Merlin binding to phosphoinositides, such as PIP,, is critical for its activity (25).

We have established that Merlin interacts with TNIK and is a direct TNIK substrate. In this
study, we have identified S13 and S315 as the primary TNIK phosphorylation sites after
mass spectrometry analysis of endogenous Merlin pulldowns. However, we cannot
completely exclude the possibility that TNIK could activate a downstream protein kinase
that would phosphorylate Merlin at these residues. Consistent with our observations,
phosphorylation of endogenous Merlin at S13 and S315 has been detected in high-
throughput proteomics analysis (26,27), including studies in non-small cell lung cancer (28).
Using phosphopeptide mapping from /n vitro kinase assays, we identified that Merlin could
also be phosphorylated by TNIK at T272 and T576. Phosphorylation of T272 was also
detected in mass spectrometry analysis from cells co-expressing TNIK and Merlin. We were
unable to detect phosphorylation of endogenous Merlin at T272 in cells that expressed
endogenous TNIK levels; however, our data does not exclude the possibility that Merlin
T272 can be phosphorylated in cells. One possible explanation for lack of detection of T272
phosphorylation is that this sites might be easily accessible to the action of protein
phosphatases and their identification is difficult under more stringent conditions. In addition,
these sites fall on short tryptic peptides, which complicates their detection by mass
spectrometry. AKT-mediated phosphorylation of Merlin at S315 has been described in
previous studies (18), although there are conflicting data on which is the responsible
upstream kinase of this site (29). Mechanistically, phosphorylation at this site triggered
Merlin’s polyubiquitination and proteasomal degradation (18). However, we did not observe
changes in Merlin levels after TNIK knockdown in LSCC cells, suggesting that this
regulatory mechanism of Merlin might not be operative in the cell lines used in this study.
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Knockdown of TNIK led to reduced FAK activation (measured as FAK Y397
phosphorylation) that was rescued upon expression of shRNA-resistant TNIK, but not of a
kinase-dead mutant. Consistently with a requirement for catalytic activity, TNIK inhibition
with NCB-0846 also reduced FAK pY397 levels. FAK is a nucleo-cytosolic non-receptor
tyrosine kinase that is involved in several signaling pathways that promote tumorigenesis
(30); some reports suggest that Merlin can regulate FAK activity (31). Our results show that
knockdown of Merlin also reduces FAK activation in LSCC cells and that this effect is
enhanced by TNIK depletion. Moreover, reduced FAK activation in NCI-H520 cells with
TNIK knockdown could be rescued after expression of a Merlin phosphomimetic mutant,
suggesting that FAK activation depends on expression of a phosphorylated form of the
Merlin protein (Fig. 4K). In addition, siRNA-mediated depletion of Merlin or its
downstream effectors significantly diminishes cell viability in LK2 and NCI-H520 cells,
indicating that this is a relevant pathway in LSCC. Combined, our studies suggest that
phosphorylation of Merlin by TNIK induces a conformation of Merlin that is needed to
maintain FAK activation. This proposed model is supported by multiple lines of evidence.
First, depletion of Merlin suppresses FAK activation (Fig. 4G, Supplementary Fig. S7A,
S7C), and second expression of a phosphomimetic mutant of Merlin (4D) can rescue loss of
FAK activation in cells depleted of TNIK (Fig. 4H). Interestingly, wild-type Merlin or a non-
phosphorylatable Merlin mutant (4A) were unable to rescue FAK activation in cells depleted
of TNIK, highlighting that negative charges at these positions in Merlin are required to
maintain FAK in an active conformation. Furthermore, catalytic activity of TNIK was
essential for maintaining viability of LK2 and NCI-H520 cells and TNIK catalytic inhibition
led to loss of endogenous Merlin phosphorylation on S13 and S315. Overall, this provides a
detailed mechanism whereby TNIK directly phosphorylates endogenous Merlin at S13 and
S315 to promote FAK activation. How exactly phosphorylated Merlin sustains FAK
activation will require further study.

In summary, we propose a model in which TNIK contributes to LSCC in part by modulating
the Merlin-FAK signaling axis (Fig. 4K, Supplementary Movie 1). The lack of effective
treatments for LSCC has been a large therapeutic gap. The success of TNIK inhibition in our
in vivo models, including established LSCC PDXs, highlights our findings’ translational
potential and confirms TNIK as a potential therapeutic target for a subset of LSCC patients
that harbor 7N/K copy number gains.

Ethical approval and patient details

LSCC tumor fragments from treatment-naive patients were collected by the Manchester
Cancer Center Biobank between January 2015 and December 2016. All patients provided
written informed consent for the use of donated samples for this research. All studies were
conducted in accordance with the Human Tissue Act 2004 (UK) and regulations by the
National Institutes of Health (USA). All patient information has been anonymized.
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Normal human bronchial epithelial cells (NHBE) and small airway epithelial cells (SAEC)
were purchased from Lonza in February 2016. Cells were expanded for two passages and
frozen. NCI-H520 (RRID:CVCL_1566), SW900 (RRID:CVCL_1731), and HEK 293T
(RRID:CVCL_0063) cells were obtained from American Type Culture Collection (ATCC).
LK2 (RRID:CVCL_1377), KNS-62 (RRID:CVCL_1335), and Lc-1-sq
(RRID:CVCL_3008) were obtained from the Japanese Collection of Research Bioresources
(JCBR) in February 2015. LUDLU-1 (RRID:CVCL_2582) cells were obtained from the
European Collection of Authenticated Cell Cultures (ECACC) General Cell Collection.
Calu-1 (RRID:CVCL_0608) cells were kindly donated by Professor R. Marais (Cancer
Research UK [CRUK]-Manchester Institute). HCC15 (RRID:CVCL_2057), HCC95
(RRID:CVCL_5137), and NCI-H157 (RRID:CVCL_0463) cells were kindly donated by
Professor P. Massion (Vanderbilt University) in July 2017. NCI-H1703 (RRID:CVCL_1490)
and SK-MES-1 (RRID:CVCL_0630) cells were kindly donated by Dr. D.K. Morrison
(National Cancer Institute) in March 2017. All cell lines were verified by Short Tandem
Repeat profiling upon receipt (CRUK Manchester Institute [cell lines obtained between 2015
and 2016] or Frederick National Laboratory for Cancer Research [cell lines obtained in or
after 2017]). Cells were expanded (one to two passages) upon receipt, and several vials were
frozen. All cell lines were maintained at 5% CO, at 37 °C and cultured as recommended by
the vendor. In brief, NHBE and SAEC were cultured in BEGM (Lonza, cat. CC-3170) or
SAGM (Lonza, cat. CC-3118), respectively. LK2, NCI-H520, SW900, LUDLU-1, HCC15,
HCC95, NCI-H157, NCI-H1703, and SK-MES-1 were cultured in RPMI 1640 (Quality
Biological, cat. 112-024-101) + 10% fetal bovine serum (FBS, Atlanta Biologicals) +
GlutaMAX (Gibco, cat. 35050061) + 1% penicillin-streptomycin (pen-strep; Gibco, cat.
15140122). KNS-62 were maintained in MEM (Gibco, cat. 11090099) + 20% FBS +
GlutaMAX + 1% pen-strep. Lc-1-sq were maintained in DMEM:F12 (Gibco, cat. 10565018)
+ 10% FBS + GlutaMAX + 1% pen-strep. HEK 293T and Calu-1 were cultured in DMEM
(Gibco, cat. 11995073) + 10% FBS + GlutaMAX + 1% pen-strep. Cells were tested for
absence of Mycoplasma contamination by PCR every three months using the One-step
Quickcolor Mycoplasma Detection Kit (Clark Bioscience, cat. T102).

The Power SYBR Green RNA-to-CT 1-Step Kit (Applied Biosystems; Thermo Scientific
cat. 4389986) was used for RT-gPCR. The primers used are listed in Supplementary Table
S5. Samples were run on an ABI 7900HT real-time PCR instrument with the following
program: reverse transcription (30 minutes, 48 °C), activation of DNA polymerase (10
minutes, 95 °C), PCR amplification (40 cycles of denaturing at 95 °C for 15 sec and
annealing/extension at 60 °C for one minute). SDS software was used to compute CT values.

Cell lysis, immunoprecipitation, and immunoblots

After appropriate treatment time, whole-cell extracts were prepared by lysing the cells on ice
in RIPA (Sigma-Aldrich, cat. R0278) lysis buffer supplemented with EDTA-free protease
inhibitors (Roche, cat. 05 056 489 001) and phosphatase inhibitor cocktail 2 and 3 (Sigma-
Aldrich, cat. P2850 and P5726). Lysates were cleared (15,000 x g, 15 minutes, 4 °C), after
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which protein concentration was determined with the Pierce™ 660nm Protein Assay
Reagent (Thermo Scientific, cat. 22660). Lysates containing equivalent amounts of protein
were resolved by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
in 4-20% gradient gels (Bio-Rad) and transferred into low fluorescence polyvinylidene
fluoride membranes.

For immunoprecipitation, cells were lysed in 1% Triton X-100 lysis buffer (Cell Signaling
Technology, #9803) supplemented with protease inhibitors after appropriate treatment.
Lysates (1 mg/ml) were incubated with corresponding antibody overnight (4 °C) in a rocking
platform followed by incubation with Protein G magnetic beads (Thermo Scientific, cat.
10004D). Immunoprecipitates were washed five times with lysis buffer, denatured in 2x
Laemmli buffer (15 minutes, 100 °C), and analyzed by immunoblot together with equalized
lysates. Band signal intensity was quantified using ImageJ. All samples loaded in a
corresponding gel derive from the same experiment and were processed in parallel.
Uncropped blots are available in Supplementary Fig. S8.

Antibodies against TNIK (#32712, 1:1000, RRID:AB_2799027), pFAK Y397 (D20B1)
(#8556, 1:1000), FAK (#3285, 1:1000, RRID:AB_2269034), Merlin (D3S3W) (#12888,
1:2000, RRID:AB_2650551), Non-phospho (Active) p-Catenin (Ser45) (D2U8Y) (#19807,
1:1000, RRID:AB_2650576), p-catenin (#9562, 1:1000, RRID:AB_331149), p-Thr (#9381,
1:1000, RRID:AB_330301), V5-Tag (D3H8Q) (#13202, IP: 1:100, RRID:AB_2687461),
HA-Tag (6E2) (#2367, 1:2000, RRID:AB_10691311), GAPDH (14C10) (#2118, 1:2000,
RRID:AB_561053), B-actin (8H10D10) (#3700, 1:5000, RRID:AB_2242334), Tubulin
(DM1A) (#3873, 1:5000, RRID:AB_1904178), and anti-rat IgG HRP-linked Antibody
(#7077, 1:3000, RRID:AB_10694715) were purchased from Cell Signaling Technology.
Antibody against TNIK (GTX13141, 1:1000, RRID:AB_383061) was purchased from
GeneTex. Antibody against YAP/TAZ (63.7) was purchased from Santa Cruz Biotechnology
(sc101199, 1:2000, RRID:AB_1131430). Antibody against Merlin pS13 (cat. 13146;
1:1000) was from Signalway Antibody. Anti-FLAG (L5) antibody was from Biolegend (cat.
637301, 1:5000, RRID:AB_1134266). Anti-V5 Tag (SV5-Pk1) was from BIO-Rad (cat.
MCAZ1360, IB: 1:2000, RRID:AB_322378). HRP-linked anti-mouse (cat. NA931, 1:3000,
RRID:AB_772210) and anti-rabbit (cat. NA934, 1:3000, RRID:AB_772206) antibodies
were purchased from Global Life Sciences Solutions.

Phosphorylation site mapping

pcDNA3-FLAG-Merlin (Addgene #11623, kindly donated by Professor V. Ramesh
[Massachusetts General Hospital]) was transfected in HEK 293T cells (1 x 108 cells in 60-
mm plates) with jetPRIME according to the manufacturer’s protocol. Twenty-four hours
after transfection, cells were treated with staurosporine and NCB-0846 (1 uM each inhibitor,
one hour), after which cells were lysed and Merlin was immunoprecipitated as described
above. Immunoprecipitates were washed with lysis buffer and kinase buffer and subjected to
in vitro kinase assays in a final volume of 30 L (containing 5 uM ATP, 0.5 uM y[32P]-ATP
[Perkin Elmer Life Sciences, cat. BLU502], and 50 ng of TNIK-kinase domain [Carna
Biosciences, cat. 07-438-20N]) for 30 minutes at 30 °C. NCB-0846 was added at a final
concentration of 5 UM as control of TNIK inhibition. Kinase assays were terminated by the
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addition of Laemmli buffer (2x final concentration), followed by denaturation (five minutes,
100 °C). Samples were separated by SDS-PAGE in 8.5% gels and transferred onto
nitrocellulose membrane. Radiolabeled FLAG-Merlin protein was eluted from the
membrane and digested with trypsin. The resulting peptides were separated by reverse-phase
high-pressure liquid chromatography, and phosphopeptides were subjected to phosphoamino
acid analysis and Edman degradation as previously described (32).

Mouse experiments

Frederick National Laboratory for Cancer Research is accredited by AAALAC International
and follows the Public Health Service Policy for the Care and Use of Laboratory Animals.
Animal care was provided in accordance with the procedures outlined in the Guide for the
Care and Use of Laboratory Animals (33). All animal studies were approved by the Animal
Care and Use Committee of the National Cancer Institute at Frederick. For details, see
Supplementary Methods.

Statistical analysis

Data are expressed as mean + standard deviation (SD) or * standard error of the mean
(SEM), as indicated in the corresponding figure legend. Statistical significance was
determined using Student’s t-test (with Welch’s correction when variance between groups
was significantly different as analyzed with F-test), Mann-Whitney U test, one-way
ANOVA, or two-way ANOVA as indicated in the corresponding figure legends. Statistical
analyses were performed in Prism 8 (GraphPad Software, RRID:SCR_002798). Significance
was set at p = 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Targeted therapies have not yet been approved for the treatment of LSCC, due to lack of
identification of actionable cancer drivers. We define TNIK catalytic activity as essential
for maintaining LSCC viability and validate the anti-tumor efficacy of TNIK inhibition in
pre-clinical models of LSCC.
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Figure 1. I dentification of the protein kinase TNIK as a genetic dependency in L SCC.
A. TN/K amplification in LSCC in comparison to lung adenocarcinoma cases from the

TCGA data set. Graph from cBioPortal (34). B. Analysis of 7AW/K mRNA expression by RT-
gPCR in a panel of LSCC cell lines and two primary lung cells (NHBE and SAEC). Data
represent mean = SD. NHBE were used as control (7/A/K expression = 1.00). n=2. C.
Analysis of TNIK expression by immunoblot. The blot is representative of three independent
replicates. D. Doxycycline (dox) induction (1 pg/ml, 72 h) of TNIK shRNA reduces TNIK
expression in LK2, NCI-H520, SW900, and NCI-H157 cells. The blot is representative of

Cancer Discov. Author manuscript; available in PMC 2021 December 01.

Page 15



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Torres-Ayuso et al.

Page 16

three independent experiments (LK2, NCI-H520, and SW900 cells) and two independent
experiments (NCI-H157). Tubulin or GAPDH were used as loading controls. E. Colony
formation assay (14 days) following dox-inducible (1 pg/ml, replaced every 48 h) TNIK
knockdown. The image is representative of at least three independent experiments. Data are
represented as mean value = SD, one-way ANOVA, Tukey’s multiple comparisons post-test.
F. Validation of a dox-inducible (1 ug/ml, 72 h) TNIK shRNA rescue system in LK2 cells.
pLenti6.3-TO-GFP or shRNA-resistant TNIK or TNIK K54R (kinase dead) containing
lentiviruses were transduced in corresponding LK2 cells, and rescue of TNIK expression
was evaluated by immunoblot. The blot is representative of three independent experiments.
GAPDH was used as loading control. TNIK levels relative to GAPDH were normalized to
untreated pLKO-shRNA negative / GFP LK2 cells (top) or untreated pLKO-shRNA
TNIK#1 / GFP LK2 cells (bottom). G. Rescue of clonogenic growth (14 days; doxycycline 1
ug/ml, replaced every 48 h) in LK2 cells was evaluated in 3D Matrigel cultures. The image
is representative of three independent experiments. Data are represented as mean value +
SD, one-way ANOVA, Tukey’s multiple comparisons post-test. n.s., not significant.
Immunoblot band intensity was quantified with ImageJ.
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Figure 2. TNIK inhibition significantly reduces viability of L SCC cells.
A. Dose-response curves of a panel of LSCC cell lines to NCB-0846. The cells were treated

with increasing concentrations of NCB-0846 (72 h). The lines represent the fitted curves,
where each dot indicates the mean value + SD of at least three independent experiments
each conducted in triplicate. B. Cell viability (MTS assay) of selected LSCC cell lines
treated with NCB-0846 (500 nM) for 72 h. At least three independent experiments with
triplicates were conducted for each cell line. Data are represented as mean value + SD, two-
tailed t-test with Welch’s correction. C. Cell viability (crystal violet assay) of NCI-H520
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cells treated with NCB-0846 (500 nM, 48 h) is rescued by expression of a TNIK-inhibitor
resistant mutant (TNIK V31W). n = 3 independent experiments with triplicates. D. Reduced
effect of NCB-0846 treatment (72 h) on NCI-H520 cell viability after TNIK knockdown (72
h doxycycline 2 pg/ml induction followed by 72 h co-treatment with doxycycline and
NCB-0846). Data are represented as mean value + SD, two-way ANOVA, Tukey’s multiple
comparison post-test. n = 3 independent experiments with triplicates. E. (Left) Tumor
growth curve of LK2-cell-derived xenografts treated with NCB-0846 (100 mg/kg, b.i.d., five
days on/two days off). Mean tumor volumes £ SEM are shown. (Center) Average tumor
volume at the end of treatment, mean £ SEM. n = 10 mice in the vehicle-treated group; 8
mice in the NCB-0846-treated group; two-tailed t-test. (Right) Tumor images from the study
at the end of treatment. F. (Left) Tumor growth curve of NCI-H520-cell-derived xenografts
treated with NCB-0846 (100 mg/kg, b.i.d., five days on/two days off). Mean tumor volumes
+ SEM are shown. (Center) Average tumor volume at the end of treatment, mean £ SEM. n
= 10 mice in the vehicle-treated group; 9 mice in the NCB-0846-treated group; two-tailed t-
test. (Right) Tumor images from the study at the end of treatment. G. (Left)
Immunohistochemistry (IHC) analysis of apoptosis (cleaved caspase-3; n = 10 in vehicle
group, n = 8 in NCB-0846-treated group) and proliferation (Ki67; n = 4/group) in LK2 cell
xenografts. Data are represented as mean * SD; two-tailed Mann-Whitney test. (Right)
Representative H&E and cleaved caspase-3 and Ki67 IHC images from each treatment
group. H. (Left) IHC analysis of apoptosis (cleaved caspase-3, n = 10 in vehicle-treated
group; n =9 in NCB-0846-treated group) and proliferation (Ki67; n = 4/group) in NCI-H520
cell xenografts. Data are represented as mean = SD; two-tailed Mann-Whitney test. (Right)
Representative H&E and cleaved caspase-3 and Ki67 IHC images from each treatment
group. n.s., not significant. Scale bar = 300 pm.
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Figure 3. Preclinical evaluation of TNIK inhibitor NCB-0846 in L SCC PDX.
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A. (Left) Tumor growth curve of PDX-1 treated with NCB-0846 (100 mg/kg, b.i.d., five
days on/two days off). Mean tumor volumes + SEM are shown. (Center) Average tumor
volume at the end of treatment, mean + SEM. n = 8 mice/group; two-tailed t-test. (Right)

Tumor images from the study at the end of treatment. B. (Left) Tumor growth curve of

PDX-2 treated with NCB-0846 (100 mg/kg, b.i.d., five days on/two days off). Mean tumor
volumes + SEM are shown. (Center) Average tumor volume at the end of treatment, mean +
SEM. n = 9 mice/group; two-tailed Mann-Whitney test. (Right) Tumor images from the
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study at the end of treatment. C. (Left) Immunohistochemistry (IHC) analysis of apoptosis
(cleaved caspase-3; n = 8/group) and proliferation (Ki67; n = 4/group) in PDX-1 cell
xenografts. Data are represented as mean + SD; two-tailed Mann—-Whitney test. (Right)
Representative H&E and cleaved caspase-3 and Ki67 IHC images from each treatment
group. D. IHC analysis of apoptosis (cleaved caspase-3; n = 9/group) and proliferation
(Ki67; n = 4/group) in PDX-2 cell xenografts. Data are represented as mean + SD; two-
tailed Mann-Whitney test. (Right) Representative H&E and cleaved caspase-3 and Ki67
IHC images from each treatment group. n.s., not significant. Scale bar = 300 um.
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Figure4. TNIK regulatesMerlin and FAK in LSCC cdlls.
A. Overexpressed Merlin was immunoprecipitated from HEK 293T co-expressing TNIK or

a kinase-dead (K54R) mutant. Merlin phosphorylation was assessed with a pan-phospho-
threonine antibody, and interaction with TNIK was analyzed by immunoblot. Where
indicated, cells were treated with the corresponding concentration of NCB-0846 for 30
minutes. The data are representative of three independent experiments. B. Purified Merlin
was incubated with the kinase domain of TNIK in the presence of y[32P]-ATP, and
phosphopeptide mapping was conducted. The identified phosphorylated amino acids are
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indicated in red. PAA, phosphoamino acid analysis. The chromatogram is representative of
three independent experiments. The TNIK phosphorylation consensus motif is shown in the
bottom row. Conserved residues with the consensus motif around the identified phosphosites
are indicated in blue. C. Validation of Merlin pS13 by co-expression of TNIK and Merlin
wild-type (WT) or the non-phosphorylatable mutant S13A in HEK 293T cells from two
independent experiments. D. Validation of Merlin pS13 in LK2 and NCI-H520 cells
overexpressing Merlin and treated with NCB-0846 (500 nM, 90 minutes; n = 3 independent
experiments for each cell line). E. Dox-inducible (1 pg/ml, 72 h) knockdown of TNIK
reduces activation of FAK in LK2 and NCI-H520 cells. The data are representative of three
independent experiments. F. Reduced activation of FAK in dox-inducible (1 ug/ml, 72 h)
TNIK-knockdown cells can be rescued by expression of shRNA-resistant TNIK but not of a
kinase-dead (K54R) mutant. The data are representative of three independent experiments.
G. Combined knockdown of Merlin (96 h) and TNIK (with doxycycline 1 ug/ml, 72 h)
results in FAK inhibition in NCI-H520 cells (n = 2 independent experiments). H. Reduced
activation of FAK and YAP levels in dox-inducible (1 ug/ml, 72 h) TNIK-knockdown cells
can be rescued by expression (48 h) of a Merlin phosphomimetic mutant (4D; S13D/T272D/
S315D/T576D) but not by expression of Merlin wild-type (WT) or a non-phosphorylatable
mutant (4A; S13A/T272A/S315A/T576A). The data are representative of three independent
experiments. |, J. Effect of siRNA-mediated knockdown on LK2 (1) or NCI-H520 (J) cell
viability (MTS assay). Data are represented as mean value = SD, one-way ANOVA,
Dunnett’s multiple comparison post-test (relative to sSiRNA negative). n = 3 independent
experiments with triplicates. n.d.: not detected. GAPDH, tubulin or B-actin were used as
loading controls. Immunoblot band intensity was quantified with ImageJ. K. Proposed
model on how amplified 7A/K contributes to LSCC progression. In LSCC cells, TNIK
phosphorylates Merlin at S13 and S315. In addition, TNIK might phosphorylate Merlin at
secondary sites (T272 and T576). Phosphorylated Merlin is required to maintain activation
of the focal adhesion kinase (FAK). Additional TNIK substrates or Merlin effectors (i.e.
YAP) might also contribute to maintain LSCC cell viability.
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