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Anaplastic lymphoma kinase (ALK) fusion variants in Non-Small Cell Lung Cancer
(NSCLC) consist of numerous dimerizing fusion partners. Retrospective investigations
suggest that treatment benefit in response to ALK tyrosine kinase inhibitors (TKIs)
differs dependent on the fusion variant present in the patient tumor. Therefore, under-
standing the oncogenic signaling networks driven by different ALK fusion variants is
important. To do this, we developed controlled inducible cell models expressing either
Echinoderm Microtubule Associated Protein Like 4 (EML4)-ALK-V1, EML4-ALK-V3,
Kinesin Family Member 5B (KIF5B)-ALK, or TRK-fused gene (TFG)-ALK and investi-
gated their transcriptomic and proteomic responses to ALK activity modulation together
with patient-derived ALK-positive NSCLC cell lines. This allowed identification of
both common and isoform-specific responses downstream of these four ALK fusions.
An inflammatory signature that included upregulation of the Serpin B4 serine protease
inhibitor was observed in both ALK fusion inducible and patient-derived cells. We
show that Signal transducer and activator of transcription 3 (§STAT3), Nuclear Factor
Kappa B (NF-«B) and Activator protein 1 (AP1) are major transcriptional regulators of
SERPINB4 downstream of ALK fusions. Upregulation of SERPINB4 promotes survival
and inhibits natural killer cell-mediated cytotoxicity, which has potential for therapeutic
impact targeting the immune response together with ALK TKIs in NSCLC.
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Oncogenic ALK fusions were identified in Non-Small Cell Lung Cancer (NSCLC) in
2007, in both tumor material and cell lines (1, 2). ALK fusions, resulting from chromo-
somal translocation events, are recognized as drivers in approximately 5% of NSCLC (3).
ALK fusions generally contain exons 20 to 29 of ALK, which encode the entire C-terminal
kinase domain. The N-terminal portions of the ALK fusions in NSCLC consist of numer-
ous fusion partners, such as EML4, TFG, and KIF5B, among more than 90 ALK fusion
partners that have been described (3). The most frequently observed ALK fusion is EML4-
ALK which represents more than 85% of ALK-positive NSCLC cases, where EML4-ALK
variants 1, 2, and 3 account for 43%, 6%, and 40% of cases, respectively (4, 5). These
ALK fusion partners dimerize and activate the ALK kinase domain and also determine
“when and where” the fusion protein is expressed (3). Very little is known about differential
downstream targets of the ALK fusion proteins, but these likely include an array of sign-
aling pathway components, reflecting spatial and temporal restraints determined by the
respective fusion partners (6).

Lately, retrospective analyses of patients with NSCLC EML4-ALK fusions have suggested
that the degree of treatment benefit in response to ALK tyrosine kinase inhibitors (TKIs)
might be dependent on the particular ALK fusion variant expressed, reviewed in ref. 3.
This includes an initial retrospective report of improved overall response rate upon treat-
ment with crizotinib in EML4-ALK-V1 patients compared to the non-V1 variant group
(7). Christopoulos and coworkers reported that patients with EML4-ALK-V3-driven tum-
ors with and without 7P53 mutations had more metastatic sites and decreased progres-
sion-free survival compared with other ALK-driven variants (5, 8, 9). Finally, results from
the ALTA-1L phase 3 clinical trial revealed that patients harboring EML4-ALK-V3 exhibit
worse progression-free survival and overall responsive rate when compared with patients
with EML4-ALK-V1, irrespective of treatment with crizotinib or brigatinib (10).

The SERPIN gene family consists of 36 protein coding genes as well as several pseu-
dogenes (11). Serpins are protease inhibitors with broad biological functions. The clade
B Serpin subfamily has a predominantly intracellular distribution, and 10 out of 13 genes
are clustered at chromosome 18q21.3 (12, 13). SERPINB3 and B4 are highly homologous
at the nucleotide and amino acid level and are believed to have arisen by gene duplication
(13). Although their in vivo functions remain largely unclear, Serpin B3 has been shown
to inhibit papain-like cysteine proteases, while Serpin B4 inhibits chymotrypsin-like serine
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Significance

In this work, we have developed
a highly controlled non-
tumorigenic human bronchial
epithelial cell system expressing
four ALK fusions found in NSCLC.
Employing RNA-seq and
phosphoproteomics, we identify
both common and isoform-
specific differentially expressed
genes and phosphorylated
proteins downstream of these
four ALK fusions. Further, we
show that ALK fusions drive an
inflammatory expression
signature, resulting in increased
Serpin B4 levels that result in
inhibition of cytotoxic natural
killer cell-induced cell death. Our
study identifies a novel cell
survival mechanism modulated
by Serpin B4 downstream of ALK
fusion oncogenes in NSCLC. This
finding provides a potential
therapeutic axis allowing
targeting of the immune
response together with ALK TKls
in NSCLC.
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proteases such as Granzyme M with its specific reactive center
loop (13, 14). Granzymes are key cytotoxic effector molecules
released by CD8" T cells and natural killer (NK) cells upon rec-
ognition of malignant cells. Like other members of the family,
Granzyme M can efliciently trigger cell death in tumor cells (15).
Interestingly, elevated levels of Serpin B3 and B4 have been noted
in NSCLC, where they are associated with poor survival (16).
Furthermore, inactivating mutations in SERPINB3 and SERPINB4
are associated with improved survival after anti-CTLA4 immu-
notherapy in patients with melanoma (17).

Currently, treatment of ALK-driven NSCLC is decided without
considering the fusion partner involved, although these different
fusion partners are suspected to affect pretreatment clinical char-
acteristics, disease responsiveness to target therapies, and later
arising acquired resistance (18). We have developed an experimen-
tal approach to investigate differential activity of ALK fusion var-
iants expressed in NSCLC with focus on EML4-ALK variants 1
(V1) and 3 (V3), KIF5B-ALK and TFG-ALK. We identify down-
stream signaling components regulated by these ALK fusion var-
iants, crosstalk, and adaptive responses in NSCLC cell lines,
employing both cell lines engineered to express inducible ALK
fusions as well as patient-derived cell lines. Analyses of phosphop-
roteomic and transcriptional responses to ALK TKI treatment
allowed us to generate signatures reflecting ALK signaling events

from the different ALK fusions. One previously unidentified target
is Serpin B4, which is robustly expressed in both EML4-ALK (V3)
and TFG-ALK expressing cells. Phosphoproteomics identified
NF-«B as a regulator of SERPINB4 expression in response to ALK
fusion activity, and NF-kB inhibition decreased expression of
Serpin B4 at both protein and mRNA levels. Further, both STAT3
and AP1 regulate Serpin B4 protein expression. Finally, we show
that EML4-ALK-V3 and TFG-ALK-driven Serpin B4 expression
is able to rescue cells from NK cell-mediated cytotoxicity. Our
results indicate that Serpin B4 expression may represent an impor-
tant factor in the poor prognosis of patients diagnosed with EML4-
ALK-V3 and identifies an avenue for therapeutic intervention.

Results

Generation and Characterization of Inducible Cell Lines
Expressing EML4-ALK-V1, EML4-ALK-V3, KIF5B-ALK, and TFG-ALK
Fusion Variants. To investigate ALK fusion variants in NSCLC
in an experimentally controlled manner, we selected four variants
with different fusion partners for in-depth investigation (Fig. 14).
These were the coiled-coil domain containing EML4-ALK-V1
and -V3, which were selected as they account for 70 to 80% of
all EML4-ALK-positive NSCLC cases (5), KIF5B-ALK, which

harbors multiple coiled-coil oligomerization domains and TFG-
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Characterization of NL20 cells expressing ALK NSCLC fusions. (A) Schematic representation of ALK fusion proteins investigated in this study. The breakpoint

located at exon 20 in ALK is identical in all four ALK fusions. EML4-ALK-V1 (E13; A20) and V3 (E6; A20) harbor exons 1 to 13 and 1 to 6 of EML4, respectively;
KIF5B-ALK (K24; A20) and TFG-ALK (T3; A20) contain exons 1 to 24 of KIF5B and exons 1 to 3 of TFG, respectively, fused to exon 20 of ALK. Protein domains are
indicated as: coiled coil (CC, yellow), hydrophobic motif in EML proteins (HELP) (orange), tryptophan-aspartic acid repeat domain (WD) (green), ALK kinase domain
(red), kinesin (blue), and PB1 (gray). (B) ALK fusions were induced in NL20-ALK cells with doxycycline (dox) in the presence or absence of lorlatinib (lorla, 30 nM),
and lysates immunoblotted with pY1278-ALK and pan-ALK as indicated. PhosphoY1278-ALK (p-ALK) was employed as readout of ALK inhibition. (C-F) NL20-ALK
cells were treated with DMSO (blue), doxycycline (red), or doxycycline plus lorlatinib 30 nM (orange). Cell confluence was monitored using an IncuCyte® Live Cell
Analysis system. Data points represent mean + SEM of normalized cell confluence conducted in triplicate. Cell doubling time of individual cell lines is indicated
(**P < 0.01, two-tailed paired t test). One typical experiment of three independent experiments is shown. (G-/) NL20-ALK stable cell lines were treated with
cycloheximide (CHX) for 7, 16 and 24 h, and resulting lysates immunoblotted for ALK and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH). Quantification
of ALK fusion protein levels compared to GAPDH control is depicted below each lane (n = 3, a representative result is shown).
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ALK, which harbors one coiled-coil, which is important for
dimerization (Fig. 14) (2, 19-21).

Inducible clonal cell lines for each of the four ALK fusion var-
iants were generated in the immortalized, non-tumorigenic NL20
cell line derived from human bronchial epithelium (CRL-2503,
American Type Culture Collection (ATCC)) (Fig. 1B). ALK
fusion expressing NL20 cells expressed active phosphorylated
EML4-ALK-V1/EML4-ALK-V3/KIF5B-ALK/TFG-ALK  in
response to doxycycline, and this activity (pY1278-ALK) was
inhibited in the presence of the ALK TKI lorlatinib. ALK fusion
expression levels, sequence and downstream signaling activity,
pAKT and pERK, were confirmed for three individual clones for
each ALK fusion (Fig. 1B and S/ Appendix, Fig. S1).

Having generated multiple inducible ALK fusion expressing
NL20 cell clones expressing EML4-ALK-V1, EML4-ALK-V3,
KIF5B-ALK, and TFG-ALK and confirmed ALK signaling activ-
ity, we proceeded to characterize differences in the different ALK
fusion expressing cells. ALK fusion protein expression resulted in
increased proliferation in the absence of serum relative to non-in-
duced controls (Fig. 1 C—F and SI Appendix, Fig. S2). This increase
in proliferation was abrogated on addition of ALK TKI (30 nM
lorlatinib) (Fig. 1 C-F and SI Appendix, Fig. S2). Differences in
proliferation rates were observed between EML4-ALK-V1,
EMIL4-ALK-V3, KIF5B-ALK, and TFG-ALK expressing NL20
cells; EML4-ALK-V1 and KIF5B-ALK exhibited faster growth
rates, with cell doubling times of 26 and 22 h, respectively, while
EML4-ALK-V3 and TFG-ALK showed slower growth rates with
doubling times of around 96 h (Fig. 1 C-F).

Global tyrosine phosphorylation on induction of either EML4-
ALK-V1, EML4-ALK-V3, KIF5B-ALK, or TFG-ALK was also
investigated over an 8 h time-course confirming increased tyrosine
phosphorylation of i) the ALK fusion variant in question and ii)
additional cellular proteins (SI Appendix, Fig. S3). We also inves-
tigated kinase activity of the different ALK fusion variants
(SI Appendix, Fig. S4). We observed that KIFSB-ALK exhibits the
highest level of kinase activity, whereas TFG-ALK exhibits rela-
tively low kinase activity in in vitro kinase assays, which is in
agreement with earlier reports that KIF5SB-ALK fusions show
increased kinase activity when compared with ALK fusions found
in NSCLC (22).

Since previous reports have described differences in protein
stability of the EML4-ALK variants (22, 23), we examined EML4-
ALK-V1, EML4-ALK-V3, KIF5B-ALK, and TFG-ALK fusion
protein stability. ALK fusion stability was examined over 24 h in
the presence of cycloheximide to inhibit de novo protein synthesis.
In agreement with previous reports (22, 23), we observed that
EMIL4-ALK-V1 has a high turnover as indicated by a decrease in
fusion protein levels (Fig. 1G). We also observed that KIF5B was
slightly instable (Fig. 1/), while both EML4-ALK-V3 and TFG-
ALK fusions were relatively stable(Fig. 1 A and /).

Taken together, these data confirm the establishment of a con-
trolled system in a lung epithelial cell line, with which to dissect
the molecular properties of the EML4-ALK-V1, EML4-ALK-V3,
KIF5B-ALK, and TFG-ALK NSCLC oncogenic variants.

ALK Fusions Induce Overexpression of SERPINB Genes. We
induced expression of either EML4-ALK-V1, EML4-ALK-V3,
KIF5B-ALK, or TFG-ALK fusions and performed RNA-
sequencing (RNA-seq) differential expression (DE) analysis at
24 h after fusion induction (Fig. 24). As expected, ALK and the
respective fusion protein was up-regulated in all cells 24 h after
induction (Fig. 2B and SI Appendix, Fig. S5). Fusion induction
resulted in a DE response of 1,128, 887, 1,707, and 553 genes
for EML4-ALK-V1, EML4-ALK-V3, KIF5B-ALK, or TFG-ALK,
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respectively, with 205 genes DE by all four fusions (Fig. 24 and
SI Appendix, Table S1). These genes were strongly enriched for
Tumor Necrosis Factor-Alpha (TNF-a) signaling via NF-«xB (Padj =
4.5e-14) and Interleukin-2 (IL2)-Signal transducer and activator
of transcription 5 (STATS) signaling (P, = 2.0e-07) as observed
from a Hallmark gene set enrichment analysis (GSEA) (Fig. 20).
These gene sets include several genes of the SERPINB family,
including SERPINB2 and SERPINBS, and a strong upregulation
of other SERPINB genes (SERPINB3, SERPINB4, SERPINB?,
SERPINBI I) was observed after ALK fusion induction (Fig. 2B).
The strongest upregulation was observed for SERPINB4 in
EMIL4-ALK-V3 (log2FoldChange(FC) = 13.3) and TFG-ALK
(log2FC = 12.0) cells, which was also validated at the protein
level (Fig. 2 B, D, and E). SERPINB3 and SERPINBI1 showed
strikingly similar DE responses to SERPINB4, and, remarkably,
an opposite response was observed after TKI treatment of
ALK-positive NSCLC patient-derived cell lines carrying the
EML4-ALK-V3 fusion (YU1077 and CUTO29 cells), but not
after similar treatment with cells carrying the EML4-ALK-V1
fusion (CUTO8 and CUTO9 cells; Fig. 2F and SI Appendix,
Fig. S5). Further, data from the H2228 NSCLC line (expressing
EML4-ALK-V3) and H3122 (expressing EML4-ALK-V1) show
similar results as our patient-derived cell lines (Fig. 2F and S/
Appendix, Fig. S5). A similar, but weaker, mirrored response was
observed for SERPINB2, SERPINB7, SERPINBS, SERPINBI0,
and SERPINBI3. Interestingly, the SERPINB family members
clustered at chromosome 18q21 are all up-regulated on induction
of EML4-ALK-V3 protein expression, and conversely, EML4-
ALK-V3 expressing YU1077 and CUTO29 cells exhibit reduced

levels of many of these on treatment with lorlatinib (Fig. 2F).

Phosphoprofiling of Signaling Events Downstream of NSCLC ALK
Fusions. To determine the effects of the different ALK fusions
on cellular phosphorylation signaling activity, we performed a
phosphoproteomic analysis on NL20 cells after induction of
EML4-ALK-V1, EML4-ALK-V3, KIF5B-ALK, and TFG-ALK
fusions, both in control conditions and after treatment with
lorlatinib (Fig. 34). Differential phosphorylation (DP) in response
to lorlatinib was determined between ALK fusion expressing cell
lines and controls. Initial in-depth analysis focused on the EML4-
ALK-V1 and EML4-ALK-V3 fusions, which represent the
majority of NSCLC ALK fusions. A strong hyperphosphorylation
response was observed after fusion induction in EML4-
ALK-V3 cells (282 sites hyperphosphorylated), but not for
the other fusions (41 to 78 sites hyperphosphorylated; Fig. 3
B and C and SI Appendix, Fig. S6). This response included
ALK at Y1078 (logFC = 11), ALK at Y1359 (logFC = 7.5),
NF-kB2 at Y77 (logFC = 7.7), and STAT3 at Y705 (logFC
= 2.8) and was sensitive to lorlatinib treatment (only 67/282
sites hyperphosphorylated after treatment), suggesting ALK
dependency. While Y705 phosphorylation of STAT3 has been
well-documented downstream of oncogenic ALK (25-29), the
striking tyrosine phosphorylation of NF-kB1 and NF-xB2,
which is supported by the NF-«xB signature identified in our
RNA-seq analysis (Fig. 2C), has not previously been reported.
Tyrosine kinase dependency was further confirmed by the
strong enrichment for tyrosines in these hyperphosphorylated
sites (92.9% vs. 18.7% in non-hyperphosphorylated sites in
EMIL4-ALK-V3; P = 5.0e-174; Fig. 3 D and E). Lorlatinib
treatment again resulted in a decrease in this proportion (Fig. 3E).
Inspection of the ALK fusion portion resulted in identification
of all previously identified phosphotyrosine sites, including the
three tyrosines, Y1278, Y1282, and Y1283, that are located in
the ALK activation loop and have been shown to be essential for
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Fig. 2. Transcriptomic response to ALK fusion expression in NL20 cells. (A) ALK fusions were independently induced in NL20 cells, and RNA-seq-based DE with
control cells was determined 24 h after fusion induction with doxycycline (dox). Venn diagram showing the number of DE genes (log2FC +/-1.5 at 1% False
Discovery Rate (FDR), using a hyperbolic threshold) for each fusion as indicated. n = 6, RNA-seq analysis from three independent clones per variant performed
in duplicate. See S/ Appendix, Table S1 for detailed results. (B) Volcano plot showing DE response to EML4-ALK-V3 fusion induction. DE genes indicated in blue
with genes discussed in main text indicated and labeled in black. (C) Hallmark GSEA results in 205 common genes that were DE for all four ALK fusions. GSEA was
performed using Fisher's exact test. Bars represent adjusted P-values (-log10 scale) for enriched gene sets at 5% FDR. (D) Box plot showing SERPINB4 expression
for all four non-induced and dox-induced ALK fusions and control cells as indicated. ANOVA performed independently on non-induced and induced conditions.
Asterisks indicating significance when comparing fusions to Ctrl cells (Student's t test). NS, non-significant; *P < 0.05; **P < 0.01; ***P < 0.001. (E) Immunoblot
validation of Serpin B4 protein expression before and after fusion induction as indicated. (F) Heatmap showing DE log2FC values (color scale at top left) of all 13
SERPINB genes for the four ALK fusions as well as six ALK-positive patient-derived cell lines (CUTO29, H2228, CUTO9, H3122, CUTO8, YU1077) treated with three
different ALK inhibitors as indicated. Dendrograms indicate hierarchical clustering results. RNA-seq data generated from H2228 and H3122 as well as from the
recent patient-derived CUTOS, 9, 29, and YU1077 cells (24).

auto-activation and transforming activity (30, 31). We also noted appears to preferentially engage CT10 regulator of kinase-like
differential ALK phosphorylation at Y1359, which was decreased ~ (CRKL), while EML4-ALK-V3 appears to preferentially engage
in response to lorlatinib treatment after fusion induction (logFC: CT10 regulator of kinase (CRK) (S Appendix, Fig. S7 C).
-2.2and -2.2 in -V1 and -V3, respectively), but was unchanged ~ Overall, our phosphoproteomics analysis suggests that there are
in TFG-ALK (Fig. 3D). Y1359 is located in the C-lobe of the differences in downstream signaling output, which may reflect
ALK kinase domain within the alpha-H-helix and presents a  differences in the phosphorylation of the ALK fusion itself as
structurally accessible phosphorylation site of currently unknown ~ well as the subcellular localization of the ALK fusion in question.
functional consequence (32, 33). Intriguingly, phosphorylation

of Y1131 also showed differential lorlatinib sensitivity between EML4-ALK V3 and TFG-ALK Induce SERPINB4 Expression via STAT3,
the ALK fusion variants. Further, significant lorlatinib sensitivity =~ NF-xB, and AP1. The identification of phosphorylated STAT?3,
was observed in the identified phosphorylation sites of proteins Finkel-Biskis-Jinkins osteosarcoma-like 1 (FOSL1), and NF-xB
containing Phosphotyrosine-binding domain (PTB) and Src¢  in our phosphoproteomics analysis, together with the upregulation
Homology 2 (SH2) phosphotyrosine binding domains, which of SERPINB4 in NL20 cells expressing the various ALK fusions,
are putative downstream targets of the ALK fusions (S Appendix,  led us to further investigate SERPINB4 in the context of ALK
Fig. S7 A and B). Phosphorylation in these proteins was indeed ~ fusions and NSCLC. SERPINB4 and B3 have been reported to
significantly reduced on lorlatinib treatment with stronger ~ be STAT3 transcriptional targets (34), and a recent report has
responses for EML4-ALK-V3 than EML4-ALK-V1, in keeping ~ described a transcriptional signature driving an inflammatory
with our findings (S Appendix, Fig. S7 A and B). We also noted  regulatory network in human cancers that is jointly regulated
differences in the phosphorylation of these phosphotyrosine by NF-xB, STAT3, and AP1 (35). In agreement, we observed
binding domains containing proteins, where EML4-ALK-V1 that this NF-kB, STAT3, and APl mediated inflammatory
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Fig. 3. Lorlatinib-dependent phosphoproteomic response to ALK fusion induction. (A) DP between the four different ALK fusions and control NL20 cells was
determined 7 h after fusion induction with doxycycline (dox). Cells were treated with lorlatinib 6 h after fusion induction as indicated. (B) Bar plot indicating
the number of hyper- and hypophosphorylated sites (log2FC +/-1.5 at 5% FDR, using a hyperbolic threshold) in control and lorlatinib treatment conditions as
indicated. (C) Volcano plots showing DP response in control (Left) and lorlatinib-treated (Right) EML4-ALK-V3 cells. DP sites indicated in blue with sites discussed
in main text indicated and labeled in black. Sequence logo plots showing position-specific enrichment +5 amino acids centered around the phosphorylation
site for hypo- and hyperphosphorylated sites shown on top. (D) Heatmap showing DP (logFC values) between lorlatinib-treated and untreated fusions for all
ALK tyrosine sites. Position in ALK indicated (Left). (E) Pie charts showing the proportion of tyrosine motifs in hyperphosphorylated sites in cells expressing
ALK fusions in the presence or absence of lorlatinib. P-values calculated using Fisher's exact test, estimating likelihood of overrepresentation of tyrosines in
hyperphosphorylated sites.

signature was indeed significantly enriched in cells expressing the
EML4-ALK-V1, EML4-ALK-V3, and TFG-ALK variants, but
not the KIF5B-ALK fusion variant (Fig. 44). To validate this,
we measured pY705-STAT3, pS265-FOSLI1, and pS63-c-JUN
phosphorylation in NL20-ALK fusion cell lines, noting that all

PNAS 2023 Vol.120 No.8 e2216479120

three phosphorylation sites were robustly increased on ALK fusion
expression and dephosphorylated upon treatment with lorlatinib,
indicating that these phosphorylation events are dependent on
ALK activity, in agreement with our phosphoproteomics datasets

(Fig. 4 Band Cand SI Appendix, Table S2). We next examined NF-
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Fig. 4. Activation of STAT3, AP1 and NF-kB downstream of NSCLC ALK fusions. (A) Gene set enrichment for 27 inflammatory response genes (35) in DE genes
in ALK fusions as indicated. GSEA was performed using Fisher's exact test. Bars represent P, values (-log10 scale). (8) Heatmap of DP logFC values (comparing
each fusion to control cells) at ALK-Y1604, NF-xB2-Y77, NF-kB1-Y81, STAT3-Y705, and FOSL1-5265, in the presence (Right) or absence (Left) of lorlatinib. (C) ALK
fusions were induced in NL20-ALK cells with doxycycline (dox) in the presence or absence of lorlatinib (lorla, 30 nM), and lysates immunoblotted with pY1278-ALK,
pan-ALK, pY705-STAT3, pan-STAT3, pS265-FOSL1, FOSL1, pS63-c-JUN, pan-c-JUN, and GAPDH as indicated. Phospho-ALK (pY1278-ALK) was employed as readout
of ALK inhibition. (D) Schematic representation of NF-kB1 and NF-kB2 proteins and phosphotyrosine sites identified in this study. Protein functional domains are
indicated as: Rel-homology domain (RHD, blue), glycine-rich region (GR, orange), ankyrin repeat (A, green), and death domain (DD, yellow). (E) NF-kB1/NF-xB2 were
immunoprecipitated from EML4-ALK-V1 or EML4-ALK-V3 expressing NL20 cells, in the presence or absence of lorlatinb (lorla), with NF-kB-specific antibodies as
indicated, followed by immunoblotting with anti-p-Tyr-1000, NF-kB1, NF-kB2, ALK, and phosphor-specific NF-kB-Y81. Blots are representative of three different
experiments. Quantification of phosphotyrosine levels is shown in box. n = 3, a representative result is shown.

kB1 and NF-kB2, which were phosphorylated on Y81 (NF-kB1)
and Y77 (NF-kB2), sites located in the Rel-homology domain
that are conserved in mouse and rat orthologues (Fig. 4D). Since
no phosphospecific antibodies to these tyrosine phosphorylation
sites in NF-kB exist, we developed antibodies against these sites.
This resulted in generation of a phospho-NF-kB1-Y81 antibody.
We employed immunoprecipitation with either NF-xB1 or NF-
kB2 antibodies, followed by anti-PY and phospho-NF-kB1-Y81
immunoblotting to confirm phosphorylation in response to ALK
fusion oncogene activity and reduction of tyrosine phosphorylation
on lorlatinib treatment (Fig. 4£). Thus, all three components NE-
kB, STAT3, and the AP1 component FOSL1 appear to be robustly
activated in response to ALK expression and activity.
Examination of the promoter region of SERPINB4 identifies
sites for NF-kB, STAT3, and AP1 (Fig. 5A4), suggesting that they
may act in concert to drive SERPINB4 expression. Indeed, stim-
ulation of the NL20 parental cell lines with TNF-a resulted in
a dose-dependent activation of STAT3, as well as NF-xB (p52)
accumulation that correlated with an increase in SERPINB4
expression (Fig. 5B) (36). To further investigate the role of
STAT3 and NF-«B in SERPINB4 expression, we first manipu-
lated STAT3 in ALK fusion expressing cells. siRNA silencing of
STAT3 resulted in the loss of Serpin B4 protein in cells express-
ing either EML4-ALK-V1, EML4-ALK-V3, or TFG-ALK

60f 12 https://doi.org/10.1073/pnas.2216479120

(Fig. 5C). Moreover, inhibition of NF-kB with the 4-Methyl-
N1-(3-phenyl-propyl)-benzene-1,2-diamine (JSH-23) inhibitor
(37) resulted in decreased transcription of SERPINB4 in EML4-
ALK-V1, EMIL4-ALK-V3, or TFG-ALK expressing cells
(Fig. 5D). Likewise, inhibition of AP1 employing two different
inhibitors which inhibit either JNK (CC-930) or AP1 binding
(T-5224) resulted in decreased transcription of SERPINB4 in all
ALK fusion variants (Fig. 5SE). In agreement with our earlier
RNA-seq analysis, basal levels of SERPINB4 mRNA expression
were different in the various ALK fusion cell lines, with very low
levels of SERPINB4 mRNA detected in EML4-ALK-V1 and
KIF5B-ALK fusion expressing cells. As the NL20 parental cell
line is a non-tumorigenic cell line, we investigated the trans-
forming potential of EML4-ALK-V1 vs. -V3. Subcutaneous
injection of doxycycline-induced NL20 cells expressing either
EML4-ALK-V1 or -V3 in BALB/cAnNRj-Foxnlnu mice, fed
+/- doxycycline, identified a faster tumor take for EML4-
ALK-V3 (4 out of 5), than for EML4-ALK-V1 (5 out of 5), with
an average tumor take of 6 to 7 wk compared with 12 wk
(Fig. 5F), respectively. In the absence of doxycycline, neither
EML4-ALK-V1 nor -V3 resulted in tumor formation (Fig. 5F).
Tumors from animals harboring either EML4-ALK-V1 or -V3
were analyzed for expression of phosphorylated and pan-ALK,
STAT3, AKT, Extracellular Signal-Regulated Kinase (ERK), or

pnas.org
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Fig. 5. NSCLC ALK fusions drive SERPINB4 expression via STAT3 and NF-kB. (A) Schematic representation of the SERPINB4 promoter region. Red bars show
predicted STAT3 binding motifs, and purple and blue bars indicate predicted AP1 and NF-kB binding sites, respectively. (B) TNF-a induces SERPINB4 expression
in NL20 cells. NL20 cells were treated with TNF-a for 6 h followed by qRT-PCR on total RNA. (Left) Fold change SERPINB4 mRNA expression normalized to
untreated controls (Ctrl), (n = 3; **P < 0.01; two-tailed paired t test). (Right) NL20 cells were treated with TNF-a (0, 5, 20 ng/mL) for 16 h, and lysates subjected to
immunoblotting analysis with pY705-STAT3, pan-STAT3, NF-kB2, Serpin B4, and Actin antibodies as indicated. (C) NL20-ALK cells were transfected with either
control siRNA (scr) or siRNAs (1 to 3) targeting STAT3 upon doxycycline (dox) addition. Resulting cell lysates were immunoblotted with pan-ALK, pY705-STAT3,
pan-STAT3, Serpin B4, and Tubulin antibodies as indicated. (D) NL20-ALK cells treated with JSH-23 (5 pM) for 24 h upon doxycycline (dox) addition followed by
either gPCR or immunoblotting analysis. Fold change SERPINB4 mRNA expression was normalized to untreated (no dox) controls and data presented as mean +
SD (n = 3; **P < 0.01; two-tailed paired t test). JSH-23-treated and control cell lysates were subjected to immunoblotting analysis with ALK, Serpin B4, and Actin
antibodies as indicated. (F) NL20-ALK cells treated with CC-930 (10 pM) or T-5224 (10 pM) for 24 h upon doxycycline (dox) addition followed by gqPCR analysis.
Fold change SERPINB4 mRNA expression was normalized to untreated controls and data presented as mean + SD (n = 3; NS, non-significant; **P < 0.01; ***p <
0.001; ****p < 0.0001; two-tailed paired ¢ test. (F) Doxycycline-induced NL20-EML4-ALK-V1 or NL20-EML4-ALK-V3 cells (2.5 x 10° per injection) were injected into
female athymic nude mice in the presence or absence of doxycycline (dox, 625 mg/kg delivered in feed, n = 5) as indicated. Animals in each treatment group
were maintained for 15 wk and tumor development monitored. Data are presented as tumor incidence over time. Kaplan-Meier analysis with Mantel-Cox
log-rank test and Bonferroni-corrected threshold. P = 0.0044 for V1 vs. V1+dox, P = 0.0128 for V3 vs. V3+dox and P = 0.610 for V1+dox vs. V3+dox. (G) Tumors
from EML4-ALK-V1 (one tumor sample) and EML4-ALK-V3 (three tumor samples) were harvested, and homogenized cell lysates subjected to immunoblotting
analysis with pY1278-ALK, pan-ALK, pY705-STAT3, pan-STAT3, pS473-AKT, pan-Akt, pT202/Y204-ERK1/2, pan-ERK, Serpin B4, and GAPDH antibodies as indicated.
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expression of Serpin B4. All resected tumors sections showed
expression of the expected EML4-ALK fusions as well as down-
stream signaling proteins (Fig. 5G). Taken together, these results
show that active ALK fusion variants potently activate STAT3/
NF-kB/AP1 leading to the upregulation of SERPINB4

expression.

Serpin B4 Protects NL20-ALK Cells against NK Cell Cytotoxicity.
Increased SERPINB4 expression has been associated with a more
aggressive phenotype in lung cancer (13), and several groups have
reported a role for Serpin B4 in preventing apoptosis (14, 38).
To examine this further, we monitored NL20 parental cells
overexpressing Serpin B4 (Fig. 64). We observed a significant
decrease of apoptosis (caspase-3/7 positive cells) when Serpin B4
was overexpressed (Fig. 6A). Overexpression of Serpin B4 decreased
phosphorylation of p38 and ¢-JUN pathway components and
downstream substrates, such as Activating transcription factor
2 (ATF2) and inactivated ERK1/2 signaling (39, 40) (Fig. 6B).
¢-JUN and p38 are stress-activated protein kinases that are
activated in response to endogenous and exogenous stress stimuli
(39). Their effect is generally anti-proliferative and proapoptotic,
but dependent on cellular context they can be involved in
tumorigenesis (41). Increased cell survival was observed in Serpin
B4 expressing NL20 cells challenged with either TNF-a or with
hydrogen peroxide (H,0,), supporting a role for Serpin B4 in
the suppression of apoptosis (Fig. 6 Cand D) (39, 42). Similarly,
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induced expression of ALK variants results in increased cell
survival upon TNF-a challenge, with the exception of KIF5B-
ALK which does not express detectable Serpin B4 protein (Figs. 2E
and 6 E-H).

High levels of Serpin B4 expression in HeLa cells have also been
reported to inhibit apoptosis induced by NK cells (14, 43). Since
Serpin B4 has been reported to interfere with the cytotoxic activity
of Granzyme M, we hypothesized that the increased levels of Serpin
B4 protein observed in EML4-ALK-V3 and TFG-ALK expressing
cells may confer an increased resistance to NK cells. To test this
hypothesis, we co-cultured ALK fusion expressing NL20 cells with
polyclonally activated NK cells (Fig. 74). In agreement with our
hypothesis, induced EML4-ALK-V3 and TFG-ALK expressing
cells, which robustly express Serpin B4, showed significantly
reduced levels of apoptosis after co-culture with NK cells (Fig. 7B).
In contrast, KIF5B-ALK and EMIL4-ALK-V1 expressing NL20
cells that fail to induce robust Serpin B4 protein production exhib-
ited similar rates of apoptosis when co-cultured with NK cells as
the uninduced NL20 line (Fig. 7B). To test the importance of
Serpin B4 in the observed survival to NK cell-mediated cell death,
we generated four independent Clustered regularly interspaced
short palindromic repeats (CRISPR) deleted SERPINB4 TEG-
ALK NL20 (Fig. 7C) and three independent EML4-ALK-V3
NL20 cell clones (Fig. 7E). Three out of four doxycycline-in-
duced knockout (KO) SERPINB4 TFG-ALK cell clones and two
out of three EML4-ALK-V3 NL20 cell clones exhibited increased
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Fig. 6. Serpin B4 expression protects NL20 cells against apoptosis. (A) NL20 cells were transfected with either pcDNA3-SERPINB4 or pcDNA3 (Ctrl) for 24 h, after
which cells were replated in 96-well plates and caspase-3/7 positive cell percentages were calculated and normalized using an IncuCyte® Live Cell Analysis
system. Each data point represents mean + SEM of normalized percentage conducted in triplicate (**P < 0.01; two-tailed paired t test). One typical experiment
of three independent experiments is shown. (B) Lysates of NL20 cells transfected with either pcDNA3-SERPINB4 or pcDNA3 as control were collected after 48 h
and subjected to immunoblotting with poly-ADP ribose polymerase (PARP), p-ATF2, p-MK-2, p-c-JUN, c-JUN, p-ERK1/2, pan-ERK, p-p38, p38, Serpin B4, and Actin
antibodies as indicated. (C and D) NL20 cells were transfected with either pcDNA3-SERPINB4 or pcDNA3 (Ctrl) for 24 h followed by TNF-a (100 ng/mL) or H,0,
(0.05 M) treatment. Caspase-3/7 positive cell percentages were calculated and normalized using an IncuCyte® Live Cell Analysis system. Each data point represents
mean + SEM of normalized percentage, conducted in triplicate (**P < 0.01; two-tailed paired t test). One typical experiment of three independent experiments
is shown. (E-H) ALK fusion cell lines, EML4-ALK-V1 (E), EML4-ALK-V3 (F), KIF5B-ALK (G), and TFG-ALK (H) in the presence or absence of doxycycline (dox), were
treated with TNF-a (100 ng/mL). Caspase-3/7 positive cell percentages were calculated and normalized using an IncuCyte® Live Cell Analysis system. Each data
point represents mean + SEM of normalized percentage conducted in triplicate (NS, non-significant; *P < 0.05; ***P < 0.001; two-tailed paired t test). One typical

experiment of three independent experiments is shown.
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Fig. 7. Serpin B4 expression rescues ALK expressing NL20 cells from NK cell-mediated cytotoxicity. (A) Schematic outline of the NK cell and NL20-ALK cell
co-culture assay employed. NL20-ALK cells were primed with doxycycline for 2 d, prior to incubation with NK cells. Incucyte® Caspase-3/7 Dye was used as an
indicator for cells undergoing apoptosis. Apoptotic signals (green fluorescence) were analyzed by an IncuCyte® Live Cell Analysis system. (B) NL20-ALK cells
primed with doxycycline for 2 d were incubated with NK cells at an effector to target cell ratio (E:T) of 4:1. Caspase-3/7 positive cell percentages were calculated
and normalized to 0 h using an IncuCyte® Live Cell Analysis system. Each data point represents mean + SEM of normalized percentage conducted in triplicate
(NS, non-significant; **P < 0.01; two-tailed paired t test). One typical experiment of three independent experiments is shown. (C) Immunoblotting analysis of
Serpin B4 protein expression in parental NL20-TFG-ALK and four independent SERPINB4 CRISPR/CRISPR associated protein 9 (Cas9)-engineered KO clones (C1 to
C4). Cell lysates were immunoblotted with ALK, Serpin B4, and Actin antibodies as indicated. (D) SERPINB4 KO NL20-TFG-ALK (C1 to C4) and parental control cells
were primed with doxycycline (dox) for 2 d prior to co-culturing with NK cells and an E:T ratio of 4:1 and the percentage of caspase-3/7 positive cells calculated.
Each data point represents mean + SEM of normalized percentage conducted in triplicate (NS, non-significant; *P < 0.01; two-tailed paired t test). One typical
experiment of three independent experiments is shown. (E) Immunoblotting analysis of Serpin B4 protein expression in parental NL20-EML4-ALK-V3 and three
independent SERPINB4 CRISPR/Cas9-engineered KO clones (C1 to C3). Cell lysates were immunoblotted with ALK, Serpin B4, and Tubulin antibodies as indicated.
(F) SERPINB4 KO NL20-EML4-ALK-V3 (C1 to C3) and parental control cells were primed with doxycycline (dox) for 2 d prior to co-culturing with NK cells and an E:T
ratio of 4:1 and the percentage of caspase-3/7 positive cells calculated. Each data point represents mean + SEM of normalized percentage conducted in triplicate
(NS, non-significant; *P < 0.01; two-tailed paired t test). One typical experiment of three independent experiments is shown. (G) Immunoblotting analysis of co-
incubated NK-92 and NL20-EML4-ALK-V3 lysates using Granzyme M and Serpin B4 antibodies indicates expression of Granzyme M (O, 27.5 kDa) in NK-92 cell
lysates and Serpin B4 (@, 45 kDa) in NL20-EML4-ALK-V3 cell lysates. The formation of a Serpin B4 and Granzyme M complex (72.5 kDa) in the co-incubated lysates
is indicated with an arrow. (H) Gene set enrichment for 27 inflammatory response genes (35) in DE genes in patient-derived cell lines treated with lorlatinib as
indicated. GSEA was performed using Fisher’s exact test. Bars represent P values (-log10 scale). (/) CUTO8 and YU1077 were treated with lorlatinib (50 or 100
nM), and lysates were immunoblotted with pY1278-ALK, pan-ALK, Serpin B4, and GAPDH as indicated. Phospho-ALK was employed as readout of ALK inhibition.
(/) CUTO8 and YU1077 cells were transfected with either control siRNA (scr) or siRNAs (1 to 3) targeting STAT3. Cell lysates were immunoblotted with pY705-
STAT3, pan-STAT3, Serpin B4, and GAPDH antibodies as indicated.
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levels of apoptosis compared with native Serpin B4 expressing
cells after exposure to NK cells (Fig. 7 D and F).

To confirm the binding of Serpin B4 and Granzyme M, we
co-incubated lysates from NL20-EML4-ALK-V3 cells treated
with doxycycline, which express Serpin B4 (MW 45 kDa), and
NK-92 cells, which express Granzyme M (MW 27.5 kDa), fol-
lowed by immunoblotting analysis. Interaction of Serpin B4 and
Granzyme M is predicted to result in the formation of a Serpin
B4:Granzyme M complex of approximately 72.5 kDa on co-in-
cubation of lysates. NK cells exhibited a predominantly unbound
Granzyme M monomer at approximately 27.5 kDa as well as a
weak band representing complex formation with endogenous
Serpin B4 (Fig. 7G). Co-incubation of NL20-EML4-ALK-V3 cell
lysates with NK cell lysates resulted in a Serpin B4:Granzyme M
complex of approximately 72.5 kDa, indicating that Serpin B4 in
NL20-EML4-ALK-V3 cells binds to Granzyme M produced by
NK cells and suggests that the activity of Granzyme M may be
inhibited as a result. Together, these data indicate that ALK fusion
protein-driven SERPINB4 expression in NL20 cells functions to
inhibit NK cell-mediated cell death.

EML4-ALK-V1 and V3 Induce SERPINB4 Expression via STAT3 in
Patient-Derived Cell Lines. In agreement with our observations
in NL20-ALK cell lines, we also observed significant enrichment
of the inflammatory signature in ALK-positive NSCLC patient-
derived cell lines (Fig. 7H). To determine whether ALK fusion
activity regulates the expression of Serpin B4, CUTO8 (EML4-
ALK-V1) and YU1077 (EML4-ALK-V3) cells were treated with
lorlatinib. This resulted in decreased Serpin B4 expression in both
cell lines at 72 h (Fig. 71). Further, we observed a clear reduction
in the phosphorylation of FOSL1, ¢-JUN, and STAT3 on ALK
inhibition (87 Appendix, Fig. S8). We further investigated the
importance of STAT?3 for Serpin B4 expression in CUTO8 and
YU1077 cells and observed that siRNA-mediated knockdown of
STAT?3 resulted in the loss of Serpin B4 (Fig. 7/). Thus, Serpin
B4 expression also appears to be regulated by the ALK-STAT3
signaling axis in NSCLC patient-derived cell lines.

Discussion

In this work, we have developed a controlled NL20-based bron-
chial epithelial cell system expressing four different oncogenic
ALK fusions found in NSCLC, aiming to identify additional
molecular mechanisms relevant to ALK-positive NSCLC. Our
characterization confirms previous findings that EML4-ALK-V1
and KIF5B protein, which exhibit longer fusion partners (Fig. 14),
were less stable than EML4-ALK-V3 and TFG-ALK, which have
shorter fusion partners (22, 23). Our experimental model also
confirmed the observation that KIF5B-ALK exhibits the highest
level of in vitro kinase activity (22).

We performed extensive RNA-seq and phosphoproteomics
analysis in this panel of inducible ALK fusion cell lines in the
presence and absence of ALK TKI treatment. In addition to iden-
tification of the previously reported ALK tyrosine phosphorylation
sites (1, 26-29), we noted several differentially phosphorylated
sites, such as Y1359, which was lorlatinib sensitive on EMLA4-
ALK-V1, EML4-ALK-V3, and KIF5B-ALK but not on TFG-
ALK. ALK Y1131 also showed different degrees of phosphorylation
between the ALK fusion variants. Although we could detect dif-
ferences in the phosphorylation status of phosphotyrosine bind-
ing domains (SH2 and PTB) containing proteins downstream of
the four ALK fusions suggesting a differential signaling output,
we were unable to correlate these with previously identified bind-
ing proteins at these sites, such as PI3K and PLC-y. Therefore,
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the overall effect of these differential ALK phosphorylation pat-
terns on downstream signaling is unclear at this time. Another
consideration is the differential stabilities and subcellular locali-
zations of the EML4-ALK, KIF5B-ALK, and TFG-ALK fusions
that vary dependent on the ALK fusion partner and which we
have not been addressed in this study. Understanding the differ-
ences in the downstream signaling output from the downstream
ALK fusions will require further experimental analysis.

Our initial RNA-seq analysis identified an inflammatory signa-
ture that was shared upon induction of all four ALK fusions variants.
This included a robust expression of the SERPINB family of serine
protease inhibitors, which are clustered at chr.18q21 (12, 13).
SERPINB4 expression has previously been described as regulated
downstream of oncogenes such as Ras (44). Our findings here sug-
gest that STAT3, which is a major tyrosine phosphorylation target
of the various NSCLC ALK fusions (EML4-ALK-V1, EMLA4-
ALK-V3, TFG-ALK, and KIF5B-ALK), is also important for the
expression of SERPINB4. Interestingly, previous ChIP analyses have
reported binding of STAT3 to the SERPINB4 promoter (34), in
support of our findings here. We also identified potential NF-xB
binding sites in the promoter region of the SERPINB4 gene, as well
as an effect of NF-kB pathway inhibition on SERPINB4 expression
downstream of oncogenic ALK fusions. The mechanism by which
the ALK fusion proteins activate NF-«B signaling is not clear; how-
ever, the striking tyrosine phosphorylation both NF-kB1 and
NF-kB2 downstream of the various ALK fusions suggests they may
be directly implicated. To our knowledge, tyrosine phosphorylation
of NF-kB downstream of oncogenic ALK fusions has not been
reported in any cancer. The mechanism underlying this will require
further investigation; however, both NF-xB1 (p105) and NF-xB2
(p100) tyrosine phosphorylation sites observed here (Tyr 81 and
Tyr 77) are located in the N-terminal p50/p52 subunits of NF-xB1/
NE-kB2, respectively, within the Rel-homology domain, responsible
for DNA binding and dimerization (45, 46). Investigation of public
datasets show that Tyr 77 phosphorylation of NF-kB1 has previously
been observed, although not further investigated, in the ALK-
positive H3122 and H2228 NSCLC cell lines (www.phosphosite.
org). Tyrosine’s 77 and 81 and their surrounding amino acids are
highly conserved from mouse to humans, suggesting that these sites
may have functional relevance. Further support for a functional
significance of Tyr 77 and Tyr 81 phosphorylation comes from a
recent report in which TNF-a-induced Ser 80 phosphorylation of
NF-xB1 by IKKp was shown to impact on DNA binding and tran-
scription (47). In addition, Abate and colleagues reported a strong
NEF-«B signature while characterizing a TRAF1-ALK fusion-driven
ALCL patient-derived cell line, suggesting that inappropriate ALK
activation may drive NF-kB pathways (48). Here we note that while
a robust phosphorylation of Tyr 77 and 81 was observed, and we
could show that this was abrogated in the presence of lorlatinib, we
did not observe any resultant cleavage of either NF-kB1 or NF-xB2
downstream of ALK. Whether ALK fusion-driven tyrosine phos-
phorylation of NF-«B regulates nuclear translocation or DNA bind-
ing and transcription remains to be resolved.

Recently, it was shown that Serpin B9 protects various cancer
cells from their own production of Granzyme B and for the tumor
cell survival and for the presence of immunosuppressive cells in
the tumor microenvironment (49). Further, overexpression of
Serpin B4 in cells inhibits recombinant Granzyme M as well as
NK cell-mediated cell death. Serpin B4 has the ability to abrogate
the proteolytic activity of Granzyme M toward natural substrate
(14, 38). Similarly, we observed an increased cell survival upon
overexpression of SERPINB4 in parental NL20 cells when chal-
lenged with TNF-a or with hydrogen peroxide (H,0,), suggesting
that SERPINB4 expression suppresses cell death.
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Our work here shows that the TFG-ALK and EML4-ALK-V3
fusion proteins transcriptionally regulate SERPINB family expres-
sion. We also show that SERPINB4 expression improves cell sur-
vival and reduces NK mediated cytotoxicity. Further, CRISPR/
Cas9-mediated KO of SERPINB4 in TFG-ALK and EML4-
ALK-V3 KO cells results in increased NK cell-mediated cytotox-
icity, suggesting this may be physiologically relevant in vivo.
Importantly, we show Serpin B4 expressed by NL20 cells forms a
physical complex with Granzyme M expressed by NK cells, pro-
viding mechanistic support for this hypothesis.

Our findings in ALK fusion expressing NL20 cells are further
supported in cell lines derived from NSCLC patients, such as
H2228, H3122, and the recently characterized CUTOS8, CUTO9,
CUTO29, and YU1077 cells (24). In those NSCLC lines express-
ing EML4-ALK-V3, expression of SERPINB4 is dramatically
decreased upon inhibition of ALK activity with lorlatinib. In con-
trast, CUTO8, CUTO9, and H3122, which express the more
unstable EML4-ALK-V1 fusion, express lower levels of Serpin B4
proteins. Finally, since Serpin B4 is highly expressed by EML4-
ALK-V3 and TFG-ALK NL20 and patient-derived NSCLC cell
lines, our results suggest a novel mechanism by which ALK fusion
positive tumor cells evade cytotoxic lymphocyte-induced
Granzyme M-mediated cell death. This mechanism may contrib-
ute to the decreased progression-free survival and overall response

rate observed in NSCLC patients harboring EML4-ALK-V3 when
compared with EML4-ALK-V1 patients.

Materials and Methods

NL20 cells expressing four different inducible ALK fusion variants found in
NSCLC (EML4-ALK-V1, -V3, KIF5B-ALK, and TFG-ALK) were generated. The dif-
ferent ALK fusions were characterized immunoprecipitation and immunob-
lotting analyses employing validated antibodies and for cell growth with an
IncuCyte live cell system. In-depth analysis of the effect of the various ALK
fusion included RNA-seq and phosphoproteome analyses in the presence
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or absence of ALK inhibitors. NL20 cells overexpressing SERPINB4 together
with SERPINB4 KO CRISPR cells were generated and investigated for pro-
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validated antibodies. Cells were further investigated by mouse xenografts and
in parallel by co-culturing with NK cells prior to analysis for caspase activity
employing an IncuCyte live cell system. Statistical, data, and gene set enrich-
ments analyses were performed with two-sample t tests (GraphPad Prism),
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Detailed Materials and Methods and data analysis information are supplied
in the SI Appendix.
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