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Abstract

The CD74-ROS1 fusion protein is an aggressive oncogenic driver detected in non-small cell lung
cancer (NSCLC) patients from stages I-IV. Despite the low occurrence, CD74-ROS1 has a notable
clinical value serving as a therapeutic target when the primary treatment plan fails. Upon targeting
the cancer cells with ROSI tyrosine kinase inhibitors (TKIs), resistance occasionally emerges for
reasons that are not well-understood. Therefore, analyzing the individual roles of CD74 and ROS1 in
the CD74-ROS1 fusion may reveal mechanistic insights that would guide the scientific community
to more effective therapies. Here, we describe the development and characterization of carefully
engineered CD74-ROSI1 variants that allow the analysis CD74 and ROS1 functional roles, at both the
mRNA and protein levels. Differential gene expression analysis among the variants under study
demonstrated unique gene profiles, which can be explained only by assigning specific functional
contributions to each protein partner. In alignment with the mRNA findings, the phospho-kinase
array results exposed variant-mediated signaling events that were not previously linked with the
functionality of CD74-ROS1. Together, these findings provide a better understanding of CD74-ROS1
role in NSCLC and contribute a list of novel molecular targets for further mechanistic analysis and
drug development.

Keywords: oncogenic fusion; cluster of differentiation 74 (CD74); ROS proto-oncogene 1 (ROS1); non-
small cell lung cancer (NSCLC); CD74-ROS1; RNA sequencing; receptor tyrosine kinase (RTK);
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1. Introduction

Cluster of Differentiation 74 (CD74) is an immunomodulatory protein with cytoplasmic and
membrane localizations. Although CD74 is primarily detected in antigen-presenting immune cells,
such as dendritic cells, macrophages, and B-cells, under pathological conditions it is also expressed
in diverse cell types and tissues [1]. The cytoplasmic CD74, also known as the invariant chain (li),
localizes in the endoplasmic reticulum (ER) where it associates with major histocompatibility
complex II (MHC II) molecules to ensure that exogenous peptides are not prematurely bound. Via
the formation of a CD74-MHC II nonameric complex [2], CD74 chaperones MHC II through the
antigen presentation pathway to endosomal compartments where its class Il-associated invariant
chain peptide (CLIP) is displaced, and antigenic peptides are properly loaded onto MHC IL
Eventually the MHC II-antigen complex is presented to the plasma membrane where it is recognized
by CD4* T cells.

Independent to the cytosolic activity, a small proportion of CD74 translocate to the cell surface,
functioning as a type II receptor. The membrane-bound CD74, which is organized as a homotrimer,
consists of a disordered N-terminal intracellular domain, a single transmembrane helix, and an
extracellular region enclosing the CLIP and “trimeric” domains. Because alternative splicing
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generates four human CD74 isoforms [3], the amino acid (aa) length of intracellular and extracellular
domains vary. Focusing on the extracellular domain of CD74, macrophage migration inhibitory factor
(MIF) [4] and D-dopachrome tautomerase (D-DT or MIF2) [5] are the two proteins known to function
as ligands for this receptor. Activation of CD74 by its protein ligands achieves intracellular signaling
in the presence of the co-receptors, CD44 [5,6], C-X-C chemokine receptor type 2 (CXCR2) [7], CXCR4
[8], or CXCRY7 [9,10]. Pathways that become activated include, extracellular signal-regulated kinase
(ERK) 1/2 mitogen-activated protein kinase (MAPK) [5,11,12], nuclear factor-kappa B (NF-kB) [13,14],
phosphoinositide 3-kinase (PI3K)/ protein kinase B (Akt) [15], Jun N-terminal kinase (JNK) [16],
adenosine monophosphate-activated protein kinase (AMPK) [17], and cyclooxygenase-2 (COX-
2)/prostaglandin E2 (PGE2) [18], which promote inflammatory states, cell survival, and proliferation.
Beyond its role as a cell surface receptor, recent findings showed that the CD74 intracellular domain
(CD74-ICD) acts as a transcriptional regulator, partnering with factors like NF-xB and runt-related
transcription factor (RUNX) 1/3 to control genes linked to immunity and cell survival [19].

ROS proto-oncogene 1, receptor tyrosine kinase (RTK), also known as ROS1, is a 2347 aa protein
with an unknown biological ligand [20] and a poorly understood physiological function [21].
Localized in chromosome 6 (6q22.1), the ROS1 gene encodes a large extracellular N-terminal domain
that is composed of fibronectin type III repeats and three - propeller domains, a single
transmembrane domain (TM), and an intracellular C-terminal segment that contains the kinase
domain (KD) [22]. While the experimentally solved structure of ROS1 is yet to be reported, homology
modeling with Sevenless (Sev)—a Drosophila receptor tyrosine kinase (RTK) [23]—as well as a
computed structure model of ROS1 kinase domain [24] suggest that the receptor adopts a
homodimeric biological assembly.

The clinical significance of ROS1 primarily rises from its ability to form chimeric fusions with
protein partners that are derived from diverse families [25]. The first ROS1 chromosomal
rearrangement (FIG-ROS or GOPC-ROS1) was reported in 1987 [26,27] with many more being
identified since then. In lung cancer, ROS1 fusions are detected in about 1% - 2% of non-small cell
lung cancer (NSCLC) patients [28] and are considered oncogenic drivers. The truncated portion of
ROSI1 that participates in the formation of oncogenic fusions is thought to be constitutively activated,
causing aberrant signaling [22]. Cascades activated by ROS1 include SH2 domain-containing protein
tyrosine phosphatase-2 (SHP-2) [29], mitogen-activated protein kinase (MEK)- ERK [30], PI3K-AKT-
mammalian target of rapamycin (mTOR) [31], Janus tyrosine kinase (JAK)-signal transducer and
activator of transcription (STAT) 3 [32], and vav guanine nucleotide exchange factor (Vav) 3-Rho [33],
which collectively contribute to tumor invasion, cell proliferation, as well as cancer metastasis.

The CD74-ROS1 fusion protein is of great interest as it is detected in advanced cases of lung
adenocarcinomas where treatment plans become complicated due to resistance to traditional
chemotherapies. Seven different variants of CD74-ROS1 were reported in the literature, with
instances mainly occurring in NSCLC and one case in inflammatory breast cancer [34]. Therapeutics
available for CD74-ROS1 target only the ROSI kinase activity and include different generations of
tyrosine kinase inhibitors (TKIs), like crizotinib [35,36], entrectinib [37], and repotrectinib [38]. While
there has been some clinical success with ROS1 inhibitors, TKI resistance often occurs, leaving
patients with limited treatment options.

As CD74 is the most common 5’ fusion partner amongst the ROS1 family of fusion proteins [22],
this study seeks to characterize the genetic profile and transcriptional signatures of the CD74-ROS1
fusion. To do so, selected CD74-ROS1 variants with strategic modifications were generated and
transfected in the lung cancer cell line A549. Our comprehensive analysis, at the mRNA and protein
levels, demonstrates variant-dependent signaling that may be used to expose therapeutic
vulnerabilities of CD74-ROS1 oncogenic fusion.
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2. Results
2.1. Justification for the Generation of CD74-ROS1X4M gnd CD744241-ROS1 Variants

This study focuses on the CD74-ROS1 C6-R32 variant, or dong’ version of CD74-ROS1 that is
associated with short patient progression-free survival (PES) [39]. The literature reports the detection
of CD74-ROS1 C6-R32 fusion in NSCLC patients all the way from stages I to IV [40—44]. Utilizing this
fusion, variants were generated to investigate the individual contribution of each fusion partner—
CD74 and ROS1—to the oncogenic potency of CD74-ROS1 (Figure 1). First, we generated the CD74-
ROSI¥M vyariant that impacts on the functionality of ROS1. CD74-ROS1¥4M features a lysine to
methionine point mutation at position 439 (K439M). This variant is modeled after previous studies,
which demonstrated that this mutation eliminates the kinase activity of ROS1 [27,45-47]. When
mapped to the full-length ROS1 protein, Lys439 in CD74-ROS1 corresponds to Lys1980 [48]. This
residue plays a critical role in coordinating adenosine triphosphate (ATP) during substrate
phosphorylation [48,49].

CD74 p35 ROS1
IcD ECD ECD ICD
exon1 exon2 exon 3-8 exon 1-32 exon 33 exon 34-43
[ L 1 [ ]
o owm ae w4 A e e
exon 6 E:s 5_3:2 exon 36-41
(;;on 6 ; exon 5’2
ExT ™ cue [ ™0 «w [ CD74-ROS1C6-R32
exon 6 ; exon 32

ExT ™ ce [ ™ I w) Bl CcD74-ROS1*«M
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™ e [ ™ «w [ cD74%24.ROS1

Figure 1. Illustration of CD74-ROS1 variants used in this study. ICD: intracellular domain, ECD: extracellular
domain, EXT: N-terminal extension, TM: transmembrane domain, CLIP: class II-associated invariant chain

peptide, TD: trimeric domain, KD: kinase domain.

CD742241-ROS1 is a variant that has the majority of CD74’s intracellular domain (His2- Glu41)
removed. Metl was retained as the start codon, and the remaining five intracellular residues (Ser42-
Arg46) were preserved to prevent a potential disruption of the transmembrane domain. Apart from
one study showing that truncation of the CD74 intracellular domain (CD74-ICD) does not impair MIF
binding [4], there is limited mechanistic evidence regarding its functional role. Therefore, removing
the intracellular domain could be a valid approach to expose unknown functionalities of CD74
(Figure 1). At this point, it is also important to restate the previously described role of CD74-ICD as
a transcriptional regulatory molecule [19] contributing to immunity and cell survival. Whether this
functionality is retained to the chimeric CD74 is yet to be shown. To initiate our study, the wild-type
(WT) CD74-ROS1 C6-R32 fusion, along with CD74-ROS1k#%M and CD74424-ROS1 variants were
stably transfected into the A549 lung adenocarcinoma cell line. Notably, this cell line was chosen for
its ROS1-fusion negative characteristics [50] and its established use as a cellular model for studying
CD74-ROS1 [50-52]. Prior to the coding transcriptome analysis, the CD74-ROS1 variants were
confirmed at the DNA level (Figure S51-3) and mRNA level (Figure S4), through Sanger sequencing
and quantitative reverse transcription polymerase chain reaction (RT-qPCR), respectively.
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2.2. Global Analysis of the Differential and Equivalent Gene Expression Between A549 and CD74-ROS1
Variants

Datasets of the wild-type A549 cell line (control) and CD74-ROS1 transfected variants
(experimental groups) were analyzed to determine differential gene expression associated with the
activity of CD74-ROSL1. Principal component analysis (PCA) was subsequently performed to provide
a global view of gene expression differences across the biological replicates of the four groups (Figure
55). The anticipated result is that biological replicates from the same group would cluster together.
Due to the oncogenic properties of CD74-ROS1, we also expect each group to cluster in distinct
positions, separate from the others. This would indicate that the global gene expression profiles—
and, by extension, the underlying survival mechanisms—differ between the four groups. Indeed, the
biological replicates of A549, CD74-ROS1k4¥M, and CD744241-ROS1 cluster together far away from the
other groups. This was not the case for CD74-ROS1, which was detected proximal to A549 (Figure
S5).

Pairwise differential (Figure 2A) and equivalent (Figure 2B) expression analyses of 23,342 genes
revealed distinct expression profiles among the A549 and engineered cell lines. “Differential” genes
are those with statistical evidence of a fold-change difference of greater than 1.5, while “equivalent”
genes are those with statistical evidence of a fold-change difference less than 1.5. For clarity, genes
without statistical evidence of difference or equivalence are considered inconclusive and are not
counted within either group. The first pair, A549 and CD74-ROS1, validated the PCA results by
showing the smallest number of total differential genes (62 genes, Table S1) and the highest number
of total equivalent ones (10,082 genes, Table S2). The 62 differentially expressed genes detected
between A549 and CD74-ROS1 are provided (Table S3) and will serve as the basis for the analyses
that follow. Between A549 and CD742241-ROS1, a total number of 549 (Figure 2A_horizontal bar chart,
Table S2) and 8,118 (Figure 2B_ horizontal bar chart, Table S3) genes were differentially and
equivalently expressed, respectively. A comparison between A549 and CD74-ROS1X4M revealed a
greater transcriptional divergence, with 877 genes differentially expressed and 8,559 equivalent.
When comparing CD74-ROS1 with CD744241-ROS1, 433 genes were differentially expressed and 6,996
were equivalently expressed. For the CD74-ROS1 and CD74-ROS1¥4M pair a total number of 696 and
8,174 genes were identified to be differentially (Figure 2A_ horizontal bar chart, Table S2) and
equivalently (Figure 2B_ horizontal bar chart, Table S3) expressed, respectively.
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Figure 2. UpSet plots showing the intersections of genes classified as (A) differentially or (B) equivalently
expressed between pairwise comparisons of A549, CD74-ROS1, CD744>4-ROS1, and CDZ74-ROS1X43M,
Horizontal bars indicate the total number of differentially (top) or equivalently (bottom) expressed genes
identified in each comparison. Vertical bars represent the number of genes shared among the corresponding
comparisons, with black filled circles denoting which comparisons are included in each intersection. A single

filled circle indicates genes found to be significant in only that comparison.

From the total number of differentially and equivalently expressed genes, we then probed the
number of genes that are shared among the several comparisons. A549/CD74-ROS1¥4™ and CD74-
ROS1/CD74-ROS1¥4M share the highest number of differentially expressed genes, totaling 320
(Figure 2A_vertical bar chart). Interestingly, 271, 187, 147, and 123 genes, which were identified to be
differentially expressed in the corresponding pairs of A549/CD74-ROS1¥4M, CD74-ROS1/CD74-
ROS1k#M,  A549/CD74/241-ROS1, and CD74-ROS1/CD744241-ROS1 are not shared by any other
comparisons (Figure 2A_vertical bar chart). The distinct mechanistic effects of the three experimental
groups (CD74-ROS1, CD74-ROS1¥¥M, and CD744241-ROS1) on global gene expression becomes
evident when comparing A549/CD74-ROS1, A549/CD74-ROS1 k#9M, and A549/CD744241-ROSI.
Notably, these three pairs share only 14 differential expressed genes. Moving on, we examined the
shared genes that appeared on the equivalently expressed bar chart (Figure 2B_vertical bar chart). A
total of 3,954 genes were found to be shared across all comparisons included in our analysis; however,
this number decreases significantly in subsequent comparisons. Collectively, these results
emphasize that there is a high level of overlap between equivalent genes across all conditions, while
the differential genes between conditions tend to be more unique. The variation in the results of these
differential expression analyses indicates that the two fusion mutants cause many gene expression
changes, which can teach us more about the functionality of CD74-ROS1.

2.3. Multigroup Analysis of the 62 Differentially Expressed Genes (DEGs) Across the Fusion Variants

To gain mechanistic insights associated with the functionality of each protein partner (CD74 and
ROS1), we normalized the expression of the 62 genes identified from the pairwise differential analysis
between A549 and CD74-ROSI1 (fold change > 1.5x) and visualized the data on a heatmap (Figure 3).
To ensure transparency, each biological replicate of the four samples was included in this analysis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Genes with potential mechanistic relevance were defined as those whose expression shifted
toward the wild-type A549 profile upon disruption of a specific domain within the CD74-ROS]1 fusion
protein. Specifically, either deletion of the CD74 intracellular domain (CD744241-ROS1 variant) or
inactivation of the ROS1 kinase domain (CD74-ROS1¥4M variant) reverted the expression of these
genes to near wild-type levels, but only in one of the two variants. The lack of effect in the other
variant suggests that the gene’s expression is selectively dependent on the function of a distinct
domain within CD74-ROS1, highlighting its domain-specific mechanistic role in driving
transcriptional changes.
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Figure 3. Heatmap of the 62 DEGs identified from the pairwise analysis between A459 and CD74-ROS1. The
normalized expression level of each gene is examined across the four groups. For clarity, the y-axes show the 62
genes divided equally between the two sides of the map (31 genes on each side). The x-axis presents the four
groups included in our study. The numbers 1-3, shown next to each group, indicate the number of biological
replicates. Dark blue (scale point 0) and light yellow (scale point 1) demonstrate low expression and high

expression, respectively.

Given the complexity of the heatmap, we further simplified our analysis by categorizing the
expression levels of the 62 genes in each of the mutants (CD744241-ROS1 and CD74-ROS1K4¥M) as
being more similar to either A549, or CD74-ROS1. We did this by referring to the tests for difference
and equivalence, performed between each group pair. For a given gene and mutant, if the p value for
“difference” was lower when compared to A549 rather than CD74-ROS1, and the p value for
“equivalence” was lower when compared to CD74-ROS1 rather than A549, then the mutant was
“assigned” to CD74-ROS1. This means that there is quantitative evidence that the expression of the
particular gene in the given mutant is more similar to CD74-ROS1 than A549. In the reverse case, the
gene was “assigned” to A549.

Following this approach, the 62 genes were clustered on a new map that allowed for a
straightforward evaluation (Figure 4). Both mutants showed expression patterns more similar to
CD74-ROS1 for half of the genes (Figure 4, bottom right panel). When comparing similarities to A549,
CD744241-ROS1 and CD74-ROS1¥4*M resembled the control cells in the expression of 13 genes (Figure
4, top left panel). While these 44 genes do not attribute an effect that is selective to either CD74 or
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ROS1 mutations, their analysis stops here. For the remaining 18 genes, 13 and 5 have demonstrated
a CD74-mediated (Figure 4, top right panel) and ROSI-mediated (Figure 4, bottom left panel)
expression, respectively. The genes that have shown to be directly impacted by the deletion of CD74’s
intracellular domain are NTS, IL6, CDH19, LUM, F2RL2, LOC105372424, SPINK6, DOC2B, C4BPB,
CRISPLD1, LHFPL4, NRADI1, and LHX8. From those, 9 (NTS, IL6, CDH19, LUM, LOC105372424,
SPINK6, C4BPB, NRAD1, and LHX8) underwent downregulation and 4 (F2RL2, DOC2B, CRISPLD1,
and LHFPL4) upregulation, mirroring in both cases the gene expression profiles noted in A549 (Figure
3). IL6 gene, which encodes for the proinflammatory cytokine interleukin 6, is the only gene out of
the 13 that has a previously described relationship with CD74. According to two independent studies
in pancreatic cancer [53] and melanoma [54], inactivation of CD74 by gene silencing is associated with
downregulation of IL6 mRNA levels, something that was also observed in our study (Figure 3). What
is truly interesting is that the previously published findings refer to intact CD74, while herein we
study CD74 as a fusion partner with ROS1. While the role of IL-6 in the survival and proliferation
[55] of non-small cell lung cancer cells is known, its interconnection with CD74 is yet to be studied.
The 5 genes linked to ROS1 activity are ILIRL1, PTPRD, LINC01895, KCNJ16, and ZEB2 (Figure 3).
Upon mutation of the kinase domain, four out of five genes (ILIRL1, PTPRD, LINC01895, and ZEB2)
were upregulated and one (KCNJ16) was downregulated. Similar to CD74, the changes in the
expression profiles of the five genes resembled A549 findings (Figure 3).

A . B
CD74-Induced Genes

- % -5 Upregulated Downregulated
8 < F2RL2, DOC2B, LOC105372424, SPINKS,
x CRISPLD1, LHFPL4 C4BPB, NTS, IL6, CDH19,
Z =20 NRAD1, LUM, LHX8
<
a8 _ -15 ROS1-Induced Genes
v § Upregulated Downregulated

3 * 10 IL1RL1, PTPRD, KCNJ16

8 LINC01895, ZEB2

' -5

A549 CD74-ROS1
CD74-ROSTH43M

Figure 4. Impact of CD744>#-ROS1 and CD74-ROS1¥4¥M mutations on the expression of the 62 DEGs. A)
Mutation of either CD74 or ROS1 alters the expression profiles of the 62 genes, shifting them toward patterns
observed in either A549 or CD74-ROS1 expressing cells. The numbers within each box indicate the number of
genes grouped within that cluster. The color scale represents the degree of gene clustering, with black and cream
indicating low and high gene clustering, respectively. B) CD74- and ROS1-induced genes.

2.4. Exposing the Cellular Signaling of CD74-ROS1 Variants by Phospho-Kinase Analysis

We conducted a proteome profiler human phospho-kinase analysis to provide an unbiased
assessment of the signaling pathways influenced by the CD74-ROS1 fusion protein and its two
variants. Since individual signaling pathways can be regulated by multiple proteins in diverse ways,
we organized our data into three distinct comparison groups. The first group includes A549 cells and
CD74-ROS1 expressing cells. This comparison reveals signaling pathways that are either upregulated
or downregulated between the control and the primary experimental condition. The second group
consists of A549, CD74-ROS1, and CD744241-ROS1 cells. This comparison highlights signaling
changes driven by the deletion of the CD74 intracellular domain. The third group includes A549,
CD74-ROS1, and CD74-ROS1¥#M, and is used to identify signaling alterations resulting from
inactivation of ROS1 kinase domain. The raw data obtained from these experiments are provided
(Figure S6) along with the analysis of the phospho-kinase array signals (Figure 5).
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Figure 5. Phospho-kinase array of A549 and CD74-ROS1 variants. For clarity, the phospho-kinase data were
divided into three groups: A) A549 and CD74-ROS1, B) A549, CD74-ROS1, and CD7442#-ROS1, and C) A549,
CD74-ROS1, and CD74-ROSIK#M, Proteins demonstrating noticeable changes across the samples are
highlighted with different colors on the membranes (left). C stands for control. The mean pixel densities of these

proteins were quantitated and plotted on bar charts (right).

Starting with the comparison between A549 and CD74-ROS1, our findings demonstrate that
expression of the oncogenic protein had a net increase on protein phosphorylation, activating
multiple pathways that support tumor progression through distinct mechanisms (Figure 5A).
Specifically, upregulation of protein phosphorylation was clearly noted for cAMP-response element
binding protein (CREB), heat shock protein 27 (HSP27), Jun-proto-oncogene (c-Jun), and to lesser
extent for tumor protein p53 (p53) and ribosomal S6 kinase (RSK) 1/2/3 (Figure 5A). Total b-Catenin
also increased while phosphorylation of ERK1/2 and total HSP60 were reduced. Phosphorylation of
Src was also downregulated but to a lesser extent in comparison to ERK1/2.

Moving on to the second group (A549, CD74-ROS1, and CD744241-ROS1), we analyzed the
impact of the CD74 mutation on global phosphorylation. Using A549 and CD74-ROS1 as the point of
reference, we noted that CD744241-ROS] increased phosphorylation of p53 (Ser15 and Ser46), RSK1/2,
RSK1/2/3, and decreased phosphorylation of STAT3, with total HSP60 also being reduced (Figure
5B). Regarding HSP27, expression of CD744>41-ROS1 had a substantial impact, diminishing the
previously observed protein phosphorylation detected in the cases of A549 or CD74-ROS1. A side-
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by-side comparison of the phosphorylation patterns observed for p53, RSK1/2, RSK1/2/3, HSP27,
STATS, as well as total HSP60 in A549, CD74-ROS1, CD7442-41-ROS1 cells revealed that these results
cannot be clearly attributed to a CD74-mediated regulation mechanism. In contrast, such a link
appears more evident for ERK1/2, total 3-Catenin, and c-Jun (Figures 5B and 6). The fact that mutation
of CD74 intracellular domain restored the protein levels back to those observed in the control cells
suggests that CD74 exerts its function through these signaling pathways (Figure 5B). Indeed,
previous studies have shown the interconnection of CD74 with active B-Catenin [56], and the
phosphorylation of ERK1/2 [6], and c-Jun [16].

CD74 ROS1
~ ERK1/2 . CREB
B-Catenin \, p GSK-30/pB
c-Jun \ GSK-3p3
p33
Src
RSK1/2
RSK1/2/3
HSP27,60
STAT3
CD74-ROS1

Figure 6. Venn diagram illustrating the distribution of phospho-kinase results as CD74- or ROS1-mediated
signaling pathways.

Analysis of the third group (A549, CD74-ROS1, and CD74-ROS1K4M) exposed the most striking
results on global phosphorylation. Inactivation of ROS1 kinase domain resulted in reduction of
protein phosphorylation for CREB, ERK1/2, GSK-3a/p, GSK-33, HSP27, Src, RSK1/2, RSK1/2/3,
STATS3, and total HSP60 (Figure 5C). This finding clearly demonstrates the critical role of ROS1 in
regulating cell fate, highlighting at the same time the complexity of the employed mechanisms. As
illustrated by the bar charts of the last two groups (Figure 5B,C), CREB, GSK-3a/p, and GSK-3f3
provide evidence of ROS1-mediated phosphorylation (Figure 6). In contrast, phosphorylation of the
remaining proteins—HSP27, Src, RSK1/2, RSK1/2/3, STAT3, p53, and total HSP60—appears to be
influenced by a more complex interplay of signaling pathways, making it difficult to attribute their
results directly to ROS1 activity (Figure 6). While (-catenin, c-Jun, and ERK1/2 signaling also
decreased in the kinase-dead CD74-ROS1¥4M expressing cells, these aforementioned proteins still
appear to be CD74-mediated (Figure 5B,C).

2.5. Functional Insights into CD74-ROS1-Mediated Signaling Pathways

To better understand the impact of CD74-ROS1 activation at a cellular level, we analyzed the
functional role of all proteins identified by our phospho-kinase array and compared our findings with
previously published data. Of the phosphorylation events observed herein, some are supported by
prior studies while others remain novel and unexplored. STAT3 [57] and ERK1/2-related [58]
signaling cascades are involved in the regulation of cell proliferation, differentiation, and growth
(Figure 7). Previously described ectopic CD74-ROS1 cells have varying degrees of STAT3 and MAPK
expression, from moderately engaged to non-existent compared to controls. [59]. A similar trend in
ERK1/2 and STAT3 phosphorylation was observed between A549 and CD74-ROSI1 cells (Figure 5A).

Among the proteins not previously described to be associated with the activity of CD74-ROS1
are p53, Src, RSK isoforms, HSP27, and HSP60. Starting with p53, this tumor suppressor protein
facilitates DNA repair and aids in cell-cycle arrest and cellular apoptosis (Figure 7). In our assay, the
presence of CD74-ROS1 caused a mild upregulation in the phosphorylation of p53 (Figure 5A). The
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minor yet detectable reduction in Src phosphorylation is another signaling event note to be associated
with CD74-ROS1 (Figure 5A). Src is known as an upstream mediator of MAPK-ERK1/2 signaling
cascades, contributing to cell proliferation (Figure 7) [60]. More precisely, phosphorylation of Y419
converts Src from its inactive to the active state [61]. Phosphorylation of RSK1/2/3 and RSK1/2, which
refer to the human isoforms of the RSK protein, were found to be slightly upregulated and
downregulated, respectively, in the presence of CD74-ROS1. Phosphoinositide-dependent kinase 1
(PDK1) phosphorylates RSK1 at 5221 and RSK2 at 5227 [62]. Subsequent ERK activation leads to the
autophosphorylation of RSK1 at 5380, RSK2 at 5386, and RSK3 at S377. These phosphorylation events
collectively contribute to cell survival and proliferation (Figure 7) [62]. HSP27 and HSP60 are two
heat shock proteins that play important roles in anti-apoptotic signaling, differentiation, and
proliferation [63]. Upon expression of CD74-ROS1, total HSP60 and phosphorylation of HSP27
decreases and increases, respectively. Because these aforementioned events, detected by our array
(Figure 5A), are not drastic and lack confirmation from the literature, in-depth signaling studies and
further investigation are required to experimentally verify the direct or indirect connection with
CD74-ROS1.

[B-catenin is a key component of the Wnt signaling pathway and plays a central role in regulating
cell proliferation and differentiation [64,65] (Figure 7). Although dysregulated in many cancers, the
activation of 3-catenin by CD74-ROS1 represents an underexplored aspect of its oncogenic signaling,
making it a potential area for further mechanistic and therapeutic investigation. In the case of full-
length CD74, active (non-phosphorylated) [3-catenin expression can be induced in a dose-dependent
manner upon stimulation with MIF [56]. In the context of chronic arthritis, it was determined that
CD74's cytosolic N-terminal fragment alone, was not critical for 3-catenin activation in osteoclast cells
[56]. In our study, we demonstrate that in a similar regard, full-length CD74 of CD74-ROS]1, is
necessary for increasing [(3-catenin levels, since removal of CD74’s intracellular domain lowers f3-
catenin back to baseline (Figure 5B). Lastly, the phosphorylation of c-Jun at S63 observed in the
phospho-kinase array is strongly supported to be CD74-attributed, based on experimental evidence
showing that MIF activates the JNK/c-Jun pathway via the CD74 axis [16]. In regard to cellular fate,
activation of c-Jun mediates cellular growth and proliferation as well as differentiation [16,66] (Figure
7). For the first time, both 3-Catenin and c-Jun phosphorylation are correlated to the CD74 half of the
CD74-ROS1 fusion, potentially adding to the cellular mechanisms employed by these fusions to
promote cancer survival.

Phosphorylation of CREB on S133 has earlier been described in a phosphoproteomics study,
which also noted a reduction in phospho-CREB in response to a ROS1 kinase inactivating mutation
[67]. These results mirror those observed in our array (Figure 5C). S133 can become phosphorylated
by many different kinases including, but not limited to, ERK [68] (Figure 7). As a transcription factor,
CREB can contribute to downstream cell proliferation, differentiation and survival as phosphorylated
5133 is often overexpressed in tumors (Figure 7) [68]. Glycogen synthase kinase-3 (GSK-3) has two
isoforms, GSK-3a and GSK-33, each of which can regulate glycogen synthase [69]. Different kinases
(e.g., RSK2) can phosphorylate at 521 and S9, causing GSK3 inactivation, [70] thus allowing for
glycogen synthesis to occur and fuel cellular processes (Figure 7) [69]. A prior study compared
phospho-GSK3a/f levels between ROS1 and ROSI1 kinase-inactivated cells but discovered no
significant difference in expression [67]. By contrast, in our array, we see the KD point mutation does
alter GSK-3 expression compared to WT CD74-ROS1 cells (Figure 5C).
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Figure 7. Cellular fate of CD74-ROS1 signaling cascades, according to the CD74-ROS1 phospho-kinase array.
Proteins are shown in ovals. &’ indicates phosphorylated proteins detected by the array (total protein detected
for 3-Catenin and HSP60). Dashed arrows () point to proteins lacking array-confirmed intermediate signaling
events. Solid arrows (|) indicate literature-confirmed intermediate signaling events and activation. Flatheads (1)
indicate an inhibitory effect. Kinases are depicted in orange circles. Transcription factors are depicted in green

circles. Remaining proteins are shown in grey circles.

3. Discussion

NSCLC is one of the deadliest cancers, and targeted therapies after early detection are the key
to making therapeutic breakthroughs for patients before they run out of treatment options. In the
clinical setting, CD74-ROS1 fusion is often found in patients at late stages, once standard lines of
treatment fail, and the cancer has metastasized. ROS1 TKIs are utilized to specifically target the ROS1
half of the fusion, which is considered to drive the proliferation of cancer cells, but often enough, the
patients” cancer becomes TKI resistant [34]. While there are many different TKIs on the market, the
current clinical landscape fails to consider the other half of the fusion, CD74. As CD74 is the most
common ROSI fusion partner, occurring in approximately ~50% of cases [22], it serves as an ideal
model for exploring how a 3’ fusion partner contributes to the overall oncogenicity of the fusion.

Differential and equivalence expression analyses of mRNA-seq data for 23,342 genes revealed
distinct expression profiles between A549 cells and the various transfected cell lines (CD74-ROS1,
CD744241-ROS1, and CD74-ROS1k4¥M), thereby validating our cellular model. The differential genes
identified between A549 and the two mutants were many more that the A549 and CD74-ROS1 pair,
thus this discovery merits future investigation. The 62 DEGs, identified from the comparison between
A549 and CD74-ROS], served as the foundation for our further analysis. This was important because
we next compared whether specific alterations —either mutation of the ROS1 ATP-binding lysine or
truncation of the CD74 ICD —shifted gene expression profiles toward those of A549 or CD74-ROS1
cells. Our analysis enabled the identification of genes that were most impacted by CD74’s
intracellular domain deletion. In total, the downregulation of 9 genes, (NTS, IL6, CDH19, LUM,
LOC105372424, SPINK6, C4BPB, NRAD1, and LHXS) and upregulation of 4 genes (F2RL2, DOC2B,
CRISPLD1, and LHFPL4) were observed. Of these 13 genes, IL-6 was the most interesting due to its
previously established role in NSCLC [71] as well as its connection with CD74 [53,54]. For the kinase-
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dead CD74-ROS1 variant, inactivation of ROS1 induced upregulation and downregulation of four
genes (IL1RL1, PTPRD, LINC01895, and ZEB2) and one gene (KCNJ16), respectively. These results
underscore the breadth and depth of the gene expression analysis, as most of the identified genes
were previously unassociated with CD74-ROS1. Importantly, the RNA-seq data demonstrated that
CD74 drives its distinct gene expression patterns.

Three groups were then created, including A549 and CD74-ROS1 (Figure 5A) A549, CD74-ROS1,
and CD744241-ROS1 (Figure 5B), and A549, CD74-ROS1, and CD74-ROS1¥4M (Figure 5C) for further
comparisons by the phospho-kinase array. Since mRNA and protein levels tend to be different, we
wanted to get a better idea of what was actually happening at the protein level. From the first group,
there was an overall increase in protein phosphorylation events, meaning activation of potentially
multiple pathways enabled by CD74-ROS1 expression. Upregulation was obvious for CREB, HSP27,
c-Jun, total b-Catenin, and less for p53 and RSK 1/2/3. From the second group (Figure 5B), comparing
our control (A549 cells) with the ICD deletion variant, it became clear that changes in the
phosphorylation of ERK1/2, c-Jun, and total (3-Catenin were associated with CD74. Finally the last
group (Figure 5C) revealed ROS1-mediated protein phosphorylation events such as GSK-3a/(3, GSK-
33, and CREB.

Many of the cellular fates associated with CD74-ROS1 signaling lent themselves to growth,
proliferation and survival, with the exception of p53 which had the opposite effect, promoting
apoptosis and cell cycle arrest (Figure 7). Interestingly cells carrying either the point mutation or the
ICD deletion showed elevated p53 levels. Based on this analysis, both protein partners contribute to
the progression of cancer via promotion of several survival pathways. This finding is novel as it is
the first piece of evidence that demonstrates the active role of CD74 in the oncogenic signaling of
CD74-ROS1. Furthermore, the cellular fate signaling highlighted the reoccurring theme of MAPK-
ERK 1/2 and STAT3 signaling being reproducible amongst CD74-fusions in this study and across the
literature [59,72].

A key limitation of this study is that CD74-mediated signaling pathways cannot be definitively
characterized without evidence of phosphorylation of signaling intermediates. Future work should
use the observations and suggestions pointed out by the phospho-kinase array to follow up with in-
depth signaling studies. Many of the proteins that could not be specifically attributed to neither CD74
nor ROSI, but rather the entire CD74-ROS1, were not previously reported in the literature and thus
could be explored with the same variants to extend the current knowledge of CD74-ROS1 mediated
pathways. Once these pathways are fully elucidated, the next step will be to develop therapeutic
interventions that efficiently target CD74-ROS1 in its entirety.

4. Materials and Methods
4.1. Cell Culture

The human lung adenocarcinoma cancer cell line A549 was sourced from the American Type
Culture Collection (ATCC; Manassas, VA). A549 cells were cultured in Ham’s F-12K medium
supplemented with l-glutamine (Gibco, Waltham, MA), 10% FBS (Cytiva, Marlborough, MA), and
1% penicillin-streptomycin (Gibco, Waltham, MA). Cells were maintained in a humidified incubator
with 5% COz at 37 °C.

4.2. Plasmid Design

The CD74-ROS1 fusion sequence was cloned into the mammalian expression vector,
pcDNA3.1(+), between the Nhel and Apal cloning sites (Figure S7) and codon optimized for
mammalian cell expression (GenScript, Piscataway, NJ). Using the WT plasmid of CD74-ROS1 as a
template, CD742241-ROS1 and CD74-ROS1¥4™M were produced following the QuikChange site
directed mutagenesis protocol (Agilent Technologies, Santa Clara, CA). The DNA oligos used for
mutagenesis provided in the supporting information (Table S4). The polymerase chain reaction (PCR)
products were digested with Dpnl (New England Biolabs) and then transformed into XL10-Gold
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ultracompetent cells (Agilent Technologies, Santa Clara, CA). All variants were confirmed by whole
plasmid sequencing (Quintara Biosciences, CA).

4.3. Stable Transfection

The CD74-ROS1, CD744241-ROS1, and CD74-ROS1¥4™ plasmids were linearized prior to
transfection using the FastDigestScal restriction enzyme (Thermo Fisher Scientific). Each linearized
plasmid was introduced into A549 cells using the Lipofectamine 3000 Transfection Reagent
(Invitrogen, Waltham, MA) according to the manufacturer’s protocol. Stably transfected cells were
selected with 800 pug/mL G418 disulfate (Thermo Fisher Scientific) over the course of several weeks.

4.4. Genomic DNA (§DNA) Extraction and Sequencing

Prior to DNA extraction, the A549 cells that stably express CD74-ROS1, CD744241-ROS1, and
CD74-ROS1¥4M were harvested and washed with phosphate buffered saline (PBS) (Gibco, Waltham,
MA). Total genomic DNA was isolated using the QIAamp DNA mini kit (QIAGEN# 51304) according
to the manufacturer’s protocol. CD74-ROS1, CD74441-ROS1, and CD74-ROSI¥*¥M nucleotide
sequences were confirmed at the DNA level by Sanger sequencing. The DNA oligo used for Sanger
sequencing are detailed in the supporting information (Table S5). Due to the nucleic acid (na) length
of CD74-ROS1 variants and the reading limitations of Sanger sequencing, multiple primers were
employed to confirm the entire na sequence of our fusion proteins.

4.5. RNA Extraction and Complementary DNA (cDNA) Synthesis

Total RNA was extracted from A549 cells expressing CD74-ROS1, CD7444-ROS1, and CD74-
ROS1x#M, using the Quick-RNA Miniprep kit (Zymo Research, R1054) in accordance with the
manufacturer’s instructions. cONA was prepared from the isolated RNA using the SuperScript IV
First-Strand Synthesis System (Invitrogen, Waltham, MA), following the manufacturer’s protocol.

4.6. Reverse Transcription Quantitative Polymerase Chain Reaction (RT-gPCR)

Transcript specific primers, designed on national center for biotechnology information (NCBI)
Primer-BLAST [73], were used to amplify CD74-ROS1, CD7444-ROS1, and CD74-ROS1k4M
(Forward: 5- TGGATGCACCACTGGCTGCTA -3 and Reverse: 5-
GGCCTTCTCCCACTGGATGCT -3"). GAPDH primers were used to amplify the GAPDH internal
reference gene (Forward: 5 GGAGCGAGATCCCTCCAAAAT 3 and Reverse: 5
GGCTGTTGTCATACTTCTCATGG 3'). The reaction mixture was composed of 10 uL iTaq Universal
SYBR Green Supermix (Bio-Rad, Hercules, Ca), 100 ng of cDNA template, and 500 nM of forward
and reverse primers. 20uL of that was added into a 96-well white PCR plate (Bio-Rad, Hercules, Ca).
Experiments were run on the CFX Touch Real-Time PCR System (Bio-Rad, Hercules, Ca) and data
were collected using CFX Maestro software version 4.0.2325.0418 for 45 cycles following the
manufacturer’s instructions. All assays were performed in biological triplicates. Relative gene
expression fold changes of CD74-ROS1 variants were determined using the 2-24Ct method, having
Ab549 as the control. The results are presented as mean + standard deviation (SD). Each experimental
group was independently compared to the control by the unpaired two-sample t-test on GraphPad
Prism software version 10.4.2.

4.7. RNA Sequencing Analysis

Sequence alignment was performed using Bowtie2 v2.5.4 [74] with default parameters, aligning
reads to the human reference genome (hg38) obtained from the University of California, Santa Cruz
(UCSC) Genome Browser. Gene-level counts were generated with featureCounts v2.0.8 [75] with
standard parameters, using the hg38 NCBI RefSeq GTF annotation, also sourced from UCSC. Quality
control was performed with FastQC v0.12.1 [76].
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4.8. Gene Expression Analysis

Differential expression analysis was conducted using DESeq2 v1.44.0 [77]. For each pairwise
comparison, only genes with a minimum of 10 read counts in at least 3 replicates were tested. Two
complementary null hypotheses were evaluated for each gene:

1. That the absolute fold change is less than 1.5 (i.e., ILFC| < 0.585), corresponding to no
significant differential expression. This was tested with altHypothesis = “greater Abs”.
Rejecting this null hypothesis corresponds to finding evidence of differential gene expression.

2. That the absolute fold change is greater than 1.5 (i.e., ILFC| > 0.585), corresponding to
equivalent expression. This was tested with altHypothesis = “lessAbs”. Rejecting this null
hypothesis corresponds to finding evidence of minimal difference in gene expression.

False discovery rate (FDR)-adjusted p-values were computed for both tests, and results were
considered significant at an adjusted p-value threshold of 0.05.

Principal component analysis (PCA) was performed on variance-stabilized transformed (VST)
gene expression data using scikit-learn [78] v1.4.2 to visualize sample-level differences across
conditions.

4.9. Assigning Similarity of Each Mutant Gene

Our goal was to determine, for each of the 62 genes, whether each mutant exhibited gene
expression more similar to A549 or to CD74-ROS1. To do this, we used the results of the difference
and equivalence tests performed using DESeq2 for each pairwise comparison. For a given gene and
mutant, if the p-value for differential expression (“greaterAbs”) was lower when compared to A549
than when compared to CD74-ROS1, and the p-value for equivalence (“lessAbs”) was lower when
compared to CD74-ROS1 than when compared to A549, the mutant was assigned to CD74-ROS1.
This indicates quantitative evidence that the mutant’s expression pattern is more similar to CD74-
ROS1 than A549. Conversely, if the pattern of p-values favored A549, the mutant was assigned to
A549.

In other words, for each gene differentially expressed between A549 and CD74-ROS1, we
categorized each mutant as “closer to A549” or “closer to CD74-ROS1” by comparing its difference
and equivalence test p-values relative to each reference. The mutant was assigned to the group to
which it was more equivalent and from which it was less different.

4.10. Phospho-Protein Array Analysis

Relative protein phosphorylation levels were analyzed using the Proteome Profiler Human
Phospho-Kinase Array Kit (R&D Systems, Cat No. ARY003C). Previously frozen cell pellets (1 x 107
total cells) of each sample was solubilized in lysis buffer supplemented with 10 ug/mL aprotinin (MP
Biomedicals), 10 pg/mL leupeptin hemisulfate (Research Products International), and 10 pg/mL
pepstatin A (VWR Life Science). Upon complete homogenization, the suspension was centrifuged for
5 min. at 14,000 x g. Supernatants were transferred into clean microcentrifuge tubes and sample
protein quantification was performed using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific) following the manufacturer’s protocol. 600ug of cell lysate was used per array set (A and
B) and further processed following the phospho-array R&D instructions. Membranes were visualized
using the ChemiDoc XRS + Molecular Imaging System (Bio-Rad, Hercules, Ca) after 3 min. of
exposure. Levels of phosphorylation were quantified using QuickSpots (Ideal Eyes System, Inc.,
Bountiful, UT) by averaging the pixel density of the pair of duplicate spots, corresponding to each
phosphorylated protein, and correcting for background. Bar charts were created in GraphPad Prism
software version 10.4.2.

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org.
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