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DSTYK inhibition increases the sensitivity of lung
cancer cells to T cell-mediated cytotoxicity

Karmele Valencia>*>®, Mirari Echepare?*@®, Alvaro Teijeira>*@®, Andrea Pasquier*@®, Cristina Bértolo'@®, Cristina Sainz»®, Ibon Tamayo*’®,
Befiat Picabea'®, Graziella Bosco?®, Roman Thomas®¥1°@®, Jackeline Agorretal, José Marfa Lépez-Picazo®, Joan Frigola*®, Ramon Amat*@®,
Alfonso Calvo'234@®, Enriqueta Felip'>*@®, Ignacio Melero>*12@, and Luis M. Montuenga'>>*@®

Lung cancer remains the leading cause of cancer-related death worldwide. We identify DSTYK, a dual serine/threonine and
tyrosine non-receptor protein kinase, as a novel actionable target altered in non-small cell lung cancer (NSCLC). We also show
DSTYK’s association with a lower overall survival (OS) and poorer progression-free survival (PFS) in multiple patient cohorts.
Abrogation of DSTYK in lung cancer experimental systems prevents mTOR-dependent cytoprotective autophagy, impairs
lysosomal biogenesis and maturation, and induces accumulation of autophagosomes. Moreover, DSTYK inhibition severely
affects mitochondrial fitness. We demonstrate in vivo that inhibition of DSTYK sensitizes lung cancer cells to TNF-
a-mediated CD8*-killing and immune-resistant lung tumors to anti-PD-1 treatment. Finally, in a series of lung cancer
patients, DSTYK copy number gain predicts lack of response to the imnmunotherapy. In summary, we have uncovered DSTYK as
new therapeutic target in lung cancer. Prioritization of this novel target for drug development and clinical testing may
expand the percentage of NSCLC patients benefiting from immune-based treatments.

Introduction

Lung cancer, as the leading cause of cancer-related death
worldwide (Sung et al., 2021), is a major public health challenge
in advanced societies (Siegel et al., 2020). It has been predicted
that less-developed regions will face a 144% increase in new
cancer cases (Pilleron et al., 2019). Lung cancer incidence ranges
from 12 to 13%, and almost one in five deaths attributed to cancer
are caused by lung cancer globally (Sung et al., 2021). Usually,
two out of three lung cancer patients are diagnosed at advanced
stages when the curative options are limited, and survival rates
are poor. In stage IV cases, the 5-yr overall survival (OS) rate is
<15%. Even among early-stage patients, the risk of mortality
remains high, with relapse rates of 30-45% within 5 yr of di-
agnosis (Uramoto and Tanaka, 2014). Apart from primary pre-
vention aimed at reducing smocking habits and low-dose
computed tomography-based early detection, reducing the
burden of lung cancer mortality requires optimization of per-
sonalized therapies targeting known or novel driver alterations

and improved immunotherapy-based strategies. Although con-
siderable improvement in survival has been achieved in the last
decade, mainly due to the wide use of targeted therapies, a sig-
nificant proportion of non-small cell lung cancer (NSCLC) pa-
tients are still not benefiting from these strategies (Jordan et al.,
2017). In recent years, immune checkpoint inhibitors (ICIs) have
emerged as a successful therapy for a subset of lung cancer pa-
tients. The use of monoclonal antibodies, such as the pro-
grammed cell death protein 1 (PD-1)/programmed death-ligand
1 (PD-L1) axis, has shown notable clinical results in NSCLC (Horn
et al,, 2018). These treatments boost the immune response
against tumors by reactivating antigen-specific effector T cells.
However, their efficiency in monotherapy is still limited to
10-20% of unselected patients (Hellmann et al., 2019; Herbst
et al.,, 2020; Reck et al., 2016), and some initial responders
eventually develop resistance. Therefore, combination thera-
pies and optimization of sensitivity or resistance predictive
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biomarkers are emerging to further improve the efficacy of
immunotherapy treatments (reviewed in Kinoshita et al. [2021]
and Grant et al. [2021]).

Among the molecular hallmarks of cancer, the alteration of
tyrosine protein kinases is one of the best known. The devel-
opment of specific inhibitors for these proteins has revolution-
ized the management of cancer patients in the last 20 yr. Indeed,
in lung cancer, the use of genotype-directed therapies has sup-
planted the use of systemic chemotherapy as gold standard for
patients with advanced NSCLC. Eight different lung cancer ge-
nomic alterations have unique drug approvals to date. Although
many molecular alterations are known in lung cancer, there is
still a high percentage of patients without druggable targets
(Cohen et al., 2021).

In recent years, modulating autophagy has been proposed as
a promising treatment for lung cancer, as it plays a central role
in tumorigenesis and tumor progression (Nam, 2021; Wang
et al., 2022). Autophagy seems to be a double-edge sword, as it
can play both cytoprotective and cytotoxic roles in cells, in a
context-specific way (Colhado Rodrigues et al., 2020). In the
early stages of cancer development, autophagy is believed to
protect the cells against cancer initiation. Once a tumor is es-
tablished, the neighboring microenvironment is often hypoxic
and nutrient-deprived, and autophagy fuels and supports cancer
cells growth, switching into a tumor promoter role (Wang et al.,
2022). Autophagy also promotes epithelial-mesenchymal tran-
sition, migration, and invasion of tumoral cells (Li et al., 2013;
Zhu et al.,, 2014; Luo et al,, 2018). In addition, autophagy con-
tributes to stemness and drug resistance (Hao et al., 2019).
Strategies to inhibit autophagy are the object of intense research
and a noticeable number of clinical trials in the search for new
cancer therapies (Marinkovi¢ et al., 2018; Xiao et al., 2021;
Nam, 2021). In lung cancer, combinations of chloroquine or
hydroxychloroquine with EGFR-TKI and chemotherapy (Malhotra
et al,, 2019) or MEK-1/2 inhibitors (NTC04735068) are being
tested.

Recent reports in different types of cancers, including lung
neoplasias, have also shown that autophagy plays a major role in
tumor immune evasion. Autophagy-mediated tumor immune
escape is achieved through different mechanisms such as al-
teration of HLAl-dependent antigen presentation or immune
cells functional modifications (Yamamoto et al., 2020; Lawson
et al., 2020; Wang et al., 2021a).

Following our recent finding that Dstyk was mutated in a cell
line derived from a syngeneic lung squamous cell carcinoma
(LUSC) mouse model (Valencia et al., 2021), we characterize the
role of DSTYK as a driver of lung cancer initiation, progression
and immune therapy resistance. We also show the prognostic
value of its expression and gene copy number (CN) gain across
the two main NSCLC subtypes, LUSC and lung adenocarcinoma
(LUAD). Mechanistically, we demonstrate that DSTYK is a cen-
tral regulator of autophagy and oxidative stress response, and its
inhibition collapse tumor-sustaining autophagy and sensitize
lung cancer cells to immune-based therapies. Our findings un-
cover DSTYK as a previously unrecognized dependency in lung
cancer and support its relevance as a therapeutic target to ad-
vance personalized medicine efforts for NSCLC patients.
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Results
Prioritization of tyrosine kinases identifies DSTYK as a

prevalent alteration in NSCLC patients

Aiming to search for novel kinases involved in lung cancer,
exome analysis was performed in murine lung LUSC cell lines
generated in our group (Valencia et al., 2021), leading to identify
the tyrosine protein kinase Dstyk (dual-serine/threonine and
tyrosine protein kinase) as a potentially interesting mutated
gene for study in lung cancer (Fig. 1 A). In order to explore the
clinical relevance of DSTYK alteration in lung cancer, we ana-
lyzed The Cancer Genome Atlas (TCGA) data and we found
around 6.4% of lung cancer patients were reported to have al-
terations in DSTYK (Fig. 1 B). According to the TCGA dataset, CN
gain affected a greater number of patients (4%) than mutations
(2.4%) in the DSTYK gene. These percentages of alteration were
comparable to those for most of the druggable targets in lung
cancer, except for EGFR and K-RAS (Jordan et al., 2017; Campbell
et al., 2016). Mutations were distributed homogenously
throughout the gene sequence and showed no characteristic
pattern or hot spot regions that would merit particular attention.
Therefore, we decided to focus on the potential functional rele-
vance of DSTYK genetic CN gain. In order to study the percentage
of NSCLC patients with DSTYK CN gain, we compared the DSTYK
CN in tumor samples and samples from healthy lungs from the
TCGA cohort. Tumors showed a significant increase in DSTYK CN
compared to normal lung (Fig. 1 C). More importantly, in the
subgroup of patients where matched tumor and normal sample
was available, increase in CN was found for 82% of cases
(Fig. 1 D). The average DSTYK gene CN in tumors was 2.31 +
0.011. Moreover, patients with DSTYK CN gain showed a poor
survival rate (Fig. 1 E). Therefore, these data suggested that
DSTYK was altered in NSCLC patients and that genomic gain/
amplification might be relevant to the tumorigenic process in a
percentage of NSCLC patients.

As expected, the DSTYK CN was significantly correlated with
DSTYK mRNA levels and patients with DSTYK CN gain (CN
variation [CNV] > 3) showed significantly higher mRNA ex-
pression (Fig. 1 F). Furthermore, in the Kaplan-Meier plotter
dataset, patients with DSTYK expression in the first quartile (Q1)
showed significantly worse progression-free survival (PFS) and
OS rates (Fig. 1, G and H).

After obtaining a general picture of DSTYK alteration in
NSCLC, we then studied CNV separately in LUAD and LUSC. We
observed DSTYK CN gain (three or more copies) in 4.7% of LUAD
and 3.4% of LUSC patients, respectively (Fig. 1I).

To confirm publicly available data, we assessed DSTYK CN by
gPCR in a series of 45 frozen samples from NSCLC patients who
underwent surgical resection at the Clinica Universidad de
Navarra (CIMA-CUN; Table S1). According to our analyses, 13.3%
of patients showed a gain of DSTYK CN (Fig. 1 J). Fluorescence
in situ hybridization (FISH) was performed to corroborate these
results in formalin-fixed, paraffin-embedded samples from the
same cohort. We observed that 25% of cancer cells showed three
or more copies in those patients where DSTYK was found to be
amplified by qPCR (Amp DSTYK) and 17% in patients with
DSTYK CN < 3 by qPCR (NoAmp DSTYK). More interestingly,
among cells that displayed DSTYK CNV by qPCR, Amp DSTYK
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Figure 1. DSTYK is amplified and high levels of the gene correlate with poor prognosis in NSCLC patients. (A) Mutated kinase coding genes of a
syngeneic SCC cell line (UN-SCC680) derived from a N-nitroso-tris-chloroethylurea chemically induced mouse model in A/J mice. Orange highlights tyrosine
kinase genes. (B) Percentage of patients with DSTYK alteration from lung cancer. From Pan-Cancer TCGA data. (C) DSTYK CNV in normal (n = 960) and tumoral
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(n = 904) samples from NSCLC patients from the TCGA project. A t test was performed to compared both groups; P value = 2.2 x 1076, (D) DSTYK CNV in
paired normal and tumoral samples (n = 832) of NSCLC patients from the TCGA project. 82% of tumor samples showed DSTYK CN gain. (E) Kaplan-Meier plot.
0S significantly decreases in lung cancer patients from the TCGA project with DSTYK CN gain (CNV > 3; n, CVN < 3 = 951; n, CNV > 3 = 40). Log-rank test P =
0.01. (F) Dot plot shows the correlation between CNV and mRNA expression of DSTYK. Patients with CNV >3 present significantly higher expression of DSTYK
mRNA (n, CVN < 3 = 954; n, CNV > 3 = 54). A t test was performed to compared both groups; P value = 8.5 x 1077. (G) Kaplan-Meier plot. PFS significantly
decreases in lung cancer patients with high DSTYK mRNA expression (Q1). (n, low = 736; n, high = 246). Log-rank test P = 2.4 x 10-8. Data are from https://
kmplot.com/. (H) Kaplan-Meier plot. OS significantly decreases in lung cancer patients with high DSTYK mRNA expression (Q1). n, low = 1452; n, high = 373.
Log-rank test P = 0.036. Data are from https://kmplot.com/. (I) Percentage of LUAD and LUSC patients with CN gain of DSTYK (CN > 3). Data from the TCGA
project. (J) DSTYK CNV evaluation in CIMA-CUN-cohort patients by qRT-PCR. (K) FISH analysis of DSTYK (Amp) and (NoAmp) patients. Scale bar: 5 um. A t test
was performed to compare cells with DSTYK CN (P value = 0.04); median average of DSTYK CN (P = 0.02) and maximum CN of DSTYK (P = 0.038). (L) Cropped
images from the Western blot analysis of DSTYK in frozen tumor samples from CIMA-CUN cohort patients with DSTYK CN gain and diploid number of DSTYK.

*, P < 0.05 *** P < 0.001. Source data are available for this figure: SourceData F1.

patients presented 4.3 copies on average while 3 copies on av-
erage were counted in NoAmp DSTYK patients. Moreover, the
maximum mean number of DSTYK copies found in altered cells
in Amp and NoAmp DSTYK patients was 5.3 and 3, respectively
(Fig. 1 K). The observed alterations in DSTYK CN were not due to
aneuploidy as two centromeric copies from chromosome 1 were
counted in all cases.

Finally, to confirm the correlation between CN and transcript
levels of DSTYK, we performed a Western blot analysis of frozen
tumor samples from CIMA-CUN cohort patients with DSTYK CN
gain and diploid number. We observed higher levels of DSTYK
protein in patients with CN gain comparing to those with diploid
DSTYK, which showed low DSTYK protein levels (Fig. 1 L).

In order to explore the clinical relevance of DSTYK alteration
in other human cancers, we analyzed TCGA data, and we found
widespread incidence of CN gain and/or mutation in DSTYK
across cancer types (Fig. S1 A). Alterations were highly prevalent
in many cancer types and were found in >20% of patients with
hepatocarcinoma, breast cancer, or cholangiocarcinoma and
around 15% of patients with melanoma, ovarian, or uterine
carcinoma, which suggests that DSTYK alteration was important
in a very relevant number of human cancer types.

Taken together, these findings suggested that amplification
of DSTYK was commonly altered in NSCLC and showed prog-
nostic relevance in lung cancer patients.

DSTYK is located in autophagosomes where it performs its
molecular functions

The function and subcellular location of DSTYK within the cell
remain largely unknown. Through cellular fractionation ex-
periments in murine and human lung cancer cell lines, we ob-
served DSTYK was enriched in the microsomal fraction (Fig. 2
A). To delve into the nature of vesicles that were associated with
DSTYK, we studied markers from the main vesicles by immu-
nofluorescence (IF) in a Flag-DSTYK cell line. We observed that
DSTYK, together with the autophagy marker LC3, co-localized in
large, rounded cytoplasmic structures mainly located at the
periphery of cells. The shape and LC3 protein location in these
structures pointed to the fact that DSTYK was mainly located in
autophagosomes (Fig. 2 B and Fig. S2 A). We assessed a prox-
imity ligation assay (PLA) to corroborate that DSTYK and LC3
were in close proximity, verifying both markers were part of a
single structure, located at least in contiguous spots (40 nm
of maximum distance) and configured autophagosomes in a
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cooperative way (Fig. 2 C). Flag (DSTYK) signal did not co-
localize in any other of the evaluated vesicle types, for which
IF markers were used (Fig. S2 B).

Autophagy has been associated with carcinogenesis in sev-
eral tumor types including lung cancer (Nam, 2021). To confirm
whether DSTYK role was related to autophagy in lung cancer
and to ascertain the potential molecular carcinogenesis pro-
cesses in which DSTYK was involved, we performed an RNA
sequencing (RNAseq) analysis of two different lung cancer cell
lines with either overexpressed or inhibited DSTYK. Inhibition
was achieved through shRNA technology (Fig. 2 D). After data
filtering, we observed a significant enrichment of genes related
to lysosomes, autophagy, mitochondria, oxidative stress, and
cytoskeleton. These genes were differentially expressed in an
altered DSTYK context (Fig. S2 C and Table S2). We confirmed
these shRNA-based results in two independent DSTYK-
CRISPRed partially KO cell lines, both murine and human
(Lewis lung carcinoma [LLC] and H2009, respectively; Fig.
S2 D). The altered RNA expression data from both technolo-
gies (shRNA and CRISPR) supported the previous data obtained
through protein analysis of fractionated cell compartments and
the morphological IF results. The integrated interpretation of
these experiments strongly suggested that DSTYK was involved
in autophagy processes presumably related to mitochondria
(mitophagy).

In order to further dissect the potential molecular role of
DSTYK in autophagy in a lung cancer context, we evaluated the
DSTYK protein interactions in lung cancer cell lines by immu-
noprecipitation followed by mass spectrometry. These experi-
ments yielded several interesting proteins (Table S3 and Fig. S2
E). Among these proteins, consistent with our transcriptomic
and proteomic results suggesting a role for DSTYK in autophagy,
we validated a protein-protein interaction of DSTYK with P62
(SQSTML; Fig. 2 E). P62 is upregulated in many cancer types. It is
a key participant in the formation of the autophagosome, first
identified as an autophagy adaptor, residing in the late endo-
some lysosome (Moscat and Diaz-Meco, 2009).

To further elucidate the specific molecular role of DSTYK in
autophagy in lung cancer, we analyzed the expression or acti-
vation of key members of the autophagy cell protein pathway in
our CRISPRed cellular models. We found an increase in p-SéK,
LC3, and p-P62 in DSTYK KO cells compared to parental cells,
which suggested that DSTYK inhibited mTORC1 and, conse-
quently, fueled autophagy. To verify that the phenotypes
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extract (P10000); cytosolic extract without large organelles (S10000); microsomal fraction (P100000); and soluble cytosolic extract (S100000). Different
organelle markers were tested to control proper fractionation. (B) Top: Double IF of Flag-Dstyk LLC cells. Flag-DSTYK (magenta) showing co-localization with
LC3 (blue). Scale bar: 20 um. Bottom: Triple IF of Flag-Dstyk LLC cells. Detailed image of autophagosomes: Flag-DSTYK (magenta), LC3 (blue), and LAMP1
(green). Scale bars: 5 and 2 um. Observed by super-resolution/Airyscan based/confocal microscopy. (C) PLA images of H2009 cells. Left: Red fluorescent dots
result from DSTYK+LC3 proteins proximity (maximum distance: 40 nm). Right: Technical negative control. Scale bar: 20 um. (D) Venn diagram picturing
RNAseq analysis. Three RNAseq analyses were carried out to identify the differentially expressed transcripts: LLC comparing parental line vs. silenced (sh#)
Dstyk (blue circle), UN-SCC679 line comparing parental vs. overexpression (O/E) Dstyk (green circle), and UN-SCC679 comparing parental vs. silenced (sh#)
Dstyk (red circle). Once differentially expressed transcripts were selected (adjusted P value <0.05) in each contrast, all experiments were merged to verify the
intersection of the transcripts based on name and the direction. 163 transcripts were finally selected. (E) Immunoprecipitation of Flag-DSTYK in the UN-SCC-
679 cell line validating Western blots showing DSTYK binding to P62 protein. (F) Cropped images from the Western blot analysis of autophagy pathway
proteins in LLC and H2009 parental and DSTYK-KO cells. (G) Cropped images from the Western blot analysis of lysosomal biogenesis pathway proteins in LLC
and H2009 parental and DSTYK-KO cells in cytoplasmic/nuclear fractions. All Western blots show representative results from three independent experiments.
(H) Lysosomal pH measurement in LLC and H2009 parental and DSTYK-KO cells. A t test was performed to compared both groups: LLC P value = 0.05; H2009
P value = 0.01. Images shown in A, B, F, G, and H show a representative experiment out of three similarly performed. *, P < 0.05; **, P < 0.01. Source data are

available for this figure: SourceData F2.

observed were mediated by mTOR, we treated KO cells with
rapamycin (mTOR inhibitor), recovering the autophagy values
of parental cell lines (Fig. S2 G). Moreover, other mTOR-related
functions such as glucose uptake were impacted by DSTYK
inhibition (Fig. S2 G). These data were consistent with previous
work reporting a role for DSTYK in regulating mTORCI in ze-
brafish models (Sun et al., 2020). Nevertheless, the accumu-
lation of p-P62 (and stable total P62) protein that we found in
DSTYK inhibited lung cancer cell lines suggested that the au-
tophagosome content was not being processed; this indicated
that the autophagic process was not fully functional in these
cell lines (Fig. 2 F). To verify that DSTYK inhibition inter-
rupted autophagy, we treated parental cells with chloroquine,
which showed a similar pattern of autophagic markers to
DSTYK KO cells (Fig. S2 H). In summary, these data suggested
that DSTYK induces autophagy, and its deficiency caused
autophagy interruption, which led to a progressive accumu-
lation of autophagosomes.

mTORCI is known to phosphorylate TFEB/3, avoiding its
nuclear translocation and preventing the expression of its target
genes, which trigger lysosome biogenesis (Roczniak-Ferguson
et al, 2012). Having found Lampl to be downregulated in
DSTYK KO cells, we hypothesized that DSTYK could also regu-
late lysosome biogenesis in lung cancer. For this purpose, we
studied the presence of TFE3 and LAMPI proteins in the nucleus
and in the cytoplasm, and we observed that DSTYK KO cells
showed reduced levels of nuclear TFE3 and subsequently re-
duced levels of LAMP1 (Fig. 2 G). Therefore, the absence of
DSTYK negatively affected lysosomal biogenesis.

To further assess the effects of DSTYK on lysosome function,
we measured their pH in parental and KO human and murine
cells. Surprisingly, lung cancer cells lacking DSTYK expression
showed less acidic pH (5.6 + 0.08) in lysosomes than parental
cells (4.6 + 0.2), suggesting an impaired lysosomal functionality
(Fig. 2 H). This fact was in accordance with the lower expression
of V-Atpases shown in DSTYK knockdown cells in the RNAseq
analysis (Fig. S2, C and D), which might partially explain a
dysregulation in proton uptake in KO cells lysosomes among
other possible mechanisms.

Our data, thus, strongly supported an involvement of DSTYK
in molecular pathways related to autophagy through its inter-
action with the key autophagy regulating protein P62.
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DSTYK regulates the NRF2 pathway

Since P62 is also a key regulatory protein of the KEAPI-NRF2
pathway and we found oxidative stress genes expression to be
increased upon DSTYK inhibition (Table S2 and Fig. S2 B), we
assessed the implication of DSTYK KO in this scenario. Through
Western blot experiments, we showed that the increase in P62
consequently to DSTYK knockdown led to a greater interaction
P62-KEAPI1, which allowed NRF2 to translocate to the nucleus
and expressed its target genes such as HOI or NQOJ, involved in
the oxidative stress response (Fig. 3 A).

Taken together, these results suggested that DSTYK could
modulate oxidative stress response.

Oxidative stress can be triggered by ROS as a consequence of
mitochondrial respiration. Following our RNAseq and immu-
noprecipitation data pointing to a functional role of DSTYK in
mitochondrial biology, we studied mitochondrial functionality
in our models. As compared to parental cells, ROS levels in KO
cells under normal conditions were dramatically increased
(Fig. 3 B). ROS production may be due to dysfunctional mi-
tochondrial respiration. To further investigate the potential
functional alteration in mitochondria, we performed a mito-
stress test (Seahorse). Under basal conditions, the two types of
cells did not exhibit respiratory differences (Fig. S3 A) but under
stress conditions, DSTYK KO cells did not respond to the FCCP
treatment, which is a potent mitochondrial oxidative phospho-
rylation uncoupler that disrupts ATP synthesis by transporting
protons across mitochondrial inner membranes and depolarizes
mitochondrial membrane potential, displaying a reduced maxi-
mal respiratory and spare respiratory capacities (Fig. 3, C
and D).

These data suggested that DSTYK sustains mitochondrial
fitness, and its depletion triggered mitochondrial dysfunction
and consequently raises oxidative stress conditions.

DSTYK maintains mitochondrial integrity

An increase in ROS production may be the consequence of a loss
of mitochondrial membrane (Zorova et al., 2018). To further
investigate the integrity or potential functional alteration in
mitochondria, we performed an in vivo IF, monitoring mito-
chondria within parental and KO cells with Mitotracker Green
and tetramethylrhodamine methyl ester perchlorate (TMRM)
fluorescent dye, to assess its membrane potential (Momcilovic
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Figure 3. DSTYK role in oxidative stress in lung cancer cells. (A) Cropped images from the Western blot analysis of KEAP1/NRF2 pathway proteins in LLC
and H2009 parental and DSTYK-KO cells in cytoplasmic/nuclear fractions. Western blots show representative results from three independent experiments.
(B) ROS measurements in LLC and H2009 parental and DSTYK-KO cells in basal conditions. Three experimental replicates were performed for each ex-
perimental condition. Experimental groups were compared by t test: LLC, P = 0.0031; and H2009, P = 0.0011. (C) Seahorse extracellular flux analysis shows
dynamic representation of oxygen consumption rate (OCR) in LLC and H2009 cells under stress conditions. Three experimental replicates were performed for
each experimental condition. (D) Comparison of different phases of mitochondrial respiration. Parental or KO LCC and H2009 cells share alteration of maximal
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respiratory and spare respiratory capacity in stress conditions. Experimental groups were compered by t test. LLC relative maximal respiration, P = 0.03;
relative spare capacity, P = 0.01. H2009 relative ATP production, P = 0.002; relative proton leak, P = 0.04; relative maximal respiration, P = 0.0008; relative
spare capacity, P < 0.0001; relative non-mitochondrial oxygen consumption, P = 0.03. *, P < 0.05; **, P < 0.01; ***, P < 0.001. All images are representative
results out of three experimental replicates. Source data are available for this figure: SourceData F3.

et al,, 2019; Fig. 4 A). In parallel, in an independent experiment,
we evaluated and quantified labeled cells by flow cytometry. In
normal conditions, cells showed no differences neither in mi-
tochondrial mass nor in membrane potential. However, under
stress conditions, DSTYK KO cells showed a dramatic TMRM
reduction (loss of 98.5%) and a significant increase in mito-
chondrial mass (gain of 327%; Fig. 4, A and B; and Fig. S4 A).
These results were in agreement with our previous data, sug-
gesting that in DSTYK KO cells mitochondria were damaged, and
cells were incapable of eliminating them through selective au-
tophagy (mitophagy). This is likely the consequence of a defi-
cient autophagy, and subsequently, damaged mitochondria were
accumulated. Notably, ring-shaped mitochondria were observed
in DSTYK KO cells under stress conditions, which is a sign of
their damage (Ahmad et al., 2013; Fig. S4 B). To better under-
stand mitophagy alterations in the absence of DSTYK, we
tracked in vivo mitochondria and lysosomes by multiphoton
confocal microscopy. In parental cells, we found that most foci of
active mitophagy, surrounded by lysosome accumulation, ex-
hibited a complete lack of mitochondrial labeling, whereas, in
DSTYK KO cells, mitochondria were not able to be eliminated in
those spots and lose TMRM labeling along time (Video 1 and
Fig. 4, C and D). More importantly, under stress conditions, lung
cancer DSTYK KO cells succumbed to ROS levels and accumu-
lation of undigested mitochondria and died. In contrast, parental
cells conserved the cytoprotective autophagy and normal mito-
chondrial respiration as mechanisms of cell survival and tumor
progression (Fig. S4 C).

In conclusion, these data showed the involvement of DSTYK
in the maintenance of an operative mitophagy and its depletion
affected mitochondrial morphology, physiology and interrupted
mitophagy.

DSTYK inhibition impairs tumorigenesis in vivo by sensitizing
lung cancer cells to TNF-a-mediated CD8* killing

In the organism, cancer cells face different stresses such as hy-
poxia, nutrient deprivation, or immunosurveillance. To assess
the functional effects of DSTYK decreased levels in vivo, we
performed experiments in syngeneic mouse preclinical mod-
els. We used cell lines from the main histological subtypes of
NSCLC: LUAD and LUSC (LLC and UN-SCC680, respectively)
and inhibited DSTYK using an inducible vector (Tet-pLKO)
that activated an shRNA against DSTYK upon doxycycline
administration (Fig. S5 A). The generated cell lines with in-
ducible DSTYK-knockdown showed no cell proliferation dif-
ferences in vitro (Fig. S5 B). sh#DSTYK was activated after
tumor establishment in vivo (75-100 mm? in size) by doxy-
cycline administration. Both models showed a dramatic de-
crease (P < 0.001) in tumor size under DSTYK inhibition,
which was directly proportional to the inhibition degree
achieved by the sh#DSTYK, achieving tumor regression in
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both syngeneic models 2-3 wk after tumor cell injections
(Fig. 5 A).

To understand the mechanism by which DSTYK depletion
affected tumor size without modifying cell proliferation, we
evaluated DSTYK expression levels in tumors at the end point
of in vivo experiments by Western blot (Fig. S5 C). Surpris-
ingly, we observed similar DSTYK expression levels in pa-
rental and DSTYK inhibited tumors, indicating that a very
potent selective pressure was being produced against DSTYK
KO cells in vivo, and only the clones that maintained
DSTYK expression were able to survive and grow. Therefore,
DSTYK was a dependency of lung cancer cells required to cope
with stress in vivo.

Because DSTYK inhibition sensitized cells to stress and im-
mune cells may threaten tumor stability, we hypothesized that
the immune system could be mediating these potent rejections
shown in our syngeneic models upon DSTYK ablation. First, to
distinguish the direct growth effects of DSTYK depletion on cells
from the effects derived from its interaction with the immune
system, we performed a subcutaneous injection of control and
sh#DSTYK murine cells in immunocompromised mice (Fig.
S5 D). DSTYK inhibition did not affect cell proliferation
in vivo suggesting that the effect observed in the syngeneic
models might be non-autonomous and related to the immune
system. To identify the effector cells responsible for these re-
jections, key immune populations were selectively depleted
in vivo in parallel experiments. Elimination of CD8* T cells
completely abrogated the antitumoral effects of DSTYK knock-
down in LLC tumors. However, neither CD4* T nor natural killer
depletion had any impact on LLC tumor rejection (Fig. 5, B and
C). These effects were verified in an independent LUSC model:
UN-SCC679 (Fig. 5 D). These results suggested that DSTYK de-
pletion sensitized lung tumor cells to the action of cytotoxic
CD8 cells.

To validate the role of DSTYK in limiting tumor cell killing by
T cells, we assessed the behavior of CRISPRed KO cells in co-
culture in vitro. DSTYK depletion sensitized LLC cells to T cell
killing in vitro, dependent on T cell/tumor cell ratio excluding
off target effects (Fig. 5 E). We next explored the mechanism by
which CD8* T cells were killing. A recent work showed how
autophagy inhibited TNF-a-induced apoptosis (Young et al.,
2020). In our cells, CD8* T cell killing was reversed by captur-
ing and blocking TNF-a with etanercept (Fig. 5 F). However, no
effect was observed upon INF-y treatment (Fig. S5 E). Consis-
tently, tumoral killing by T cells was mimicked upon TNF-a
treatment in KO LLC cells (Fig. 5 G). Similar results were ob-
served in human cell lines (Fig. 5 G). These results were con-
sistent with above-mentioned publication.

Interestingly, when we inhibited mTOR with rapamycin in
KO cells, we rescued a parental phenotype, resistant to TNF-
a-mediated killing (Fig. S5 F). Besides, parental cells treated
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Figure 4. DSTYK is involved in mitochondrial fitness. (A) Confocal microscopy images. Parental or DSTYK KO H2009 tumor cells were plated, and mi-
tochondria were stained using Mitotracker Deep Red and TMRM and treated with RPMI glucose-free serum to induce stress. Scale bar: 20 pm. (B) Flow
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cytometry was performed for parental or DSTYK KO H2009 cells in basal and stress conditions and stained with Mitotracker Green and TMRM to assess
mitochondrial mass and membrane potential. The results shown are triplicates from a representative experiment out of two performed similarly. Experimental
groups were compered by t test. H2009 Mitotracker mean fluorescence intensity (MFI) under stress condition, P = 0.0014; H2009 TMRM/Mitotracker ratio
MF1 under no glucose condition, P < 0.0001. (C) Confocal microscopy images of lysosomes and mitochondria in parental or DSTYK KO H2009 cells were stained
using Mitotracker Deep Red (red) and Lysotracker (green) and treated with RPMI glucose-free serum to induce stress for 4 h. Yellow arrows point to lysosome-
enriched areas. Scale bar: 20 um. (D) Confocal microscopy snapshots zoomed in on mitophagy spots in the time-lapse videos taken of parental or DSTYK KO
H2009 cells stained using Mitotracker (green), TMRM (red), and Lysotracker (blue) and treated with glucose-free medium for 4 h to induce stress. Light blue
staining is the sum of Lysotracker and Mitotracker. ***, P < 0.001. Representative timeframes corresponding to Video 1. Scale bar: 5 um.

with chloroquine, which prevent autophagy, became sensitive to
TNF-a-mediated killing similarly to DSTYK KO cells (Fig. S5 G).

To verify whether these effects were maintained in vivo,
parental and DSTK KO LLC tumor-bearing mice were treated
with etanercept every 2 d after cell inoculation to block TNF-a.
DSTYK-KO tumors treated with etanercept rescued the parental
cell phenotype, results were consistent with those previously
observed in vitro (Fig. 5 H).

In order to clarify the underlying cell death mechanism re-
lated to DSTYK depletion and TNF-a-induced apoptosis, we
exposed H2009 parental and KO cells to stress conditions and we
observed an increase of both activated caspase and p-MLKL in
KO cells (Fig. S5 H). Thus, cell death related to DSTYK inhibition
seemed to involve both caspase-dependent and independent
mechanisms.

To dynamically understand the immune mechanisms that
mediated tumor rejection in the absence of DSTYK, we per-
formed intravital microscopy studies. Inducible sh#DSTYK LLC
lung cancer lines were transfected with fluorescent proteins and
injected subcutaneously into fluorescent T lymphocytes reporter
mice. We dynamically observed that fluorescent T cells suc-
cessfully attacked and eliminated knockdown-DSTYK tumors in
72 h, whereas parental tumors were insensible to T cell killing
(Video 2 and Fig. 5 I). Our results showed a significant increase
(P < 0.001) in apoptotic tumor cells per field in DSTYK-inhibited
tumors but no differences in the number of intratumoral T cells
(Fig. 5J), suggesting that tumor elimination was a consequence
of tumoral T cell killing sensitizing rather than tumor immune
infiltrate changes.

To determine whether there was a therapeutic index for
targeting DSTYK, we overexpressed the protein in immortalized
human lung epithelial cells (3KT), and we demonstrated that
amplification resulted in a gain of function both, raising au-
tophagy markers and acquiring resistance to TNF-a treatment
(Fig. S5, I and J). Interestingly, when we overexpressed Dstyk
mutation found in UN-SCC680 in an independent murine cell
line LLC, tumors of KO overexpressing mutated-DSTYK bearing
mice rescued parental tumor growth (Fig. S5 K).

DSTYK inhibition sensitizes lung cancer cells

to immunotherapy

Despite great advances in oncological therapies, still a high
percentage of patients remain refractory to current treatments
(Grant et al., 2021). More personalized treatments are required
in NSCLC, not only to expand the targeted therapy but also to
design immunotherapy regimens according to the individual
NSCLC patient immune and genetic landscape (Wang et al.,
2021b). We postulated that DSTYK downregulated could
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sensitize lung cancer tumors to immunotherapy. To test this, we
treated our syngeneic mouse models harboring wildtype or
DSTYK-deficient tumors with checkpoint inhibitors. For that,
we selected our LLC CRISPRed model. Established LLC tumors,
normally refractory to checkpoint inhibitor treatments, partially
responded to anti-PD-1 administration under DSTYK inhibition
conditions, showing a synergistic effect (Fig. 6 A).

More importantly, to confirm the translational value of our
findings, we carried out a study on a cohort of 76 patients treated
with ICI, for which both outcome and genomic traits were
known (Frigola et al., 2022). According to our analysis, lung
cancer patients who underwent immunotherapy and presented
DSTYK amplification showed poorer PFS rates (P = 0.06). On
average, the median PFS time for patients with DSTYK ampli-
fication was 11 mo, whereas 4.2 mo was the median PFS for
patients with only two DSTYK genomic copies (Fig. 6 B). These
results suggested DSTYK amplification as a predictive bio-
marker for immunotherapy resistance. More interesting, a
combination of DSTYK inhibition and immunotherapy may be a
potential strategy for lung cancer treatment where DSTYK
blockage could sensitize tumor cells to ICIs.

Discussion

This work uncovers a new role of DSTYK in lung cancer and
characterizes it as an important oncogene in tumor progres-
sion, and immunotherapy resistance. Mechanistically, DSTYK
is demonstrated to be a master regulator of autophagy and
oxidative stress response, whose inhibition collapses tumor-
sustaining autophagy and sensitizes lung cancer cells to
immune-based therapies.

The dual serine/threonine and tyrosine kinase (DSTYK), also
known as CAKUT], DustyPK, SPG23 has been classically con-
sidered as RIPK5. The RIPK family includes a group of kinase
proteins which are key mediators of the cellular response to
stress caused by infections, inflammation, or cell damage
(Colhado Rodrigues et al., 2020). They are related to membrane
receptors such as IRAK, FGFR, or TLRs and mediate the intra-
cellular response through various pathways such as the activa-
tion of NF-kB or AP-1 (Meylan and Tschopp, 2005). These
proteins display significant homology in the kinase domains
but otherwise share limited structural similarities (Cuny and
Degterev, 2020). Nowadays, there is some controversy regard-
ing which kinase represents RIPK5 as there are two kinases
(SgK288/ANKK1 and SgK496/RIPK5) assigned to this name
(Peng et al., 2006; Meylan and Tschopp, 2005). DSTYK is highly
conserved across species and shares high kinase homology to the
RIPK family (Cuny and Degterev, 2020). It is a cytoplasmic
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Figure 5. DSTYK depletion sensitizes lung cancer cells to TNF-a CD8* killing. (A) Syngeneic mouse models for sh#DSTYK LUAD (left) and squamous
carcinoma cell lines (right) respectively. sh#DSTYK was activated when tumors reached 50-100 mm3. Analysis by ANOVA. LLC parental vs. sh#3 and parental
vs. sh#4, P < 0.001; UN-SCC680 parental vs. sh#3, P = 0.04; and parental vs. sh#4, P < 0.001. Number of C57BL/6] or A/ mice per group = 7. Scale bar: 1 cm.
(B) LLC tumor-bearing mice were treated with doxycycline to induce sh#DSTYK in the presence or absence of depleting antibodies (anti-CD8). Statistical
analysis was performed by ANOVA comparing tumor volumes of experimental groups at the end point day. LLC parental vs. sh#3, P < 0.001, while no dif-
ferences were found in other comparations. Number of C57BL/6 mice per group = 7. (C) LLC tumor-bearing mice were treated with doxycycline to induce
sh#DSTYK in the presence or absence of depleting antibodies (anti-CD4, anti-NK). Statistical analysis was performed by ANOVA comparing tumor volumes of
experimental groups at the end point day. LLC parental vs. sh#3, sh#3+anti-CD4, and sh#3+anti-NKs, P < 0.001. Number of C57BL/6) mice per group = 7.
(D) UN-SCC679 tumor-bearing mice were treated with doxycycline to induce sh#DSTYK in the presence or absence of depleting antibodies (anti-CD8).
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Statistical analysis was performed by ANOVA. Parental vs. sh#4, P < 0.001, while no differences were found in other comparations. Number of A/] mice per
group = 7. (E) Control or DSTYK KO LLC cells were pulsed with Ova peptide and incubated with OT-1T cells at the indicated E:T ratios for 96 h. The dot plot
graph shows the relative area under the curve (n = 3) compared with cells incubated in the absence of T cells. t test was used to compared experimental groups
and rendered P < 0.001 in every treated condition. (F) LLC T cell killing was performed in the presence of the TNF-a-blocking molecule etanercept. Analysis by
t test. KO untreated vs. KO 1:3, P < 0.001. (G) T cell killing of LLC or H2009 parental and KO cell lines was performed in the presence or absence of TNF-a.
Analysis by t test. LLC parental vs. KO cells treated with TNF-a, P = 0.02; H2009 parental vs. KO cells treated with TNF-a, P < 0.001. (H) Parental and DSTYK
inhibited LLC tumor-bearing mice were treated with etanercept. Statistical analysis was performed by ANOVA. Parental vs. KO, P < 0.0001, while no dif-
ferences were found in other comparations. Number of C57BL/6) mice per group = 7. (1) Intravital microscopy of T cell responses in LLC DSTYK wildtype and
deficient tumors. GFP-LLC#sh tumor cells were injected in the dorsal part of the ear of hCD2dsRED mice in which T cells are red fluorescent. 7 d later, animals
were given or not given doxycycline in the drinking water for 24 h and then imaged in a confocal microscope. Images of a representative experiment and
corresponding to Video 2. Scale bar: 50 um. (J) Dot plot quantification of percentage of apoptotic tumor cells per field and number of intratumor T cells in LLC
DSTYK wildtype and deficient tumors from F. n = 4 mice per group; each dot represents a single quantified HPF. Statistical analysis of apoptotic tumor cells per

field was performed by t test; P < 0.001 and no differences were found in the number of intratumor T cells. *, P < 0.05; ***, P < 0.001.

protein kinase expressed in multiple human tissues including
the brain, heart, kidney, lung, colon, and muscle (Peng et al.,
2006). The functions of DSTYK are poorly understood, although
recent reports have described a role in development and
homeostasis.

Based on our previous data showing Dstyk mutated in a cell
line derived from a syngeneic LUSC mouse model (Valencia
et al., 2021), we study the impact of DSTYK in the field. Among
the few DSTYK mutations reported in literature, most occur in
the non-catalytic region 1 (NCR1) rather than in the catalytic
domain (kinase domain), suggesting that the NCR domains
might be crucial in regulating the catalytic activity of the kinase
domain. DSTYK loss-of-function germline mutations have been
related to autosomal dominant congenital anomalies of the
kidney and urinary tract (Sanna-Cherchi et al., 2013) and with
autosomal-recessive hereditary spastic paraplegia type 23 (Lee
et al., 2017; Vidic et al., 2021). Furthermore, DSTYK kinase do-
main KO mice had impaired learning and memory capabilities
(Li et al,, 2014). Interestingly, no total DSTYK KO have been
reported, suggesting that this protein is essential for develop-
ment. In accordance, we were not able to generate total but
partial CRISPRed DSTYK KO cell lines. On the other hand,
gain-of-function mutations or high DSTYK expression has
been linked to tumorigenicity and tumor progression (Tang
etal., 2019; Zhang et al., 2020; Ogbu et al., 2021). Contrary to a
recent work (Zhong et al., 2021), here we report DSTYK to be
altered in a very significant proportion of lung cancer pa-
tients, showing gain of function as a consequence of a genetic
gain or gene amplification.

An important detail that could partially explain the contra-
dictory results between Zhong et al. (2021) and our data is the
probe chosen to perform survival analyses based on DSTYK ex-
pression. We choose 211514_at, as it includes genomic locations
corresponding to a central part of the gene, mainly the scaffold
domain, contrary to other probes (229017_s_at and 214663_at)
that mainly encompass exons relative to the kinase domain of
the gene. Taking these probe design differences into account is
very important when analyzing subsequent results. First, there
are two known DSTYK isoforms and another predicted one that
differ in the kinase domain, which is missing in two of the three
isoforms. Besides, the kinase domain is known to >90% of ho-
mology with other kinases such as RIPKI, constituting a poor
specific region to detect. Based on these data, we think that the
choice of a probe that recognizes the scaffold domain would
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render more robust and specific results. Biological and pheno-
typic data obtained subsequently validate this choice.

Other mechanisms sustaining DSTYK expression dysregula-
tion such as epigenetic factors are also possible, and we do not
discard them although they are not considered in this work.

In lung cancer, several genes altered in <5% patients, such as
MET or HER2, are widely studied during the diagnostic process
to be considered for FDA-approved targeted therapy. Targeting
infrequent oncogenic drivers in NSCLC has expanded the
spectrum of targeted therapy (Guo et al., 2019; Nokin et al.,
2021), contributing to advance personalized medicine efforts
for NSCLC patients. Although around 4% of patients present
DSTYK amplification, up to 40% show moderate alteration of
DSTYK CN (>2.3 copies), which constitutes a very frequent al-
teration for this malignancy with unknown functional im-
plications. Our data show that alteration of CN could potentially
be used as a prognostic marker for lung cancer. According to our
FISH data, the number of copies in altered tumoral cells is not
very high. In fact, the average CN of DSTYK in lung tumors is 2.3.
Interestingly, those patients with poor prognosis (Amp DSTYK)
show three or more copies of DSTYK, whereas altered cells in
NoAmp DSTYK patients always show three copies. In addition,
we observe a different proportion of patients with DSTYK CN
alterations among clinical cohorts used, showing VH series,
composed of patients in advanced stages (Fig. 6 B), a higher
percentage. Although we cannot discard that these discrepancies
are due entirely to differences in the patient’s profile that
compose them, and taking into account technical differences to
measure DSTYK CN in each case, these data are in line to our
hypothesis that DSTYK amplification may be a prognostic factor.

Nothing was known about DSTYK location within the cell
except that it is a cytoplasmic protein and seems to colocalizes
with FGFR1/2 in 293T cells (Sanna-Cherchi et al., 2013). We find
DSTYK in vesicles compartment. More importantly, for the first
time, DSTYK is shown to colocalize with LC3, which is consistent
with the DSTYK immunoprecipitation experiment which
showed P62 interaction. Hence, our data demonstrate a link be-
tween DSTYK and autophagy in different ways. All three methods
used—IF, RNAseq analysis, and immunoprecipitation—show a
direct role for DSTYK in autophagy. A very interesting recent
study has reported that DSTYK regulated mTOR in monkey renal
fibroblasts injected in a zebrafish-based developmental model,
contributing to congenital scoliosis-like vertebral malformations
in the zebrafish model (Sun et al., 2020).
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Figure 6. DSTYK inhibition sensitizes lung cancer cells to immunotherapy. (A) Parental and KO LLC tumor-bearing mice were treated with or without
anti-PD-1. Statistical analysis was performed by ANOVA. Parental vs. KO, P = 0.05; parental vs. KO + anti-PD-1, P = 0.008. No differences between parental
and parental + anti-PD-1 treated mice. Number of C57BL/6) mice per group = 7. (B) Kaplan-Meier plot showing PFS of lung cancer patients treated with
immunotherapy and classified by the presence of absence of DSTYK amplification (n = 76). Log-rank test, P = 0.06. (C) Proposed model of DSTYK molecular
mechanism in lung cancer cells. (1) DSTYK inhibits mTOR activity; (2) mTOR mediates TFEB/3 phosphorylation preventing its nuclear translocation; (3) TFEB/3
transcribe genes related to lysosomal biogenesis and maturation; (4) DSTYK binds P62, which is involved in the NRF2/KEAP1 pathway; (5) DSTYK protects
mitochondrial integrity; (6) autophagy prevents TNF-a mediated apoptosis. *, P < 0.05; **, P < 0.0

We demonstrate that DSTYK depletion prevents autophagy
through the confluence of several mechanisms. First, DSTYK
inhibits mTOR, verified by the activation of p-S6K. Additionally,
autophagy is interrupted by the accumulation of p-P62 and LC3
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in KO cells. Furthermore, the absence of DSTYK and subsequent
activation of mTOR prevents TFEB/3 to translocate to the nu-
cleus and blocks the transcription of genes related to lysosomal
biogenesis and maturation, causing a decrease in the number of
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lysosomes (Roczniak-Ferguson et al., 2012) and the formation of
less acid, dysfunctional lysosomes, which are not able to digest
the autophagosome content. Our results agree with previous
work where colorectal cancer cells induced with TGF-B (which
also triggers autophagy) underwent epithelial-mesenchymal-
transition and became more malignant and less sensitive to
apoptosis (Zhang et al., 2020). In accordance with this obser-
vation, we show how DSTYK KO lung cancer cells are sensitized
to stress and, therefore, they are more prone to apoptosis. In
fact, DSTYK KO cells are severely damaged under stressful
conditions.

A noticeable number of reports have shown autophagy as a
regulator of drug resistance in cancer, including lung tumors.
Specifically, the potential drug resistance role of autophagy
has been described for treatments very relevant to lung can-
cer such as Osimertinib (Chen et al., 2021), the ALK inhibitor
Ceritinib (Schlifli et al., 2021), B-RAF inhibitors (Foth and
McMahon, 2021) and others. The recently started LIMIT
trial (NCT04735068) will evaluate the use of hydroxychloro-
quine along with the MEKI1- and MEK2-inhibitor Binimetinib, as
an effective method for treating K-RAS-dependent metastatic
cancers, focusing mainly in LUAD.

Despite the above-mentioned dual role, most of the clinical
trials with drugs related to autophagy have been focused on the
tumor promoter and therapy resistance mechanisms of au-
tophagy in cancer.

A recent report shows that mTORCI1-mediated suppression of
autophagy causes a metabolic vulnerability leading to energy
crisis and apoptosis, which could be used as a potential drug-
gable strategy against lung and other tumors (Gremke et al.,
2020). Moreover, P62 cooperates with hyperactive mTORCI to
maintain mitochondrial integrity and promote tumorigenesis
(Lam et al., 2017).

It is widely accepted that tumors develop under the influence
of mitochondrial metabolism on all steps of oncogenesis
(Porporato et al., 2018) and that the mitochondrial metabolism
remains vital for both the production of ATP and the supply of
biosynthetic intermediates (Bhandari et al., 2019). In fact, both,
the human and mouse lung cancer cell lines used in the study
have many mitochondria.

The levels of ROS in oxidative cancer cells are usually high,
facilitating, in many cancers, cell survival, and cancer progres-
sion. However, excessive ROS causes cytochrome C release into
the cytoplasm and triggers apoptosis (Zhang et al., 2016). High
levels of ROS constitute a serious risk to mitochondrial integrity
and, therefore, cell viability. Consequently, cancer cells need to
strike a balance between mitochondrial biogenesis and mi-
tophagy, to maintain mitochondrial fitness (Kenny et al., 2019).
We observe a significant increase in ROS levels in the absence of
DSTYK that cause DNA damage (data not shown) and activate
the Nrf2/Keapl pathway in an attempt to deal with oxidative
stress. All these mechanisms are a consequence of the severe
mitochondrial damage induced by DSTYK ablation. To our
knowledge, the role of DSTYK in regulating the mitochondrial
integrity has not been previously described. In a baseline situ-
ation, without cellular stress, the cell is able to deal with the
DSTYK ablation but in the presence of stress (i.e., starvation),
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damaged mitochondria cannot respond to these cellular meta-
bolic needs. We have also shown by fluorescent confocal mi-
croscopy some features indicative of mitochondrial dysfunction
in DSTYK KO cells, such as TMRM decrease or the development
of a ring-shape (Ahmad et al., 2013; Zorova et al., 2018). Dam-
aged mitochondria normally undergo mitophagy to allow their
elimination and minimize the damage induced to the cell. Yet,
DSTYK KO cells undergo interrupted autophagy and therefore,
damage mitochondria are accumulated in autophagosomes.

Our data show how the interruption in autophagy caused
by DSTYK inhibition sensitizes tumor cell killing by a TNF-
a-dependent mechanism. The protective effect of autophagy
in the context of T cell killing is mediated primarily through
inhibition of TNF-a-dependent apoptosis (rather than of per-
forin/granzyme-mediated killing). Very recent reports indicate
that autophagy can limit antitumor immunity (Yamamoto et al.,
2020; Lawson et al., 2020). In agreement with our data, recent
work reports how autophagy inhibits TNF-a-induced apoptosis
by limiting the formation and/or activity of the FADD/caspase-8
complex (Young et al.,, 2020). However, the exact mechanism
through which autophagy limits TNF-a-dependent apoptosis
remains unknown.

Notably, we demonstrate a sensitivity switch of tumoral cells
to T cell-mediated killing rather than a change in tumoral im-
mune infiltrate. Consistent with the sensitization of cancer cells
to T cell killing, lack of DSTYK boosts immunotherapy effects.
Some reported targeted therapies against tumors affect path-
ways that are crucial for immune function or sensitize tumor
cells to immune-mediated killing. Therefore, targeted therapies
and immunotherapy offer a number of potential possible
synergies in treatment when used together (Vanneman and
Dranoff, 2012). Some recent examples are dasatinib plus
anti-PD-1 for NSCLC patients with YES] alteration (Redin et al.,
2021) or the pro-inflammatory tumor microenvironment
caused by AMG 510 in RAS-dependent lung cancers, which
trigger response to immune-checkpoint inhibitors (Canon
et al., 2019).

Taken together, our results support that DSTYK is a new
target and that its inhibition could form the basis of new ther-
apies, which would benefit a subgroup of NSCLC patients both at
early (adjuvant) or late (single or combined treatment) stages of
the disease. The combination of targeted therapies as modu-
lators of immunotherapy response is an exciting new field that
can change the paradigm of current therapies. In addition, we
hypothesize that DSTYK inhibition can sensitize tumor cells to
other standard therapies such as chemotherapy or radiation, as
all of them cause cellular stress, with a potential benefit for a
large subset of patients.

Thus, we believe that DSTYK inhibition might constitute a
step forward in personalized medicine in NSCLC.

Materials and methods

Public data analysis

TCGA related data were downloaded from the TCGA bioportal
using the TCGA biolinks R package (Colaprico et al., 2016). CNV
and transcriptome profile data were downloaded for 24 cancer
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types. CN segment data type was used to measure the CNV in the
segment where the DSTYK gene was identified. Log transfor-
mation was applied to define logCNV values. For transcriptome
data, Gene Expression Quantification data were downloaded,
quantified by HTSeq, and transformed in FPKM.

To assess the prognostic value of DSTYK expression, the
online tool kmplot.com (http://kmplot.com/analysis/; Gyorffy
et al., 2010) was used. The corresponding Affymetrix ID for
DSTYK was 211514 _at.

Cell lines and reagents

The human cell lines H2009 and H226 were purchased from
ATCC. The human cancer cell lines were authenticated by the
Genomics Unit at CIMA and grown according to ATCC specifi-
cations. The mouse LLC cell line was from the ATCC. UN-SCC679
and UN-SCC680 lung squamous carcinoma cell lines were pre-
viously established by our group from an N-nitroso-tris-chloro-
ethylurea (NTCU) chemically induced mouse model (Valencia
et al., 2021). 393P LUAD cells, derived from KrasLAl/+; p53R172
HAG mice, were a gift from ]J.M. Kurie (The University of Texas
MD Anderson Cancer Center, Houston, TX). All cells were cul-
tured in RPMI 1640 medium (Invitrogen), 10% FetalClone
(Thermo Fisher Scientific), 100 U ml! penicillin, and 100 U ml!
streptomycin (Invitrogen). HBEC-3KT cells (Kerafast Inc.) were
grown in keratinocyte medium (GIBCO). Only mycoplasma
negative cells tested using the MycoAlert Mycoplasma Detection
Kit (LONZA) were used.

Inducible knockdown constructs are as follows: Lentiviral
transduction of shRNAs against DSTK (TRCN0O000275831 [#1]
and TRCN0000195393 [#2] for human; TRCN0000295440 [#3]
and TRCN0000088496 [#4] for mouse; Sigma-Aldrich) was
performed as previously described (Vallejo et al., 2017).
Transduction of the empty vector (TetPLKO.1-puro; Sigma-
Aldrich) was used as a control. CRISPR Cas9 strategy for
DSTYK KO cell clones generation: single-guide RNAs com-
plementary to the DSTYK sequence were designed using a
GPP Web Portal tool from the Broad Institute (https://portals.
broadinstitute.org/gpp/public/) and cloned into lentiCRISPRv2
plasmid from Addgene (Vallejo et al., 2017). Puromycin-resistant
single cells were sorted in a p96 plate using MoFlo Astrios EQ
(Beckman Coulter), characterized by quantitative RT-PCR (qRT-
PCR) and Western blot analysis and expanded for experiments.

The single-guide RNA sequences used in this study are listed
in Table S5.

Flag-DSTYK constructs are as follows: Flag sequence (5'-GAT
TACAAGGATGACGACGATAAG-3') was added to 5’-end DSTYK
cDNA sequence and cloned in pBABE puro plasmid. Mouse LLC
and UN-SCC679 cell lines were then infected to overexpress the
tagged protein.

DSTYK overexpressing constructs are as follows: Wildtype
mouse and human DSTYK cDNA sequence or mouse containing
punctual mutation ¢.1976G>A were cloned in pLenti6/V5-DEST
plasmid. Cell lines were then infected to overexpress the wild-
type or mutated protein.

To induce stress, cells were cultured in RPMI 1640 no glucose
(#11879-020; Gibco) or standard RPMI without the FetalClone
supplement up to 24 h.
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To impact the autophagy pathway, cells were treated with
25 uM of chloroquine (#C6628; Sigma-Aldrich) or 300 nM of
rapamycin (#R8781; Sigma-Aldrich) for 24 h.

Glucose was measured in supernatant in Cobas c-311 analyzer
using a glucose (HK) assay kit (#04404483; Roche) following the
manufacturer’s instructions.

Whole-exome, shallow whole-genome, and RNAseq analysis
Shallow whole-genome sequencing data (cohort VH) were ob-
tained from Frigola et al. (2022). For RNAseq, samples were
prepared with the Illumina TruSeq Stranded mRNA kit follow-
ing the manufacturer’s indications and sequenced as reverse
paired-end (75 bp) runs on the Nextseq sequencer. For the
RNAseq analysis, raw FASTQ files were trimmed with Trim-
momatic/0.36. Pseudoalignment was carried out to the mm10
reference genome and gene level counts were determined with
Kallisto (Bray et al., 2016). Quantification was carried out with
100 boostraps. Differential gene expression analysis was con-
ducted with R using Sleuth R package (Pimentel et al., 2017).
Significant genes were selected based on the false discovery
rate-corrected P value <0.05. The following comparisons were
carried out in the study: (A) LLC parental vs. (B) LLC sh#Dstyk;
(A) UN-SCC679 parental vs. (B) UN-SCC679 O/E Dstyk wt; (A)
UN-SCC679 parental vs. (B) UN-SCC679 sh#Dstyk.

Once differentially expressed genes were selected in each A
vs. B contrast, all experiments were merged to verify the in-
tersection of the genes based on name and the direction.

Immunoprecipitation

Flag-DSTYK and control cells were seeded in 150 mm? plates and
incubated at 37°C until 80% confluency was reached. Cells were
lysed (20 mM HEPES, 150 mM NaCl, 1% NP40, 10 mM MgCl, +
phosphatase and protease inhibitors [#04906845001 and
#11836170001; Roche]) on ice for 10 min and centrifuged at
13,000 g for 15 min at 4°C. Protein was quantified using the BCA
assay kit (#23227; Pierce). 1 mg/ml of cell lysates was incubated
with the indicated antibody (Table S5) overnight at 4°C. The day
after, Dynabeads Protein G (#10003D; Thermo Fisher Scientific),
were added and mixed for 2-4 h in rotation at 4°C. Im-
munoprecipitates were washed with lysis buffer five times and
lysates were denatured in lysis buffer with LDS Sample buffer
(NuPage #2201446) and B-mercaptoethanol (Sigma-Aldrich).
Mass spectrometry was performed at the Harvard Medical
School (https://taplin.med.harvard.edu/home). Eluted products
were analyzed by Western blotting.

Western blotting and antibodies
After treatments were administered to plated tumor cells, these
were washed with PBS and lysed in radioimmunoprecipitation
assay buffer and with Nuclear and Cytoplasmic Extraction Re-
agents (NE-PER; cat #78835) plus phosphatase and protease
inhibitors (#04906845001 and #11836170001; Roche). Lysates
were centrifuged at 13,200 rpm at 4°C and quantified using a
BCA protein assay kit (#23227; Pierce).

Samples were prepared using LDS Sample buffer (NuPage
#2201446) and B-mercaptoethanol (Sigma-Aldrich). Protein
samples were incubated for 15 min at 95°C before being loaded
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10-50 pg on 10-15% acrylamide gels. Electrophoresis was per-
formed in a running 10x Tris-Glycine SDS buffer, and nitrocellulose
membranes were used for proteins transfer (#1620112; Bio-Rad).
Membranes were incubated overnight with the indicated anti-
bodies, washed with TBS-Tween, and incubated for 1 h with anti-
rabbit (#GENA934; Sigma-Aldrich), anti-mouse (#NA931; GE
Healthcare), or anti-goat (#P0449; Agilent) secondary antibodies.

Nuclear and cytoplasmic fraction extraction were performed
using the NE-PER Nuclear and Cytoplasmic Extraction Reagents
kit (#78835; Thermo Fisher Scientific) according to the manu-
facturer’s protocol: 100 pl of CERI and 5.5 pl of the CERII re-
agents for the cytoplasmic extraction and 50 pl of the NER
reagent for the nuclear extractions, adding protease, and phos-
phatase inhibitors to CERI and NER to minimize reagent
dilution.

For subcellular fractionation experiments, different cell
fractions were obtained by serial centrifugation steps at in-
creasing speeds.

Briefly, a pellet of cells was washed in cold PBS and then lysed
in extraction buffer (Tris HCl pH8.5, 10 mM; NaCl, 150 mM;
MgCl,, 1.5 mM; IGEPAL, 0.5%; protease inhibitors). Cells were
disrupted for 10 min on ice and then centrifuged at increasing
speeds. Pellets and supernatants of serial centrifugations were
recovered and then loaded onto an acrylamide gel with equiv-
alent amounts of the obtained fractions. The following con-
ditions were followed to obtain subcellular fractions: Total
extract, cells pelleted and resuspended directly in Laemmli
buffer 1x; nuclear extract (P3000), pellet of extraction buffer
lysed cells centrifuged 2 min, 3,000 g, 4°C; cytosolic extract
(S3000), supernatant resulting from the previous centrifugation
step; Large organelle extract (P10000), pellet resulting from
S3000 centrifugation 10 min, 10,000 g, 4°C; cytosolic extract
without large organelles (S10000), supernatant resulting from
previous centrifugation; microsomal extract (P100000), pellet
resulting from S10000 centrifugation 2 h, 100,000 g, 4°C; col-
uble cytosolic extract (S100000), supernatant resulting from
previous centrifugation.

Western blot band detection was performed using Image
Studio software. Densitometry quantification was done using
Image] (National Institutes of Health). All measurements can be
found in Table S4.

The antibodies used are listed in Table S5.

qRT-PCR

Genomic DNA was extracted from frozen samples from the
CIMA-CUN series and CN was measured by qPCR using the
TagMan Copy Number assay (#Hs01236436-cn for DSTYK and
#4401631 for RNAse P; Applied Biosystems) according to the
manufacturer’s protocol.

Total RNA from cells was isolated with the NucleoSpin RNA
isolation kit (#740955; Macherey-Nagel). 1 pg RNA was used to
synthesize complementary DNA using a High-Capacity cDNA
Reverse Transcription kit with RNase inhibitor (#4374966; Ap-
plied Biosystems). Quantitative PCR was performed with the
PowerUp SYBR Green PCR Master Mix (#100029284; Thermo
Fisher Scientific). The primers designed for quantitative PCR are
listed in Table S5.
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FISH

DSTYK CNV was evaluated by FISH. Samples were dewaxed,
hydrated, and heated in citrate buffer pH 6 for 30 min. Speci-
mens were then treated with 4 mg/ml of pepsin in 0.01 N HCl
for 5 min at 37°C and dehydrated. Next, a dual DSTYK1q32.1/
CENIpll.1 probe (Empire Genomics; #DSTYK-CHRO1-20-ORGR)
was added, denatured for 7 min at 75°C, and incubated 24 h at
37°C to allow hybridization. Samples were immersed in a post-
hybridization saline-sodium citrate buffer (SCC; 0.3 M NaCl;
0.03 M sodium citrate; pH 7) for 2 min and then in SCC with
0.3% of NP-40 (Sigma-Aldrich) for 1 min at 70°C. Nuclei were
counterstained with DAPI 1,500 ng/ml (#U0031; Abnovas). CNV
variation was evaluated with a Nikon E800 microscope provided
with a Nikon DS-Qil-Mc camera and NIS-Elements software.
Images were processed with ZEISS ZEN software.

IF

Cells were seeded in an 8-well culture slide (354108; Falcon) and
cultured for 48 h. Then, cells were fixed with 4% formaldehyde
methanol-free (28908; Thermo Fisher Scientific) for 10 min at
37°C and IF was performed in a BSA 1.5% saponin 0.05% buffer.
All primary antibody incubations were carried out overnight at
4°C. Secondary antibodies were incubated for 1 h at room tem-
perature. Nuclei were dyed with Hoechst (1:1,000). For negative
control, cells were incubated directly with secondary antibody
(1:100) 1 h at room temperature. Images were taken at 63x using
a confocal microscope LSM 800 with Airyscan (Zeiss). IF anti-
bodies are listed in Table S5.

For confocal microscopy experiments of mitochondrial and
lysosome dynamics, parental, or DSTYK KO H2009 tumor cells
(30,000 cells) were plated in 8-well LabTek microscopy plates
(Nunc). 24 h later cells were stained using Mitotracker Deep Red
(0.1 uM, Thermo Fisher Scientific), TMRM (125 ng/ml; Sigma-
Aldrich) and Lysotracker Green DND-26 (0.1 juM; Thermo Fisher
Scientific) for 20 min at 37°C in RPMI 10% FBS. The cells were
then washed twice with warmed media and treated with RPMI
glucose-free serum.

Time-lapse videos were recorded on an LSM880-inverted
confocal microscope (Zeiss) equipped with an incubator to
maintain 5% CO,, humidity, and a temperature of 37°C
throughout the experiment. Images were taken using a 40x
water plan apochromat LD objective (NA, 1.2). An Argon 488
laser line and two He/Ne lasers (543 and 633 nm) were used to
simultaneously excite the three dyes. 3D Z-stacks of 15-20 um
were obtained by acquiring images every 0.5-0.7 um.

Intravital microscopy experiments

For intravital imaging, sh#DSTYK LLC cells were transfected
with pMAX EGFP and isolated by FACS. 1 x 10® LLC sh#DSTYK-
EGFP cells were injected into the ears of hCD2RFP mice. 7 d after
ear injection, sh#DSTYK was activated by adding doxycycline to
drinking water for 24 h. Other tumors remained inactivated to
maintain DSTYK expression. Then, intravital imaging in the
mouse ears was performed. Anesthetized and temperature-
controlled mice were placed on a custom-built stage and im-
aged with a LSM880-inverted microscope equipped with a 25x
water immersion objective (NA, 0.8). Imaging sessions took
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from 2 to 4 h and time-lapse acquisitions in several regions of the
tumor lasted 90 min with frames taken every 60 s. At least three
mice were imaged per condition. Z-stacks were blindly selected
according only to the presence of tumor cells. Videos were
analyzed using IMARIS software, performing semi-automated
surface-based segmentation to identify individual tumor cells,
apoptotic tumor cells, and T cells. Time-lapse videos were gen-
erated with IMARIS software and edited with Final Cut Pro.

PLA

30,000 H2009 cells were plated in Lab-Tek Chambered cover-
glass (#155411; Thermo Fisher Scientific). After 24 h, cells were
fixed and permeabilized 10 min with Triton X-100 0.5%. Pri-
mary antibodies were diluted to suitable concentration (1:500)
and incubated overnight (Table S5).

Duolink In Situ PLA probes, MINUS mouse (#DU092004)
and PLUS rabbit (#DU092002), and Duolink In situ Detection
Reagents Red (#DU092008) were obtained from Sigma-Aldrich.
PLA assay was performed according to the manufacturer’s
instructions.

Flow cytometry experiments

Mitochondrial mass and transmembrane potential were as-
sessed by FACS staining. Parental or DSTYK KO H2009 tumor
cells were cultured in complete media or glucose-free media
overnight. Cells were then stained with Mitotracker Green FM
0.1 uM (#M7514; Thermo Fisher Scientific) and TMRM 125 ng/
ml (#T668; Thermo Fisher Scientific) for 20 min at 37°C in RPMI
10% FBS. Cells were washed once with FACS buffer and analyzed
ina Cytoflex S cytometer. Live cells were gated based on forward
scatter (FSC) and side scatter (SSC) parameters and singlets
were selected according to FSC-H, FSC-A parameters. Then,
TMRM and Mitotracker Green fluorescence was assessed in the
corresponding FITC and PE channels.

Mitochondrial respiration experiments

Mitochondrial respiration was measured using a Seahorse XFp
Cell Mito Stress test kit (#103010-100; Agilent). Briefly, 15,000
cells of parental and KO LLC and 10,000 cells of the corre-
sponding H2009 were seeded in triplicates in 8-well plates
(#103022-100; Agilent). 24 h after seeding, cells were subjected
to metabolic stress conditions through glucose or serum depri-
vation from 16 to 24 h. Plates were measured in a Seahorse XFp
Analyzer (Agilent).

ROS measurement

120,000 cells were seeded in a 6-well plate, and after 24 h, a
50 uM DCFDA probe (#D6883; Sigma-Aldrich) was added for
30 min. Then, cells were trypsinized, pelleted, and resuspended
in PBS. Fluorescence was measured in a Microplate Infinite Pro
200 reader (Tecan) in a black 96-well plate (#Rev. C/0815;
PerkinElmer) at 485-530 nm (excitation-emission). Data were
normalized by cell number.

Lysosomal pH measurement
20,000 cells were plated in black p96 plate with transparent
bottom (#Rev. C/0815; PerkinElmer). A 2 mM LysoSensor
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Yellow/Blue dextran probe (#22460; Thermo Fisher Scientific)
was added, and fluorescence was measured after 24 h in a Mi-
croplate Infinite Pro 200 reader (Tecan).

Proliferation assays

1,000 cells of parental and KO cells were seeded in XCelLigence
plates in triplicates (#300600890; Agilent). Cells were treated
with the corresponding treatment (i.e., either no glucose or no
FBS) 24 h after seeding and measurements were taken every
6 min for 96 h. The area under the curve was calculated for data
plotting.

T cell cytotoxicity experiments

Mouse CD8* cells were isolated and purified from OTI mice
spleens. OTI mice harbor a transgenic TCR recognizing the
SIINFEKL peptide from ovalbumin on CD8* T cells (InvivoGen;
#vac-sin). Briefly, spleens were disaggregated in PBS and the cell
suspension was filtered through a 40-pm cell strainer, eryth-
rocytes were lysed with ACK lysis buffer (NH,Cl, KHCO;, EDTA
Na.2H,0, pH 7.4) and after washing, cells were resuspended in
autoMACS buffer (25 mM EDTA, 1% FBS, 1% P/E) and isolated
from the spleens using the MACS CD8* T Cell Isolation Kit
(#130-095-236; Miltenyi Biotec) following the manufacturer’s
instructions. CD8* OTI cells were activated using CD3/CD28
activator beads (#11452D; Thermo Fisher Scientific) one bead/
two cells and 30 U/ml of hIL-2 (#CN70389; Novartis).

15,000 DSTYK KO or control LLC cells were seeded in
XCeLLigence E-Plates 16 PET (#300600890; Agilent). Tumor
cells were then stimulated with 50 U/ml mouse IFN-y overnight
and then pulsed with SIINFEKL peptide (JPT; 1 ng/ml) for an
additional 4 h. LLC cells were washed and activated CD8* OTI
T cells were added on top at different tumor cell/T cell ratios.
Tumor cell growth and cytotoxicity were measured overtime in
an xCELLigence Real-Time Cell Analysis MP instrument (Agi-
lent) for 96 h.

To study the toxic effect of TNF-a on our cells, a similar
procedure was performed. 15,000 LLC or 10,000 H2009 cells
were seeded. 24 h after cell seeding, 20 ng/ml of mouse TNF-a
(#259411; Abcam) or human TNF-a (#9642; Abcam) were added
to LCC or H2009, respectively, and the toxicity effects were
measured for 96 h. Etanercept (Enbrel; Pfizer) was used to block
TNF-a.

To modulate the autophagy pathway, plated cells were trea-
ted with 25 uM of chloroquine (#C6628; Sigma-Aldrich) or 300
nM of rapamycin (#R8781; Sigma-Aldrich) and 4 h later, 20 ng/
ml of mouse TNF-a (#259411; Abcam), or human TNF-a (#9642;
Abcam) were added to corresponding wells.

In vivo studies

All animal experiments were conducted in accordance with the
protocols approved by the institutional animal care committee
(references 049-18, 035c-20, and 037-19).

1 x 10® LLC or 2 x 10® UN-SCC680 were subcutaneously in-
oculated in one flank of 8-wk-old immunocompetent female
C57BL/6] or A/] mice, respectively (Harlan-Winkelmann).

shRNAs were activated by adding doxycycline to mice
drinking water when tumors reached a volume of 50-100 mm?.
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Tumor volume (weight? x length x 0.52) was measured with a
digital caliper twice a week until sacrifice.

For tumor growth rate studies of mouse-derived cell lines, 3 x
10% LLC, UN-SCC679 or UN-SCC680 cells were subcutaneously
inoculated in both flanks of 8-wk-old female Rag~/~ IL2Rg™/~
mice (Harlan-Winkelmann).

Depletion of CD8, CD4 or natural killer cells was performed
by intraperitoneal injection of 100 pg anti-mouse CD8a (clone
2.43; Bio X Cell), CD4 (clone GK1.5; BioXCell) or NKI.1 (clone
PK136; Bio X Cell), respectively, at days 6, 10, 14, 18, 22, 26, and
30 after cell inoculation.

For sh#Dstyk + anti-PD-1 combination treatment, LLC tumor-
bearing mice were treated when tumors reached 75-100 mm3
with 200 pg anti-PD-1 blocking antibody (#RMP1-14; Bio X Cell)
intraperitoneally at days 6, 9, 12, and 15.

LLC tumor-bearing mice were intraperitoneally treated with
40 mg of etanercept (Enbrel; Pfizer) to block TNF-a at days 0, 2,
4, and 6 after inoculation.

hCD2RFP mice, used for intravital microscopy experiments
were a kind gift from Mark Coles from the University of York,
York, UK, and OTI mice were purchased from Jackson. Ages of
mice included in experiments ranged from 8 to 12 wk.

Patient samples

Two series of patients were used. A series of frozen material
available from 45 patients with NSCLC whose tumors under-
went surgical resection at CIMA-CUN from 2000 to 2012 was
evaluated. The inclusion criteria were NSCLC histology, stage I
to III, no neoadjuvant or adjuvant chemotherapy or radiotherapy,
and absence of cancer within the 5 yr prior to lung cancer surgery.
A series of 76 patients from Vall d’'Hebron hospital (VH), previ-
ously reported (Frigola et al., 2022), diagnosed with advanced
NSCLC and treated with ICIs as monotherapy. 54 (70.1%) had
adenocarcinoma histology, 70 (90.1%) were current or former
smokers, and 48 (62.3%) were males. 62 (80.5%) were treated with
ICIs as monotherapy. 30 (39%) and 34 (44.2%) patients were
treated with ICIs in their first or second line of therapy, respec-
tively, whereas 13 (16.9%) patients were treated in =3 line.

Statistics

Sample size was chosen based on similar experiments previ-
ously published by the authors. When possible, all experiments
were reproduced a minimum of three times (independent bio-
logical replicates). For comparing two groups, samples nor-
mality (Shapiro-Wilk test) and variance (Levene test) were
explored. Groups with a normal distribution were compared
using a two-tailed t test. Non-normal samples were analyzed
using a Mann-Whitney test (equal variances) or a median test
(unequal variances).

Online supplemental material

Fig. S1 shows the percentage of patients with DSTYK alteration
from 24 different cancer types. Fig. S2 shows validation of IF in
microvesicles as well as confirmation of different molecular
pathways resulted from RNAseq and immunoprecipitation stud-
ies. Fig. S3 shows no alteration in mitochondrial respiration under
baseline conditions in an altered DSTYK context. Fig. S4 shows
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mitochondrial morphological and functional features in an altered
DSTYK context. Fig. S5 describes DSTYK KO cell lines behavior
in vitro and in vivo and shows their response to different agents.
Finally, Fig. S5 pictures the role of DSTYK amplification in a non-
tumoral context and the role of DSTYK mutation in a tumoral
context. Table S1 summarizes CIMA-CUN cohort clinical data.
Table S2 shows differentially expressed genes in mouse cells in an
altered DSTYK context. Table S3 shows a list of genes co-
precipitated with Flag-DSTYK in an immunoprecipitation exper-
iment using LLC cells. Table S4 shows Western blot densitometry
analysis. Table S5 shows antibody references and dilutions as well
as primers sequences used along the work. Video 1 shows mito-
chondrial and lysosomal dynamics in DSTYK KO cells under
metabolic stress. Video 2 shows intravital microscopy of T cell
responses in LLC DSTYK deficient tumors.

Data availability
RNAseq data are available on the Gene Expression Omnibus
website under accession no. GSE212858.
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Figure S1. DSTYK alterations in cancer. Percentage of patients with DSTYK alteration from 24 different cancer types. From Pan-Cancer TCGA data.
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Figure S2. DSTYK is involved in autophagic molecular pathways. (A) Left: Double IF of Flag-Dstyk LLC cells. DSTYK (magenta) showing co-localization with
LC3 (blue). Scale bar: 20 um. Middle: Single channel images correspondent to triple IF of Flag-Dstyk LLC cells. DSTYK (red), LC3 (blue), LAMP1 (green), and
nuclei (white). Scale bars: 20 um. Right: Technical negative control. Scale bars: 10 um. Observed by super-resolution/Airyscan based/confocal microscopy.
(B) Double IF of Flag-Dstyk LLC cells. DSTYK (red) do not co-localize with cellular vesicles markers (blue). Scale bar: 20 um. (C) Scheme of differentially
expressed genes from the RNAseq analysis enriched in the following categories: lysosome, autophagy, mitochondria, oxidative stress, and cytoskeleton.
(D) Validation of mRNA expression of candidate genes from the RNAseq analysis in LLC and H2009 parental and CRISPRed cells by quantitative PCR. Analysis
was assessed by t test. P values for parental vs. KO comparation were the following: Dstyk in LLC, P < 0.0001 and DSTYK in H2009, P < 0.0001; Lamp1 in LLC,
P =0.001 and LAMPI in H2009, P < 0.0001; Atp6v0a in LLC, P < 0.0001 and ATP6VOA in H2009, P < 0.03; Ngol in LLC, P < 0.0001 and NQO1 in H2009, P < 0.0003;
Tomm20 in LLC, P < 0.001 and TOMM20 in H2009, P < 0.03. Three experimental replicates were performed for each experimental condition. (E) Scheme of
DSTYK interactor proteins from immunoprecipitation analysis enriched in the following categories: lysosome, autophagy, mitochondria, oxidative stress, and
cytoskeleton. (F) Cropped images from Western blot analysis of autophagy pathway proteins in LLC and H2009 parental, DSTYK-KO, and KO treated with
rapamycin cells. A representative experiment out of two similarly performed is shown. (G) Glucose levels (mg/dl) in cell culture supernatants of parental H2009
and KO cells. Analysis by t test rendered P = 0.001. Three experimental replicates were performed for each experimental condition. (H) Cropped images from
Western blot analysis of autophagy pathway proteins in LLC and H2009 parental, parental treated with chloroquine, and DSTYK-KO cells. *, P < 0.05; **, P < 0.01;
*** P < 0.001. A representative experiment out of two similarly performed is shown. Source data are available for this figure: SourceData FS2.
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Figure S3.  Mitochondrial respiration under baseline conditions in an altered DSTYK context. Seahorse extracellular flux analysis shows dynamic representation
of oyxgen consumption rate (OCR) in LLC and H2009 cells under basal conditions. Three experimental replicates were performed for each experimental condition.
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Figure S4. DSTYK inhibition affects mitochondrial morphology and functionality. (A) FACs analysis of mitochondrial mass (Mitotracker) and membrane
potential (TMRM) of parental or KO LLC and H2009 cells in stress conditions. Three experimental replicates were performed for each experimental condition.
Analysis by t test rendered TMRM/Mitotracker ratio MFI, P < 0.0001. (B) Detailed confocal microscopy images of mitochondrial ring-shape in parental or KO
H2009 cells under stress conditions. Scale bar: 20 pm. (C) Confocal microscopy images of parental or KO H2009 cells under basal or stress conditions 16 h after
treatment. Scale bar: 20 pm. ***, P < 0.001. Panels show representative results from at least two independent experiments performed.
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Figure S5. DSTYK inhibition promotes immunogenic death of lung cancer cells. (A) Top: DSTYK mRNA expression by quantitative PCR in LLC and UN-
SCC680 parental and sh#DSTYK cells (n = 3). Bottom: DSTYK protein expression by Western blot in LLC and UN-SCC680 parental and sh#DSTYK cells.
Analysis was done by t test. Comparison LLC sh#3 -/+ doxy, P = 0.003; sh#4 -/+ doxy, P < 0.001. Comparison UN-SCC680 sh#3 -/+ doxy and sh#4 -/+ doxy,
P < 0.001. (B) Proliferation assay measured by xCELLigence Technology for 96 h in LLC and UN-SCC680 parental and sh#DSTYK cells (n = 3). Analysis was
done by t test. (C) DSTYK protein expression by Western blot in parental and sh#DSTYK tumors from LLC and UN-SCC680 preclinical models at the end point
of in vivo experiment. (D) Tumor volume of LLC and UN-SCC680 parental or sh#DSTYK cells in immunocompromised mice. Analysis was done by ANOVA.
Number of Rag™/~ IL2Rg™/~ mice per group = 5. (E) T cell killing of LLC parental and KO cell lines was performed in the presence or absence of IFN-y (n = 3).
(F) TNF-a-mediated killing of LLC or H2009 parental, KO, and KO treated with rapamycin cell lines (n = 3). Analysis was performed by t test. Parental vs. KO
cells treated with TNF-a, P < 0.001 both in LLC and H2009 cell lines. (G) TNF-a-mediated killing of LLC or H2009 parental, parental treated with chloroquine,
and KO cell lines (n = 3). Analysis was performed by t test. Parental vs. parental + chloroquine and parental vs. KO cells treated with TNF-a showed P < 0.001
both in LLC and H2009 cell lines. (H) Cropped images from Western blot analysis of apoptosis and necroptosis-related proteins in H2009 parental and DSTYK-
KO cells under normal and stress conditions. (I) Cropped images from Western blot analysis of autophagic protein (LC3) in immortalized 3KT parental and
overexpressing DSTYK. (J) T cell killing of 3KT parental and overexpressing DSTYK cell lines was performed in the presence or absence of TNF-a (n = 3).
Analysis was performed by t test. P < 0.001 for parental vs. parental treated with TNF-a 3KT cell lines. (K) Tumor volume of parental, KO, and KO over-
expressing mutated DSTYK LLC tumor-bearing mice. Analysis was performed by ANOVA. P = 0.002 (parental vs. KO tumor-bearing mice). Number of C57BL/6)
mice per group = 7. **, P < 0.0L; ***, P < 0.001. Source data are available for this figure: SourceData FS5.
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Video 1. Mitochondrial and lysosomal dynamics in DSTYK KO cells under metabolic stress. H2009 tumor cells were stained for mitochondria (Mito-
tracker Deep Red, Green), mitochondrial transmembrane potential (TMRM, red), and lysosomes (Lysotracker Green FM, Blue) and deprived of glucose for 4 h
before starting live imaging. Time-lapse videos are 3D reconstructions of two imaging fields in parental and DSTYK KO cells recorded simultaneously. The video
is representative of two experiments performed similarly.

Video 2. Intravital microscopy of T cell responses in LLC DSTYK-deficient tumors. GFP-LLC#sh tumor cells were injected into the dorsal part of the ear
of hCD2dsRED mice in which T cells are fluorescent red. 7 d later, animals were given or not given doxycycline in drinking water for 24 h and then imaged in a
confocal microscope. Time-lapse videos of T cells in the tumors showing T cell interactions with tumor cells of both conditions. The video is representative of
intravital microscopy videos performed in at least three mice per group.

Provided online are Table S1, Table S2, Table S3, Table S4, and Table S5. Table S1 shows CIMA-CUN cohort clinical data summary.
Table S2 shows differentially expressed genes in mouse cells in an altered DSTYK context. Table S3 shows a list of genes
co-precipitated with Flag-DSTYK in an immunoprecipitation experiment using LLC cells. Table S4 shows Western blot densitometry
analysis. Table S5 shows antibody references and dilutions as well as primers sequences used along the work.
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