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The colony stimulating factor 2 receptor subunit beta (CSF2RB) is the common sign-
aling subunit of the cytokine receptors for IL-3, IL-5, and GM-CSF. Several studies
have shown that spontaneous and random mutants of CSF2RB can lead to ligand
independence in vitro. To date, no report(s) have been shown for the presence of
potentially transforming and oncogenic CSF2RB mutation(s) clinically in cancer pa-
tients until the first reported case of a leukemia patient in 2016 harboring a germline-
activating mutation (R461C). We combined exome sequencing, pathway analyses,
and functional assays to identify novel somatic mutations in KAIMRCI cells and
breast tumor specimen. The patient’s peripheral blood mononuclear cell (PBMC)
exome served as a germline control in the identification of somatic mutations. Here,
we report the discovery of a novel potentially transforming and oncogenic somatic
mutation (S230I) in the CSF2RB gene of a breast cancer patient and the cell line,
KAIMRCI established from her breast tumor tissue. KAIMRCI cells are immortal-
ized and shown to survive and proliferate in ligand starvation condition. Immunoblot
analysis showed that mutant CSF2RB signals through JAK2/STAT and PI3K/mTOR
pathways in ligand starvation conditions. Screening a small molecule kinase inhibi-
tor library revealed potent JAK?2 inhibitors against KAIMRCI1 cells. We, for the first

time, identified a somatic, potentially transforming, and oncogenic CSF2RB mutation
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(S230I) in breast cancer patients that seem to be an actionable mutation leading to the

breast cancer, breast cancer cell line, CSF2RB-activating mutation, cytokine receptor, hfc receptor,
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development of new therapeutics for breast cancer.
KEYWORDS
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1 | INTRODUCTION

Over the past quarter of a century, many studies have identi-
fied the “driver mutations” offering growth advantage to can-
cer cells and the genes harboring them “cancer genes” that
are causally implicated in cancer development across differ-
ent types of cancers."* DNA sequencing studies (including
WES and WGS) using breast cancer tissues and their patient-
matched normal samples identified several known and novel
somatic mutations and copy number aberrations leading to
the discovery of “breast cancer genes” and the related “driver
mutations.” ™ In 2012, The Cancer Genome Atlas (TCGA)
conducted multiple assays, namely genomic DNA copy num-
ber arrays, DNA methylation, exome sequencing, messenger
RNA arrays, microRNA sequencing, and reverse-phase pro-
tein arrays on primary breast cancer samples and germline
DNA samples from 825 patients. This study presented an in-
tegrated analysis of multi-platform data to prove the earlier
observation of breast cancer subtypes based on the gene ex-
pression profile. Another contemporary study on 103 whole-
exome sequences and 22 whole-genome sequences of breast
cancer/normal pairs confirmed many recurrent somatic mu-
tations in PIK3CA, TP53, AKT1, GATA3, MAP3K1, along
with the discovery of recurrent mutations in the transcription
factor CBFB and deletion of its partner RUNX1 3 Large scale
analysis of the 100 breast tumors for somatic copy number
alterations and mutations in coding exons of protein-coding
genes revealed several “driver mutations” in new ‘“‘can-
cer genes” including AKT2, ARID1B, CASP8, CDKNI1B,
MAP3K1, MAP3K13, NCOR1, SMARCDI, and TBX3.
Recently, a large-scale comprehensive study of 360 primary
breast tumors and patient-matched normal samples captured
functional regulatory mutations in the genome’s non-coding
regions, especially in the promoter regions.g This study iden-
tified significantly mutated promoters of the three genes
FOXAT1 (a known driver of hormone receptor-positive breast
cancer), RMRP, and NEAT1 (two non-coding RNA genes).
Mutations in the promoter regions of all the above genes af-
fect their respective transcription factors’ bindings, and thus
their expression is altered. Large-scale exome sequencing
using tumor-normal samples from 216 metastatic breast can-
cer patients identified 12 significantly mutated genes (ESR1,
FSIP2, FRASI, OSBPL3, EDC4, PALB2, IGFNI, and
AGRN).® It has been shown that hormone receptor-positive

(HR+)/Her2 negative (Her2—) metastatic breast cancer pre-
sented a high prevalence of mutations in the genes related
to the mTOR pathway compared to HR+/Her2— early breast
cancer counterparts. The above-mentioned studies contrib-
uted to the finding of new ‘“cancer genes” and “driver mu-
tations” in breast cancer and other cancer as well and the
development of handy data resources for cancer research like
Catalogue of Somatic Mutations in Cancer (COSMIC)lo’11
and Cancer Gene Census (CGC).4

CSF2RB, also known as the common beta subunit (hfic)
of receptors for GM-CSF, IL-3, and IL-5, has been shown
to harboractivating mutations conferring ligand-independent
activation and tumorigenicity to murine hematopoietic cell
lines'*"* and primary hematopoietic cells.'® The normal
cytokine receptor signaling requires a ligand that binds to a
ligand-specific o chain either in a preformed receptor com-
plex with B subunit (in case of GM-CSF), or to induce recep-
tor dimerization or oligomerization (in case of IL-3 and IL-5)
followed by the receptor activation and generation of intracel-
lular signals.17 The activating mutations in hfc induce recep-
tor oligomerization, receptor activation, and signaling even
in the absence of ligand(s) and promote cell survival, prolif-
eration, and differentiation. The activating mutation location
may dictate the underlying mechanism of ligand-independent
activation and require cell type-specific molecules in signal-
ing. Surprisingly, both the transmembrane mutation (such
as V449E) and extracellular mutation (such as I374N) of
hfc could confer ligand-independence on factor-dependent
hematopoietic cell line FDC-P1 but not on CTLL-2 (IL-2-
dependent T-cell line) whereas only V449E could confer
ligand-independence on BAF-B03 (IL-3-dependent subline
of the pro-B cell line Ba/F3)."* In a study on murine primary
hematopoietic cells, it has been shown that the extracellular
mutations in hpc could induce factor-independence only on
neutrophils and monocytes but transmembrane mutation on
neutrophil, monocyte, eosinophil, basophil, megakaryocyte,
and erythroid lineages.'® So far, these activating mutations of
CSF2RB have only been identified and characterized in vitro
in hematopoietic cell lines and primary cells and not been
reported in clinical samples.

The first report of a CSF2RB-activating “germline” mu-
tation in leukemia patient confirmed the oncogenic potential
of CSF2RB mutations in clinical samples.18 The reported
R461C CSF2RB mutation (a rare germline mutation) was
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found to activate several signaling pathways such as STATS,
PI3K/mTOR, and MEK/ERK pathways constitutively and
promote growth and differentiation. Importantly, this muta-
tion was proved to be a targetable/actionable genetic lesion
after screening R461C expressing cells against 104 small
molecule inhibitor libraries and JAK inhibitors tofacitinib,
ruxolitinib, and AZD1480 constituted the top three hits.
Though R461C CSF2RB was listed in the 1000 genomes da-
tabase as an SNP (rs371045078) with low allele frequency,
it has never been reported in cancer specimens until its first
report in leukemia patient.'® Moreover, it was not a somatic
mutation. To the best of our knowledge, activating CSF2RB
mutations (germline or somatic) have never been reported in
non-leukemia cancer patients.

Here, we report the discovery of a novel somatic S2301
CSF2RB mutation (i.e., neither present in 1000 genomes
database, Exome Aggregation Consortium nor in the
COSMIC database) in a breast cancer patient that tends to
be potentially transforming and oncogenic mutation. This
is the first report of a CSF2RB-activating somatic mutation
in any type of cancer specimen. The breast cancer cell line
KAIMRC1" established from the patient’s breast tumor (har-
boring CSF2RB S230I) was able to survive and proliferate.
Moreover, the downstream signaling pathways of CSF2RB
(such as JAK/STAT and PI3K/mTOR) were found constitu-
tively active in KAIMRCI1 cells under starvation condition.
A small-molecule kinase inhibitor library screen against
KAIMRCI cells identified JAK?2 inhibitor, ruxolitinib, as the
best hit. Five different in silico function prediction methods
simultaneously predicted S230I CSF2RB mutation highly
pathogenic and damaging. Protein structure modeling of the
mutant hfc suggested that the 230 amino acid locates on the
surface of mutant protein and mutant amino acid isoleucine
has different size and biochemical properties than wild-type
serine disrupting intramolecular interactions and possibly
leading to the ligand-independent oligomerization of recep-
tor molecules and inducing signaling through JAK/STAT and
PI3K/mTOR pathways.

2 | MATERIALS AND METHODS
Frozen patient tissue samples were used to extract DNA for
Sanger sequencing. These samples were obtained during the
surgery from women with breast cancer.

2.1 | Sanger sequencing

DNA was extracted from peripheral blood mononuclear cells
(PBMCs), KAIMRC-1, MCF-7, and MDA-MB-231 cell lines
using the Qiagen DNA extraction kit as per the manufacturer’s

protocol. DNA concentration was measured by NanoDrop
3300. Polymerase chain reaction (PCR) was performed using
the 2X Dream Taq Hot Start Green master. Nine primers
were obtained from MACROGEN Company (Ankyrins-1,
Ankyrins-2, Ankyrins-3, Ankyrins-4, CSF2RB-1, CSF2RB-2,
CSF2RA-1, CSF2RA-2, and FGFRI-1). DNA was sequenced
by Sanger sequencing protocol on 3730XL using the BigDye
Terminator v3.1 Cycle sequencing kit used as manufacturer’s
protocol (Thermo Fisher Scientific CO).

2.2 | Exome sequencing experiment

An Ion Torrent adapter-ligated library was generated follow-
ing the manufacturer’s protocol (Ion AmpliSeq™ Exome
RDY kit PIv3, Rev. A.0; MANO0010084; Thermo Fisher
Scientific, Inc.). Briefly, 100 ng high-quality genomic DNA
was used to prepare the Ion AmpliSeq™ Exome capture li-
brary. Pooled amplicons were end-repaired, and Ion Torrent
adapters and amplicons were ligated with DNA ligase.
Following AMPure bead purification (Beckman Coulter,
Inc), the library’s concentration and size were determined
using the Applied Biosystems® StepOne™ Real-Time PCR
system and Ion Library TaqMan® Quantitation kit (both from
Thermo Fisher Scientific, Inc.).

Sample emulsion PCR, emulsion breaking, and enrich-
ment were performed using the Ion PI™ Hi-Q™ Chef 200
kit (Thermo Fisher Scientific, Inc.) according to the manu-
facturer’s instructions. An input concentration of one DNA
template copy per ion sphere particles (ISPs) was added
to the emulsion PCR master mix and the emulsion was
generated using the Ion Chef™ System (Thermo Fisher
Scientific, Inc.). Template-positive ISPs were enriched,
sequencing was performed using Ion PI™ Chip kit v3
chips on the Ion Torrent Proton, and barcoding was per-
formed using the Ton DNA Barcoding kit (Thermo Fisher
Scientific, Inc.).

2.3 | Variant calling

Data from the Proton runs were initially processed using Ion
Torrent platform-specific pipeline software, Torrent Suite
v4.0 (Thermo Fisher Scientific, Inc.) to generate sequence
reads, trim adapter sequences, filter, and remove poor signal-
profile reads. Initial variant calling from the Ion AmpliSeq™
sequencing data was generated using Torrent Suite with a
plug-in “variant caller” program. To eliminate erroneous
base calling, three filtering steps were used to generate the
final variant calling. The first filter was set at an average
depth of total coverage of >50, each variant coverage of >15,
and p < 0.01.
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2.4 | Preprocessing the VCF files

The Ion Reporter software-generated variants in a VCF (vari-
ant calling format) file. VCF is a generic format to store the
genetic variants in a flat file along with several important ge-
netic and statistical parameters and annotations required to
understand the quality and impact of the variants. Generally,
each line of the VCF file describes the variants present at
a specific locus of the genome. Thus, the VCF files output
by Ion Reporter might contain multiple variants in the same
line that create issues sometimes in downstream analysis.
Therefore, multiple variants per line were split into separate
lines using “bceftools” so that each line of the VCF file now
represents a single variant. Another important preprocessing
step is the “left normalization” of indels, which simply means
shifting the start position of the variants to the left side of the
genome until it is no longer possible to do so. Left normaliza-
tion provides a unified framework to represent indel variants
and thus the comparison of two variant sets becomes possi-
ble. Therefore, the left normalization was performed on each
VCF file using “beftools.”

2.5 | Variant annotation

We used ANNOVAR™ to annotate the genetic variants for
the KAIMRCT1 cell line and the germline control. Annotation
operations included gene-based, region-based, and filter-
based annotations. The RefSeq gene model was adopted
while performing gene-based annotation.

2.6 | Western blot analysis

MCF-7, MDA-MB-231, and KAIMRCI1 cells were seeded
in six-well plates in complete DMEM for 24 h. Before pro-
tein extraction, cells were pre-incubated with 10% serum-
containing complete DMEM and serum-free DMEM
conditions for another 24 h. Protein concentration was quan-
tified using Bradford assay (Bio-Rad). The western blot-
ting analysis was performed with Thermo Fisher Scientific
mouse monoclonal antibody against mTOR (215Q18; Cat #
AHO1232; 1:500), Rabbit polyclonal antibody to Phospho-
mTOR (Ser2448; Cat # 44-1125G; 1:500), Rabbit mono-
clonal antibody to JAK2 ABfinity™ (18H11L8; Cat #
702434; 1:500), Rabbit polyclonal antibody to Phopho-JAK?2
(Tyr1007, Tyr1008; Cat # 44-426G; 1:250), Mouse mono-
clonal antibody to STAT3 (9D8; Cat # MA1-13042; 1:1000),
Rabbit polyclonal antibody to Phopho-STAT3 (Ser727; Cat #
MA1-13042; 1:1000), Invitrogen rabbit polyclonal antibody
to CSF2RB (Cat # PA5-28000; 1:1000), Rabbit polyclonal
antibody to Phospho-CSF2RB (Tyr593; Cat # PA5-36654;
1:500), Cell Signaling Mouse monoclonal antibody to Akt
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pan (40D4; Cat # 2920s; 1:2000), Rabbit monoclonal an-
tibody to Phospho-Akt (Ser473; DOE XP®; Cat # 4060s;
1:1000), and Rabbit polyclonal antibody to Stat5 (3H7; Cat #
9358; 1:1000), and sample loading was examined by probing
with mouse monoclonal antibody against beta-actin loading
control (BA3R; Cat # MAS5-15739, Thermo Fisher Scientific;
1:500). Signals were detected using a ChemiDoc MP System
(Bio-Rad) and analyzed on Image Lab software.

2.7 | Cell proliferation assay

A panel of small molecule kinase inhibitors was utilized to
investigate the role of CSF2RB protein in cell proliferation.
The CellTiter-Glo assay (Promega) was used according to
the manufacturer’s recommendations. Luminescence was
measured using the Envision plate reader (Perkin Elmer).
Luminescence readings were normalized to averaged DMSO
controls and expressed as a relative percentage. Data were
analyzed with GraphPad Prism 8 software and the half-
maximal inhibitory concentration (ICs)) was determined.
Error bars denote standard deviation (SD).

2.8 | Protein structure modeling

The three-dimensional mutant S2301 protein structure was
modeled by the Swiss-Model program21 using the hfic recep-
tor wild-type (WT) structure (PDB: 1GH7). Hydrophobicity
surfaces on modeled protein structure were presented by
Chimera.”® The GM-CSF/GMRo/hfc ternary complex (PDB:
4NKQ)** was used for superimposition analysis.

3 | RESULTS

3.1 | Quality control analysis

Once the variants are generated from the Ion Reporter soft-
ware system and preprocessed, we conducted quality control
analysis to compile high-quality variants set for all the down-
stream analyses.

3.1.1 | Assessing the off-target mutations

The assessment of the mutations presents outside the defined
target exonic regions has been performed using the VCF file
from Ion Reporter software and the target exome definition
file used in the library preparation step for whole-exome se-
quencing. None of the mutations were found outside the target
region (Table S1). This may be due to the reason that Torrent
Variant Caller called only mutations within the target regions.
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3.1.2 | Ti/Tv ratio, dbSNP concordance, and
proportion of variant types

As QC metrics, we checked several parameters (Table S1)
to show the quality of the VCEF files produced in this study.
The transition (77%) to transversion (7v) ratio (7i/Tv) for the
KAIMRCI cell line and normal sample computed to be
2.7 and 2.65, respectively. The dbSNP concordance for
the KAIMRC1 exome and the normal sample variants was
96.2% and 97.9%, respectively.

3.2 | Identification of novel somatic variants
in the KAIMRCI1 cell line

In this study, the patient’s genetic variants from the PBMC
sample served as the germline control set for the breast can-
cer cell line KAIMRC1. The number of variants (SNVs and
INDELS) detected in KAIMRC1 and PBMC control was
32917 and 30939. First of all, the variant set common be-
tween KAIMRC1 and PBMC (16700) is removed from fur-
ther analysis, assuming those as germline variations. Thus, the
variant set exclusive to KAIMRC1 contained 16217 variants
and was subjected to additional filtration. The first filter ap-
plied is avsnp150 (dbSNP150 preprocessed and formatted by
ANNOVAR software), and 1098 variants passed the filter and
contained for subsequent filtration. A series of variants set
(COSMIC, ExAC_ALL, GME, esp, gnomAD, clinvar, ICGC,
Nci60, 1000 g) were used to filter out the mutations that were
present in these sets, and remaining ones were assumed to be
novel for the KAIMRCI cell line. The number of mutations
turned out to be 983 in this novel variant set. These mutations
have been classified according to the ANNOVAR annotation
using gene function filter and found that 582 mutations are
exonic, and the rest are intronic, splice, SUTR, 3UTR, etc.

Further classification of these 582 mutations for muta-
tion type resulted in 491 mutations (nonsynonymous SNVs,
deletions, insertions, stop gain, stop loss) after excluding 91
synonymous SNVs. We proceeded further for downstream
analyses with this set of 491 mutations (325 SNVs and 166
others) that are supposed to be novel functional mutations.
The whole filtering procedure explained in this section is de-
picted in Figure 1.

3.3 | Genes bearing novel somatic
mutations and comparison to CGC

Extracting gene IDs for the 491 novel mutations resulted in
423 unique genes. There are a few genes with multiple muta-
tions. Thus, the final number of genes turned out to be 423
harboring novel mutations (SNVs and INDELS) for further
analysis. This gene set is compared with the CGC (https://

ANNOVAR
annotation
KAIMRC1 PBMC
(32917) \ (30939)
16217 16700 14244
dbSNP
1098
Nonsynonymous
COSMIC SNV, INDELS, 491
stop gain, stop
loss
synonymous 91
1086 SNV
EXAC, FExon/c
GME, ufn/;:t:on
esp, iiter
gnomAD,
- S = ‘
983 intronic 8

NncRNA exonic | 8 \
NncRNA intronic |11

splicing 16

upstream 3

UTR3 46

UTRS 39
Function

filter

FIGURE 1 Schematic explaining the exome variants annotation
and filtering procedure. Patient’s peripheral blood mononuclear cell
(PBMC) was used as a germline control and the variants exclusively
present in KAIMRCI cells followed several filtering steps to obtain
novel somatic mutations

cancer.sanger.ac.uk/cosmic/census?genome=37). CGC is
an ongoing effort to catalog those genes which contain mu-
tations that have been causally implicated in cancer. The
original study on the “census” of cancer genes indicated that
mutations in more than 1% of human genes contribute to
cancer.

CGC set containing 723 genes was downloaded from the
COSMIC v87 database (date: 23 December 2018). The com-
parison of CGC and the 423 unique genes from this study
resulted in 21 common genes (Table S2). These 21 genes are
CGC genes, classified into “Tier 1” and “Tier 2.” Tier 1 genes
in CGC are the ones with a well-documented role in cancer,
along with mutations in cancer that promote oncogenic trans-
formation. For Tier 2 genes, there is a strong indication for
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their role in cancer but with less available evidence. The 21
gene sets are enriched in Tier 1 genes (19/21 = 90.5%), indi-
cating that most of these genes are cancer-causing genes. In
the KAIMRC1 exome, there are novel nonsynonymous mu-
tations in these genes (Table S3). These mutations in CGC
genes are missense mutations that may lead to changes in
amino acids in the protein product. Since these genetic varia-
tions are present in cancer genes, it might explain the possible
oncogenic pathways in breast cancer patients.

3.4 | Pathway analysis of genes with novel
mutations in KAIMRCI1 cells

The unique gene set (309 genes) was also subjected to path-
way analysis using the “Reactome” pathway analysis tool.
The pathway enrichment or over-representation analysis
addresses the question, “does the submitted gene list con-
tains more proteins for pathway X than would be expected
by chance.” Reactome conducts a binomial test calculating
probability value for each result and the p-values are cor-
rected for the multiple testing (Benjamini—Hochberg proce-
dure). Out of 309, 178 genes were found in Reactome, where
695 pathways were hit by at least one of the genes. The top
pathways in the hit are presented in Table 1. A few of the
pathways are described below.
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3.4.1 | Interaction between L1 and ankyrins
Ankyrin family of genes is known to couple the integral
membrane proteins (such as L1 CAM, Ion channels) with
the underlying spectrin-actin cytoskeleton. This binding en-
hances the homophilic adhesive activity of L1 and reduces
its mobility within the plasma membrane. L1 interaction with
ankyrin mediates branching and synaptogenesis of cortical
inhibitory neurons. It has been proposed that ankyrin bind-
ing to LICAMs provides a master switch directing L1-type
proteins into several functional contexts. The genes present
in this pathway are SCN11A, KCNQ3, NRCAM, and ANK?2
(Table 1).

3.4.2 | Defective CSF2RB causes pulmonary
surfactant metabolism dysfunction 5 (SMDPS5)

CSF2RB (colony-stimulating factor 2 receptor beta) is
a high-affinity common subunit of receptors for GM-
CSF, IL-3, and IL-5. Upon ligand binding, granulocyte-
macrophage colony-stimulating factor  receptor
(GM-CSFR), a heterodimer of alpha (CSF2RA) and beta
(CSF2RB) subunits, initiates a signaling process that
not only induces proliferation, differentiation, and func-
tional activation of hematopoietic cells but also perform

TABLE 1 The top 10 pathway hits in the reactome analysis of 309-gene set

Entities Reactions

Pathway name Found Ratio p-value FDR  Found Ratio Gene names
Interaction between L1 and ankyrins 4/33 0.002 0.009 0.615 4/4 3.44e-04 SCNI1IA, KCNQ3, NRCAM, ANK?2
Defective CSF2RB causes pulmonary 2/8 5.77e-04  0.017 0.615 1/1 8.5%9¢-05  SFTPC, CSF2RB

surfactant metabolism dysfunction 5

(SMDP5)
Defective CSF2RA causes pulmonary 2/8 5.77e-04  0.017 0.615 1/1 8.59¢-05  SFTPC,CSF2RB

surfactant metabolism dysfunction 4

(SMDP4)
Signaling by FGFR1 amplification 2/9 6.49-04  0.021 0.615 5/5 4.29¢-04  FLG

mutants
DAPI12 interactions 4/52 0.004 0.04 0.615  8/33 0.003 VAV3, KIR2DS4, CLEC5A, VAV2
Folding of actin by CCT/TriC 2/13 9.37e-04  0.041 0.615 2/2 1.72¢-04  CCT6A
Surfactant metabolism 4/53 0.004 0.042  0.615 11727 0.002 SFTPC, GATA6, CSF2RB
HDMs demethylate histones 3/32 0.002 0.045 0.615 14/17 0.001 PHF2, KDM2B, HISTIH3C
Regulation of the PAK-2p34 activity by ~ 1/2 1.44e-04  0.048 0.615 272 1.72e-04  PAK2

PS-GAP/RHG10
Defective pro-SFTPC causes pulmonary ~ 1/2 1.44e-04 0.048 0.615 1/1 8.59e-05  SFTPC

surfactant metabolism dysfunction
2 (SMDP2) and respiratory distress
syndrome (RDS)
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surfactant uptake by alveolar macrophage and its degrada-
tion. The defects in CSF2RB are well related to a rare lung
disorder called pulmonary surfactant metabolism dysfunc-
tion 5 (SMDPS5, OMIM: 614370, aka pulmonary alveolar
proteinosis 5, PAP5). The genes present in this pathway
are SFTPC and CSF2RB.

3.4.3 | Signaling by FGFR1
amplification mutants

Amplification and activation of fibroblast growth factor re-
ceptor 1 (FGFR1) have been reported in many cancers. The
gene present in this pathway is FLG.

3.5 | Validation of mutations by
Sanger sequencing

Based on the pathway analysis, few mutations have been
selected for validation by the Sanger sequencing tech-
nique. From the top four pathways (Table 1), seven unique
genes (with seven novel mutations in the KAMRCI cell
line) have been chosen for the dideoxy chain termination
sequencing reaction for the validation of the mutant al-
lele. In this assay, the PBMC from the patient (as germline
control) and other breast cancer cell lines like MCF-7 and
MDA-MB-231 were also included to validate these muta-
tions. Finally, four out of seven (~57%) novel mutations
have been validated in KAIMRC1, but they were not pre-
sent in PBMC, MCF-7, and MDA-MB-231 (Table 2 and
Figure S1). Therefore, these four mutations are specific to
the KAIMRCI cell line.

3.6 | Computational assessment of the
impact of mutations

The above seven mutations were also subjected to in silico
functional analyses to assess their impact. A total of seven
different computational algorithms were used for this pur-
pose. Five of them (SIFT, PolyphenHDIV, PolyphenHV AR,
Mutation taster, Provean) predicted the impact of mutations
(damaging, tolerated, benign, neutral, etc.) on protein func-
tion using the mutation information. STRUM and HOPE
methods consider protein structure as input and calculate
biochemical parameters for wild-type and mutant amino
acid residue. Table S4 shows these computational predic-
tions for all seven mutations. Careful examination showed
that CSF2RB mutation is predicted deleterious/damaging
by all five methods and contributes to sizeable free energy
change predicted by the STRUM method that is indicative
of destabilizing mutation. The HOPE method concludes that
the loss of hydrogen bonding due to CSF2RB S230I muta-
tion affects the protein folding (Table S4). Other mutations
(KCNQ3, NRCAM, and SCN11A) are also predicted to be
deleterious or benign; therefore, they are candidates for fur-
ther examination.

3.7 | CSF2RB S2301 mutation in
clinical samples

We have reported the novel somatic mutation CSF2RB
S230I in one breast cancer cell line named KAIMRCI1 and
its source tumor tissue. While examining other breast tumors
using Sanger sequencing (data not shown), we found 2 (tu-
mors from unrelated individuals) out of 12 tumors (~16%)

TABLE 2 Sanger sequencing of novel somatic mutations in KAIMRCT1 cells selected from top four pathways

Chr Pos Ref Alt
8 133192528 T C

Gene model

QI8R,

Sanger sequencing result

KAIMRC1* PBMC MCF-7 MDAMB-231

KCNQ3:NM_001204824:exon4:c.A293G:p. C T T T

KCNQ3:NM_004519:exon4:c.A653G:p.Q218R

7 107880505 G @

NRCAM:NM_001037132:exonl:c.C4G:p.Q2E, C G G G

NRCAM:NM_001193582:exon4:c.C4G:p.Q2E,
NRCAM:NM_001193583:exon4:c.C4G:p.Q2E,
NRCAM:NM_001193584:exon4:c.C4G:p.Q2E,
NRCAM:NM_005010:exon4:c.C4G:p.Q2E

3 38921581 T G
K1085Q,

SCN11A:NM_014139:exon19:c.A3253C:p. G T T T

SCN1IA:NM_001349253:exon23:¢.A3253C:p.

K1085Q
22 37325820 G T

CSF2RB :NM_000395:exon6:c.G689T:p.S2301 T G G G

Several passages of the KAIMRC1 cell line including 5, 33, and 60 were tested positive for CSF2RB S2301 mutation.
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containing CSF2RB S230I mutation. Surprisingly, from both
these tumors, we established two breast cancer cell lines;
KAIMRCI and KAIMRC2.” Both these cell lines showed
ligand-independent activation. Nevertheless, we did not find
CSF2RB S230I mutation in any of the normal breast tissue
from breast cancer patients (data not shown). The clinical in-
formation of the tumors and patients where this mutation was
examined is given in Table S5. No significant clinical differ-
ence was observed in tumors with CSF2RB S2301 mutation
compared to those without this mutation.

3.8 | Activation of downstream signaling
factors of CSF2RB

Once we know that several downstream kinases of the
CSF2RB signaling cascade are involved in transformation,
we examine their phosphorylation status using specific an-
tibodies. Antibodies against CSF2RB, phospho-CSF2RB,
JAK2, phospho-JAK2, STAT3, phospho STAT3, AKT,
phospho-AKT, STATS, mTOR, phospho-mTOR are used to
screen the KAIMRCI cells using western blot. KAIMRC1
cells under starvation condition are shown to transduce the
cell cycle survival signal through JAK2/STAT and PI3K/
AKT/mTOR pathways through CSF2RB (Figure 2A). While
MDA-MB-231 and MCEF-7 cells do not contain the CSF2RB
S230I mutation, they seem not to signal through the CSF2RB
receptor (Figure 2B). Figure 2C shows the proposed sche-
matic diagram of signaling events occurring in KAIMRCI1
cells through CSF2RB.
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3.9 | Small molecule kinase-
inhibitors screening

The role of the novel CSF2RB S230I mutation in the transfor-
mation of the KAIMRCI cell line was investigated. A panel
of small molecule kinase inhibitors was utilized, specifically,
ruxolitinib (a JAK2 inhibitor) and API-2 (AKT inhibitor),
which significantly reduced the growth of the KAIMRCI
cells (Figure 3A and Table 3). Ruxolitinib (JAK?2 inhibitor)
was found to be very effective in reducing the growth of the
KAIMRCI cells (with CSF2RB S230I mutation) in compari-
son to MDA-MB-231 and MCF-7 cells (without S230I muta-
tion) (Figure 3B,C). It suggests that the growth and survival
signaling in KAIMRCI cells (to a great extent) and MCF-7
cells (to some extent) are occurring through JAK2 (down-
stream to CSF2RB). Table 3 shows the ICs, values of each
drug as a percentage. The results indicate the involvement of
CSF2RB in the ligand-independent activation of KAIMRC1
cells.

3.10 | Analysis of the hpc receptor S2301
mutant protein structure

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) binds and signals through a heterodimeric cell surface
receptor complex formed by a specific o subunit (GMRa)
and the dimeric common fc subunit (CSF2RB). The three-
dimensional structure of the Pc receptor (CD131) S2301I
mutant protein was modeled by the Swiss-Model program21

(A) KAIMRC1
+ -
P-CSF2RE | am  (i—

CSFZRBE — | ©
P-JAK2 | em— E

JAK2/STAT Pathwa
JAK2 | e— — 4 .
FIGURE 2 Characterization of P-AKT | ——
KAIMRCI cells on protein level. (A) AKT |G —

Western blot analysis of the KAIMRC1

cell line in normal (+) and serum-starved
conditions(-) against P-CSF2RB, CSF2RB,
P-AKTI1, AKT1, JAK2, P-JAK2, STATS3,
P-STAT3, STATS5, mTOR, and P-mTOR.
Ligand-independent activation of AKT/
mTOR pathway, as well as the JAK2/STAT
pathway, was observed. (B) Comparative
Western blot analysis of KAIMRC1, MDA-
MB-231, and MCF-7 cell lines against (B) KAIMRCL
CSF2RB. (C) Schematic representation of +

P-STAT3 I- ——
P-mTOR |-— pr—

PI3K/AKT/mTOR Pathway

« Cell Cycle Proliferation
\ « Differentiation
5 \\ + Cell Cycle Inhibition
o0 \ = Apoptosis
= 5 %
3 ] _ Nucleus
s s Cell Cycle Survival

(Anti Apoptosis)

proposed activation of the AKT/mTOR
pathway and JAK2/STAT pathway that

CSF2RB | "

might result in cell cycle survival and

proliferation

B-Actin | "= s SHED s—
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= Doxorubicin 8
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Concentration (Log10) Hydrochloride/AG490 e
V30
20
10
1.186 0.94
o 5
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MDA MB-231 B MCF-7 HEKAIMRC1

FIGURE 3 Cell proliferation and Pathway Inhibition Assay. (A) Effect of selected inhibitors of Akt, mTOR, STAT, and JAK on the
KAIMRCTI cell line. Akt inhibitor API-2 showed significant growth inhibition in contrast to other inhibitors, suggesting that the Akt pathway

is crucial for the survival of KAIMRCI cells. (B) Effect of JAK?2 inhibitor, ruxolitinib on KAIMRC1, MDA MB-231, and MCEF-7 cell lines.
CellTiter-Glo® assay was performed to assess cell viability after compound treatment. The cells were treated with compounds in complete media
with serum 24 h prior to the assay. (C) Comparison of ruxolitinib ICs of three cell lines. KAIMRCI cell line showed lowest ICs, in comparison
to MDA MB-231 and MCF-7 cell lines, suggesting that the inhibition of the JAK2 pathway can induce cell cycle inhibition and apoptosis in
KAIMRCTI cells. x-axis = Normalized Relative light unit (RLU) and y-axis = Logarithm of the drug concentration in molarity (Log[drug]M)

Inhibitors Category Pathways IG5 TABLE 3 IC_S 0 ?/ailues of the, Sméll
molecule kinase inhibitors used in this study
FPA124 Kinase inhibitors Akt 42.13 on the KAIMRC1 cell line
10-DEBC hydrochloride mTOR/Akt 11.63
API-2 Akt 0.88
AG490 JAK2/STAT 21.10
ZM449829 STATS 12.78
Thioridazine hydrochloride Stem cell modulator mTOR/Akt/PI3K 10.42
KUS55933 Epigenome mTOR 29.33
L002 STAT3 10.4
Mitoxantrone Topoisomerase II inhibitor Antineoplastic agent 0.36
Doxorubicin Anthracycline 0.24
Ruxolitinib Kinase inhibitors JAKI and JAK2 0.94
using the Pc receptor wild-type (WT) structure (PDB: 4 | DISCUSSION

1GH7)** as the template. The S230I residue is located in the
second domain of fc receptor (Figure 4A). Molecular mod-
eling of the mutant protein suggests that the 230 amino acid
located on the dimer’s accessible surface and S230I muta-
tion contribute to more hydrophobic of the fc receptor dimer
(Figure 4B,C). Although the S230I mutation does not involve
GM-CSF and GMRa direct binding (Figure 4D), this muta-
tion affects the Bc receptor stabilization and other functional
changes need further study.

Exome sequencing of cancer tissue or primary cells or cell
line and paired normal tissue has proven to be a standard
method of identifying cancer somatic mutations. Moreover,
the integration of genomic and functional analyses yielded
cancer driver mutations in the CSF3R gene in leukemia and
identified small molecule kinase inhibitors targeting CSF3R
downstream signaling pathways..26 This manuscript adopted
an integrated strategy, including paired-exome sequencing,
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FIGURE 4 Cytokine fc receptor (CD131) S230I mutant protein structure and analysis. (A) Overall structure of fc receptor (CD131) S2301
mutant protein homodimer. The S230I mutant structure was modeled by Swiss-Model using the wild-type structure (PDB: 1GH7)* as the

template. The S2301 residue was colored in magenta and highlighted by ligand shown. Two fc receptor molecules, colored by blue and pink,

respectively, form a homodimer. The S230I mutation is located at the second domain of fc receptor. (B,C) Hydrophobic and hydrophilic surfaces

of Pc receptor wild-type (B) and S230I mutant (C) protein homodimer. Hydrophobicity surfaces are presented by Chimera® with orange—red for

most hydrophobic and dodger blue for most hydrophilic. The residue 230 is highlighted by black ellipses. S230I mutation contributes to more

hydrophobic of the fc receptor dimer. (D) Superimposition of fc S230I mutant protein structure on the GM-CSF/GMRa/fc ternary complex (PDB:
4NKQ).?* Both GMRa and fic are shown on the surface. GMRa is colored in teal, and fc dimer is colored as panel A. GM-CSF is shown in cartoon
and colored in orange. The S230I mutation does not involve in the GM-CSF and GMR« direct binding

pathway enrichment, and functional studies to discover novel
somatic mutation CSF2RB S230I in a breast cancer cell line
KAIMRCI1 and related breast tumor. We also found that
this mutation leads to the ligand-independent activation of
KAIMRCI cells through downstream signaling pathways
such as JAK/STAT and PI3K/mTOR. Screening the small
molecule kinase inhibitor library against the KAIMRCI1
cells revealed that JAK2 inhibitor, ruxolitinib, inhibited the
growth of KAIMRCI cells significantly compared to the
MDA-MB-231 and MCF-7 cells (without CSF2RB S2301

mutation). Bioinformatic analyses predicted S230I as a path-
ogenic variant. In conclusion, CSF2RB S230I maybe a trans-
forming and potentially oncogenic mutation in breast tumor.

Several CSF2RB mutations, spontaneous or random, have
been shown to confer ligand-independence on hematopoi-
etic cell lines '*'>%7 or primary cells'®
such CSF2RB mutations have never been reported in clini-
cal samples until the first case report of a leukemia patient18
harboring CSF2RB-activating germline mutation (R461C).
R461C mutation was not novel and was present in the 1000

in vitro. However,
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genome database at the time of reporting. Here, we report a
similar but completely unknown somatic, potentially trans-
forming, and oncogenic CSF2RB S230I mutation in breast
cancer tissue and the established cell line KAIMRCI. This
mutation has never been reported in any databases such as
1000 genome, Exome Aggregate Consortium, and COSMIC.
Nevertheless, few other CSF2RB mutations are reported in
breast tumors in the TCGA dataset hosted at the COSMIC
database (Table S6).

KAIMRCI cell line, established from a breast tumor spec-
imen, showing growth and proliferation in the ligand star-
vation condition has been extensively characterized in our
lab.”%%° We hypothesized that there could be a genetic de-
terminant conferring ligand-independence to the KAIMRC1
cell line. To answer this question, we designed exome se-
quencing of the KAIMRCI1 cell line and normal PBMC cells
obtained from the same breast cancer patient from which
KAIMRCI1 was established. Using the tumor-normal exome
pair and several publicly available mutation/SNP databases,
novel somatic mutations were identified (Figure 1; our bioin-
formatic framework). The underlying 309 gene set was used
for the reactome pathway analysis to identify top pathways
where these mutated genes are enriched. The discovery of
the CSF2RB gene (and its mutation) in the pathway analysis
was serendipity and attracted our attention. Since numerous
activating mutations were found in the CSF2RB gene in he-
matopoietic cell lines and primary cells (second paragraph of
discussion), we hypothesized that S2301 in CSF2RB might
confer ligand-independence to KAIMRCI1 cells. This mu-
tation was not present in MCF-7 and MDA-MB-231 breast
cancer cell lines (Table 2) and we considered them (to some
extent) as negative controls in our functional studies. Western
blot analysis using the monoclonal antibody of CSF2RB
showed that CSF2RB protein was not or least expressed in
MCEF-7 and MDA-MB-231 cells (Figure 2B) and this further
supported their use as negative controls for studying signal-
ing through CSF2RB in KAIMRCI cells.

Surprisingly, MCF-7 and KAIMRC1 cell lines showed
similar ICs, of ruxolitinib (a JAK2 inhibitor) treatment
(Figure 3C), even though wild-type CSF2RB is not present at
a high level in the MCF-7 cell line (Figure 2B). Ruxolitinib
may inhibit MCF-7 growth and proliferation through a dif-
ferent signaling cascade than the CSF2RB/JAK2 pathway.
Searching the XTALKDB database,*® we found a cross-talk
between the estrogen signaling pathway and JAK/STAT
pathway in the MCF-7 cell line. JAK2 is one of the direct
estradiol-dependent targets of the p/CIP/CARMI1 complex.31
Therefore, our results imply that in the MCF-7 cell line, the
JAK2 signaling is active through estradiol-dependent path-
ways but not through CSF2RB.

In silico analysis of CSF2RB S230I suggested that “isole-
ucine” in place of “serine” at 230 could lead to the deleteri-
ous or damaging effect on receptor function (Table S4). All

the functional prediction bioinformatics algorithms (SIFT,
Polyphen2, MutationTaster, Provean) predicted CSF2RB
S230I as damaging or disease-causing mutation. Most of
these algorithms exploit the sequence conservation level of
the amino acid where mutation occurs. The general hypoth-
esis is that the mutation(s) at highly conserved sites might
change the structure and function of the respective protein.
We sought to confirm whether serine at 230 in CSF2RB is
highly conserved? Interestingly this site was highly conserved
across vertebrates (Figure S2). Moreover, serine and isoleu-
cine differ in size and hydrophobicity; therefore, isoleucine
in the mutant CSF2RB disrupts the hydrogen bonding with
conserved amino acids valine at position 212 and proline at
position 231 (Table S4). The disruption of such intramolec-
ular interactions in CSF2RB might lead to conformational
changes in the receptor finally leading to constitutive activity.
Our hypothesis is very strongly supported by a report show-
ing that the interacting residues in the extracellular region of
the hpc (CSF2RB) are involved in constitutive activation.>?
This report provided mechanistic insight for the CSF2RB-
activating I374N mutation. Isoleucine at 374 interacts with
leucine at 356 and tryptophan at 358 in the wild-type hfc.
The asparagine (N) at 374 in the mutant receptor disrupts
these intramolecular interactions leading to a conformational
change in the receptor and leads to constitutive activation.
Though we consolidate our hypothesis that mutation at serine
230 (interacting with valine 212 and proline 231) disrupts
intramolecular interactions that might lead to receptor activa-
tion but more mechanistic studies will be required to support
our hypothesis.

S230I CSF2RB mutation is not frequent in the breast
tumor specimen. We examined 12 tumors and confirmed
2 (16.6%) tumors for this mutation by sanger sequencing.
Both these breast tumors gave rise to ligand-independent cell
lines. Our hypothesis, that CSF2RB S230I may be an acti-
vating mutation in KAIMRC1, was further supported by the
extensive reports on hematopoietic cell lines and primary
cells where similar mutation(s) in the CSF2RB gene con-
fer ligand-independence and tumorigenicity. The first ever
CSF2RB-activating and tumorigenic mutation (but germ-
line) in any clinical sample were reported in 2016 in leuke-
mia.'® Here, we report for the first time CSF2RB-activating
novel somatic mutation in breast cancer. This finding could
be of translational importance if the anti-CSF2RB antibody
could be tested on breast tumors harboring S230I mutation
for tumor growth suppression. A similar phenomenon has
been observed for CSFIR where humanized anti-CSFIR
monoclonal antibody inhibited both ligand-dependent and
ligand-independent activation of CSF1R by impairing recep-
tor dimerization.*® This manuscript seems to be a foundation
stone for exploring CSF2RB as a druggable target in the con-
text of breast cancer. Moreover, one can extend this hypothe-
sis to other cancer types as well.
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5 | CONCLUSIONS

CSF2RB S230I mutation in breast tumor seems to confer
ligand-independence to breast tumor cells and the KAIMRC1
cell line established from this breast tumor. KAIMRCI cells
harboring this mutation showed constitutive activation of
JAK2/STAT and PI3K/mTOR pathways in ligand starva-
tion condition. We found KAIMRCI1 cells highly sensitive
to JAK2 inhibitors. Together, these findings conclude that
CSF2RB S230I mutation could be actionable and might help
in developing novel therapeutics for breast cancer patients.

ACKNOWLEDGMENTS

We duly acknowledge the Department of Pathology, King
Abdulaziz Medical City, National Guards Health Affairs
for processing FFPE breast tumor specimens for this study.
This study has been funded by King Abdullah International
Medical Research Center (RC17/153/R).

DISCLOSURE STATEMENT
The authors have no conflict of interest.

ETHICAL STATEMENT
All patients consented following the KAIMRC Institutional
Review Board (IRB) guidelines.

DATA AVAILABILITY STATEMENT

The datasets generated and/or analyzed during the current
study are available in the NCBI SRA repository, (https://
www.ncbi.nlm.nih.gov/sra/?term=PRINA606980).

ORCID
Mamoon Rashid ‘© https://orcid.org/0000-0003-1457-477X

Rizwan Ali @ https://orcid.org/0000-0002-2475-0258

REFERENCES

1. Kandoth C, McLellan MD, Vandin F, et al. Mutational landscape
and significance across 12 major cancer types. Nature [Internet].
2013;502(7471):333-339.  https://www.ncbi.nlm.nih.gov/pubme
d/24132290

2. Stratton MR, Campbell PJ, Futreal PA. The cancer genome. Nature
[Internet]. 2009;458(7239):719-724. https://www.ncbi.nlm.nih.
gov/pubmed/19360079

3. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz
LA, Kinzler KW. Cancer
2013;339(6127):1546-1558.

4. Futreal PA, Coin L, Marshall M, et al. A census of human can-
cer genes. Nat Rev Cancer [Internet]. 2004;4(3):177-183. https://
www.ncbi.nlm.nih.gov/pubmed/14993899

5. Banerji S, Cibulskis K, Rangel-Escareno C, et al. Sequence analy-
sis of mutations and translocations across breast cancer subtypes.
Nature [Internet]. 2012;486(7403):405-409. https://www.ncbi.
nlm.nih.gov/pubmed/22722202

6. Cancer

Genome Landscapes. Science.

Genome Atlas Network. Comprehensive molecu-

lar portraits of human breast tumours. Nature [Internet].

10.

11.

12.

13.

14.

15.

16.

17.

18.

2012:490(7418):61-70.
d/23000897
Stephens PJ, Tarpey PS, Davies H, et al. The landscape of cancer

https://www.ncbi.nlm.nih.gov/pubme

genes and mutational processes in breast cancer. Nature [Internet].
2012;486(7403):400-404.
d/22722201

Lefebvre C, Bachelot T, Filleron T, et al. Mutational profile of
metastatic breast cancers: a retrospective analysis. PLoS Medicine.
2016;13(12):e1002201.

Rheinbay E, Parasuraman P, Grimsby J, et al. Recurrent and func-
tional regulatory mutations in breast cancer. Nature [Internet].
2017,547(7661):55-60.
d/28658208

Tate JG, Bamford S, Jubb HC, et al. COSMIC: the catalogue of
somatic mutations in cancer. Nucleic Acids Res. 2019;47(D1):D94
1-D947.

Sondka Z, Bamford S, Cole CG, Ward SA, Dunham I, Forbes SA.
The COSMIC Cancer Gene Census: describing genetic dysfunction
across all human cancers. Nat Rev Cancer. 2018;18(11):696-705.
D’Andrea R, Rayner J, Moretti P, et al. A mutation of the common
receptor subunit for interleukin-3 (IL-3), granulocyte-macrophage
colony-stimulating factor, and IL-5 that leads to ligand indepen-
dence and tumorigenicity. Blood [Internet]. 1994;83(10):2802-
2808. http://www.ncbi.nlm.nih.gov/pubmed/8180376

D’Andrea RJ, Barry SC, Moretti PA, et al. Extracellular trunca-
tions of h beta c, the common signaling subunit for interleukin-3

https://www.ncbi.nlm.nih.gov/pubme

https://www.ncbi.nlm.nih.gov/pubme

(IL-3), granulocyte-macrophage colony-stimulating factor (GM-
CSF), and IL-5, lead to ligand-independent activation. Blood
[Internet]. 1996;87(7):2641-2648. http://www.ncbi.nlm.nih.gov/
pubmed/8639879

Jenkins BJ, D’Andrea R, Gonda TJ. Activating point mutations in
the common beta subunit of the human GM-CSF, IL-3 and IL-5
receptors suggest the involvement of beta subunit dimerization
and cell type-specific molecules in signalling. EMBO J [Internet].
1995;14(17):4276-4287. https://www.ncbi.nlm.nih.gov/pmc/artic
les/PMC394511/pdf/emboj00041-0164.pdf

Hannemann J, Hara T, Kawai M, Miyajima A, Ostertag W,
Stocking C. Sequential mutations in the interleukin-3 (IL3)/
granulocyte-macrophage colony-stimulating factor/IL5 receptor
beta-subunit genes are necessary for the complete conversion to
growth autonomy mediated by a truncated beta C subunit. Mol Cell
Biol [Internet]. 1995;15(5):2402-2412. https://mcb.asm.org/conte
nt/meb/15/5/2402 full.pdf

McCormack MP, Gonda TJ. Expression of activated mutants of
the human interleukin-3/interleukin-5/granulocyte-macrophage
colony-stimulating factor receptor common beta subunit in pri-
mary hematopoietic cells induces factor-independent prolifera-
tion and differentiation. Blood [Internet]. 1997;90(4):1471-1481.
http://www.ncbi.nlm.nih.gov/pubmed/9269764

Bagley CJ, Woodcock JM, Stomski FC, Lopez AF. The structural
and functional basis of cytokine receptor activation: lessons from
the common  subunit of the granulocyte-macrophage colony-
stimulating factor. Blood [Internet]. 1997;89(5):1471-1482.
https://ashpublications.org/blood/article/89/5/1471/236292/The-
Structural-and-Functional-Basis-of-Cytokine

Watanabe-Smith K, Tognon C, Tyner JW, Meijerink JP, Druker
BJ, Agarwal A. Discovery and functional characterization of a
germline, CSF2RB-activating mutation in leukemia. Leukemia
[Internet]. 2016;30(9):1950-1953. http://www.ncbi.nlm.nih.gov/
pubmed/27118405


https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA606980
https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA606980
https://orcid.org/0000-0003-1457-477X
https://orcid.org/0000-0003-1457-477X
https://orcid.org/0000-0002-2475-0258
https://orcid.org/0000-0002-2475-0258
https://www.ncbi.nlm.nih.gov/pubmed/24132290
https://www.ncbi.nlm.nih.gov/pubmed/24132290
https://www.ncbi.nlm.nih.gov/pubmed/19360079
https://www.ncbi.nlm.nih.gov/pubmed/19360079
https://www.ncbi.nlm.nih.gov/pubmed/14993899
https://www.ncbi.nlm.nih.gov/pubmed/14993899
https://www.ncbi.nlm.nih.gov/pubmed/22722202
https://www.ncbi.nlm.nih.gov/pubmed/22722202
https://www.ncbi.nlm.nih.gov/pubmed/23000897
https://www.ncbi.nlm.nih.gov/pubmed/23000897
https://www.ncbi.nlm.nih.gov/pubmed/22722201
https://www.ncbi.nlm.nih.gov/pubmed/22722201
https://www.ncbi.nlm.nih.gov/pubmed/28658208
https://www.ncbi.nlm.nih.gov/pubmed/28658208
http://www.ncbi.nlm.nih.gov/pubmed/8180376
http://www.ncbi.nlm.nih.gov/pubmed/8639879
http://www.ncbi.nlm.nih.gov/pubmed/8639879
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC394511/pdf/emboj00041-0164.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC394511/pdf/emboj00041-0164.pdf
https://mcb.asm.org/content/mcb/15/5/2402.full.pdf
https://mcb.asm.org/content/mcb/15/5/2402.full.pdf
http://www.ncbi.nlm.nih.gov/pubmed/9269764
https://ashpublications.org/blood/article/89/5/1471/236292/The-Structural-and-Functional-Basis-of-Cytokine
https://ashpublications.org/blood/article/89/5/1471/236292/The-Structural-and-Functional-Basis-of-Cytokine
http://www.ncbi.nlm.nih.gov/pubmed/27118405
http://www.ncbi.nlm.nih.gov/pubmed/27118405

8150 .
—I—Wl LEY_Cancer Medicine _

19.

20.

21.
22.
23.

24.

25.

26.

217.

RASHID ET AL.

Ali R, Samman N, Al Zahrani H, et al. Isolation and characteriza-
tion of a new naturally immortalized human breast carcinoma cell
line, KAIMRC1. BMC Cancer [Internet]. 2017;17(1):803. https://
www.ncbi.nlm.nih.gov/pubmed/29187162

Yang H, Wang K. Genomic variant annotation and priori-
tization with ANNOVAR and wANNOVAR. Nat Protoc.
2015;10(10):1556-1566.

Waterhouse A, Bertoni M, Bienert S, et al. SWISS-MODEL: ho-
mology modelling of protein structures and complexes. Nucleic
Acids Res [Internet]. 2018;46(W1):W296-W303. https://swiss
model.expasy.org/templates/

Carr PD, Gustin SE, Church AP, et al. Structure of the complete
extracellular domain of the common f subunit of the human GM-
CSF. Cell [Internet]. 2001;104(2):291-300. http://www.cell.com/
article/S0092867401002136/fulltext

Pettersen EF, Goddard TD, Huang CC, et al. UCSF Chimera—a
visualization system for exploratory research and analysis. J
Comput Chem [Internet]. 2004;25(13):1605-1612. https://pubmed.
ncbi.nlm.nih.gov/15264254/

Broughton SE, Hercus TR, Nero TL, et al. Conformational
changes in the GM-CSF receptor suggest a molecular mecha-
nism for affinity conversion and receptor signaling. Structure
[Internet]. 2016;24(8):1271-1281. http://dx.doi.org/10.1016/j.
str.2016.05.017

Ali R, Al Zahrani H, Barhoumi T, et al. Isolation and establish-
ment of a highly proliferative, cancer stem cell-like, and naturally
immortalized triple-negative breast cancer cell line, KAIMRC2.
Cells. 2021;10(6):1303.

Maxson JE, Gotlib J, Pollyea DA, et al. Oncogenic CSF3R muta-
tions in chronic neutrophilic leukemia and atypical CML. N Engl J
Med. 2013;368(19):1781-1790.

D’Andrea R, Rayner J, Moretti P, et al. A mutation of the common
receptor subunit for interleukin-3 (IL-3), granulocyte-macrophage
colony-stimulating factor, and IL-5 thatleads to ligand independence
and tumorigenicity. Blood [Internet]. 1994;83(10):2802-2808.
http://www.bloodjournal.org/content/bloodjournal/83/10/2802.
full.pdf

28.

29.

30.

31.

32.

33.

Alghanem B, Ali R, Nehdi A, et al. Proteomics profiling of
KAIMRCI1 in comparison to MDA-MB231 and MCF-7. Int
J Mol Sci [Internet]. 2020;21(12):4328. https://www.mdpi.
com/1422-0067/21/12/4328

Nehdi A, Ali R, Alhallaj A, et al. Nuclear receptors are dif-
ferentially expressed and activated in KAIMRCI1 compared
to MCF7 and MDA-MB231 breast cancer cells. Molecules
[Internet]. 2019;24(11):1420-3049. https://www.mdpi.com/1420-
3049/24/11/2028

Sam SA, Teel J, Tegge AN, Bharadwaj A, Murali TM. XTALKDB:
a database of signaling pathway crosstalk. Nucleic Acids Res
[Internet]. 2017;45(D1):D432-D439. www.xtalkdb.org.

Coughlan N, Thillainadesan G, Andrews J, Isovic M, Torchia J. -
Estradiol-dependent activation of the JAK/STAT pathway requires p/
CIP and CARMLI. Biochim Biophys Acta. 2013;1833(6):1463-1475.
Jenkins BJ, Bagley CJ, Woodcock J, Lopez AF, Gonda TJ.
Interacting residues in the extracellular region of the common f3
subunit of the human granulocyte-macrophage colony-stimulating
factor. J Biol Chem [Internet]. 1996;271(47):29707-29714. https://
pubmed.ncbi.nlm.nih.gov/8939904/

Ries C, Cannarile M, Hoves S, et al. Targeting tumor-associated
macrophages with anti-CSF-1R antibody reveals a strategy for
cancer therapy. Cancer Cell. 2014;25(6):846-859.

SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section.

How to cite this article: Rashid M, Ali R, Almuzzaini
B, et al. Discovery of a novel potentially transforming
somatic mutation in CSF2RB gene in breast cancer.
Cancer Med. 2021;10:8138-8150. https://doi.
org/10.1002/cam4.4106



https://www.ncbi.nlm.nih.gov/pubmed/29187162
https://www.ncbi.nlm.nih.gov/pubmed/29187162
https://swissmodel.expasy.org/templates/
https://swissmodel.expasy.org/templates/
http://www.cell.com/article/S0092867401002136/fulltext
http://www.cell.com/article/S0092867401002136/fulltext
https://pubmed.ncbi.nlm.nih.gov/15264254/
https://pubmed.ncbi.nlm.nih.gov/15264254/
http://dx.doi.org/10.1016/j.str.2016.05.017
http://dx.doi.org/10.1016/j.str.2016.05.017
http://www.bloodjournal.org/content/bloodjournal/83/10/2802.full.pdf
http://www.bloodjournal.org/content/bloodjournal/83/10/2802.full.pdf
https://www.mdpi.com/1422-0067/21/12/4328
https://www.mdpi.com/1422-0067/21/12/4328
https://www.mdpi.com/1420-3049/24/11/2028
https://www.mdpi.com/1420-3049/24/11/2028
http://www.xtalkdb.org
https://pubmed.ncbi.nlm.nih.gov/8939904/
https://pubmed.ncbi.nlm.nih.gov/8939904/
https://doi.org/10.1002/cam4.4106
https://doi.org/10.1002/cam4.4106

