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Abstract

Exclusive of membrane-proximal mutations seen commonly in chronic neutrophilic leukemia
(e.g., T618I), functionally defective mutations in the extracellular domain of the G-CSF receptor
(CSF3R) have been reported only in severe congenital and idiopathic neutropenia patients. Here,
we describe the first activating mutation in the fibronectin-like type 111 domain of the extracellular
region of CSF3R (W341C) in a leukemia patient. This mutation transformed cells via cysteine-
mediated intermolecular disulfide bonds, leading to receptor dimerization. Interestingly, a CSF3R
cytoplasmic truncation mutation (W791X) found on the same allele as the extracellular mutation
and the expansion of the compound mutation was associated with increased leukocytosis and
disease progression of the patient. Notably, the primary patient sample and cells transformed by
W341C and W341C/W791X exhibited sensitivity to JAK inhibitors. We further showed that
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disruption of original cysteine pairs in the CSF3R extracellular domain resulted in either gain- or
loss-of-function changes, part of which was attributable to cysteine-mediated dimer formation.
This, therefore, represents the first characterization of unpaired cysteines that mediate both gain-
and loss-of-function phenotypes. Overall, our results show the structural and functional
importance of conserved extracellular cysteine pairs in CSF3R and suggest the necessity for
broader screening of CSF3R extracellular domain in leukemia patients.

Introduction

G-CSF (also known as CSF3) and its receptor CSF3R play important roles in myelopoiesis,
stem cell mobilization, and granulocyte function. CSF3R contains an extracellular, a
transmembrane, and a cytoplasmic domain. Similar to other type | cytokine receptor
superfamily members, upon ligand binding, CSF3R forms homodimers that bring the
cytoplasmic domains into close proximity. This leads to the activation of the JAK-STAT,
MAPK/ERK, and PI3K/AKT signaling pathways, which consequently promote cell growth,
differentiation, and survival.

Recently, CSF3R mutations have been identified in various hematologic malignancies.
CSF3R gain-of-function mutations have two subgroups. The first subgroup is point
mutations (T618l, T615A, and T640N) within CSF3R membrane-proximal (exon 14) and
transmembrane regions. The majority of these mutations are identified in WHO-defined
chronic neutrophilic leukemia (CNL; refs. 1, 2). These missense mutations cause
constitutive receptor dimerization, leading to ligand-independent proliferation of myeloid
progenitors and inducing a lethal myeloproliferative disorder in a murine bone marrow
transplant model (1-4). Another group of CSF3R gain-of-function mutations are truncations
(frameshift and stop gain) of CSF3R (T738-Q823), which disrupt the receptor-trafficking
pathway, resulting in delayed receptor internalization (5) and/or degradation (6). The
resulting CSF3R accumulation induces sustained STAT5 activation and enhanced cell
proliferation (6, 7). These truncation mutations are mostly seen in severe congenital
neutropenia patients with leukemia transformation or in CNL patients, typically in
conjunction with a membrane-proximal mutation (1, 6, 8).

In contrast, the CSF3R loss-of-function mutations identified so far are truncation or
missense mutations located in the extracellular domain of CSF3R (9, 10). These mutations
are predominantly seen in neutropenia patients. The extracellular region of CSF3R contains
an immunoglobulin-like (IgG-like) domain (amino acids 25-117), a cytokine-binding
homology region [CHR, also called fibronectin like type 111 (FNIII) domain 1 and 2, amino
acids 117-332], and three other FNIII domains (amino acids 332—-623). The 1gG-like and
CRH domain (especially the WSXWS motif in the CRH domain) mediates the interaction
with G-CSF (11). The loss-of-function truncation mutations truncate CSF3R around the
WSXWS motif or the transmembrane domain, therefore preventing activation of the
cytoplasmic domain (12-14). The loss-of-function missense mutations (e.g., P206H and
R308C) are located at or close to the ligand-binding region, which disrupt or abrogate the
ligand-binding conformation and lead to G-CSF hyposensitivity or nonresponsiveness (9,
10).
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In the current study, we have aimed to identity and characterize novel CSF3R extracellular
missense mutations from exome sequencing of leukemia patients.

Materials and Methods

Patient information and study approval

The study was approved by the Institutional Review Boards from Oregon Health & Science
University (Portland, OR) and Stanford University School of Medicine (Stanford, CA) and
conducted in accordance with guidelines from the Declaration of Helsinki. Written informed
consents were obtained from all the patients with Institutional Review Board—approved
protocols.

Next-generation sequencing, targeted deep sequencing, and Sanger confirmation

Exome sequencing was performed on a HiSeq 2500 using Illumina Nextera capture probes
and paired-end 100-cycle protocols. Targeted deep sequencing was performed using an lon
AmpliSeq custom designed panel. Detailed information is provided in Supplementary Data.

Cell lines and reagents

HEK?293T/17 (ATCC, 2006) and NIH/3T3 (ATCC, 2003) cells were maintained in DMEM
(Invitrogen) supplemented with 10% FBS (Atlanta Biologicals), L-glutamine, penicillin/
streptomycin (Invitrogen), and fungizone (Thermo Fisher Scientific). Ba/F3 cells (ATCC,
year unknown) were maintained in RPMI11640 (Invitrogen) supplemented with 10% FBS,
15% WEHI-conditioned media, L-glutamine, penicillin/streptomycin, and fungizone. Low
passage cells (<passage 15) were used in the experiments and maintained in /n vitro culture
within 4 weeks. Mycoplasma contamination was tested every other month. Only
mycoplasma-free cells were used in the experiments. We did not perform additional
authentication test.

Retroviral vector production and transduction

CSF3R mutations were generated using the QuikChange 11 XL Site-Directed Mutagenesis
Kit (Agilent Technologies) on a CSF3R WT pDONR vector (NM_000760.2, GeneCopoeia)
and cloned into a gateway compatible MSCV-IRES-GFP retroviral vector via Gateway
Cloning System (Invitrogen). Retrovirus was produced by HEK293T/17 cells and
transduced into Ba/F3 cells. Transduced Ba/F3 cells with equal intensity of GFP were sorted
by flow cytometry (FACS, Ariall, BD Biosciences). For coimmunoprecipitation, a V/5-
tagged pcDNACSF3R vector (Thermo Fisher Scientific, 12290010) and a modified FLAG-
tagged p3xFLAG CMV14 vector were used (3).

TOPO TA cloning

RNA was extracted using RNeasy kits and was reverse transcribed into cDNA using
SuperScript VILO Il cDNA Synthesis Kit (Thermo Fisher Scientific). The cDNA was then
cloned into TOPO TA vector using TOPO TA Cloning Kit (Thermo Fisher Scientific)
according to the manufacturer’s protocol and followed by Sanger sequencing with the
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following primers: forward: 5"-CCTA-CACCCTGCAGATACGC-3’; reverse: 5'-
CATCCCATGGACCCG-GATC-3".

IL3 withdrawal assay

Stably transduced Ba/F3 cells (1 x 108) were washed 3 times and grown in cytokine-free
media. Viable cell number was determined on a Guava Personal Cell Analysis System
(Millipore) every 1 to 2 days.

FACS analysis

Cells were stained with an anti-CD114 antibody (BioLegend, 346108) for 20 minutes at
room temperature and washed twice with PBS. Membrane CSF3R expression was
determined by FACS.

Immunoblotting and co-IP

Immunoblotting and co-1P were performed as described previously (3). Briefly, for reducing
conditions, 8% B-mercaptoethanol was added into 3x SDS sample buffer [75 mmol/L Tris
(pH 6.8), 3% SDS, 15% glycerol, and 0.1% bromophenol blue]. The mixed samples were
boiled for 5 minutes in a 95°C heat block before loading on a 4% to 15% Tris-HCI gradient
gel (Bio-Rad). For nonreducing conditions, no B-mercaptoethanol was added, and the
nonboiled samples were loaded on a 10% gel. The following primary antibodies and
reagents were used: anti-GCSF receptor antibody (Abcam, ab126167), anti-GFP antibody
(Santa Cruz Biotechnology, sc-9996), anti-pSTAT3 Tyr705 (Cell Signaling Technology,
9131), anti-STAT3 (Cell Signaling Technology, 9132), anti-pSTATS5 Tyr694 (Cell Signaling
Technology, 9151), anti-STAT5 (BD Transduction Laboratories, 610192), anti-pERK1/2
Thr202/Tyr204 (Cell Signaling Technology, 4370), anti-ERK1/2 (Cell Signaling
Technology, 9102), anti-pJAK2 Tyr1007/1008 (Cell Signaling Technology, 3776), anti-JAK2
(Cell Signaling Technology, 3230), and HRP conjugate secondary antibodies against mouse
IgG and rabbit IgG (Promega).

Cell viability assay

Transformed Ba/F3 cells were seeded in 384-well plates (1,250 cells/well) and exposed to
increasing concentrations of ruxolitinib, JAK inhibitor I, dasatinib, or imatinib for 72 hours.
Cell viability was measured using a methanethiosulfonate (MTS)-based assay (CellTiter96
Agueous One Solution; Promega) and read at 490 nm after 1 to 3 hours using a BioTek
Synergy 2 plate reader (BioTek). Cell viability was determined by comparing the absorbance
of drug-treated cells with that of untreated controls set at 100%. ICsq values were calculated
by regression curve fit analysis using GraphPad Prism software. All drugs were obtained
from commercial vendors.

Homology modeling of CSF3R

As there are no crystal structures of CSF3R that contain W341, we built a homology model
using SWISS-MODEL (15). The SWISS-MODEL template library (SMTL version
2016-06-29, PDB release 2016-06-24) was searched with Blast and HHBIits for
evolutionary-related structures matching the sequence of CSF3R. The highest scoring
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template for model building was the crystal structure of the extracellular domain of human
gp130 (IL6 receptor subunit beta, PDB ID 3L5H) with a sequence identity of 30.3%, which
also shares the general domain organization of the class of tall cytokine receptors with one
1gG-like C2 domain followed by five FNIII domains. Models are built on the basis of the
target-template alignment using ProMod3. Coordinates that are conserved between the target
and the template are copied from the template to the model. Insertions and deletions are
remodeled using a fragment library. Side chains are then rebuilt. Finally, the geometry of the
resulting model is regularized by using a force field. Structural representations of the model
are done with PyMOL.

Inhibitor panel screening

Primary patient sample was ficolled, and the isolated peripheral blood mononuclear cells
(PBMC) were screened using a panel of small-molecule inhibitors as described previously
(16). Briefly, PBMCs were seeded in 384-well plates with a panel of graded concentrations
of small-molecule inhibitors and incubated for 72 hours. Cell viabilities were calculated as
described in the cell line viability assays.

Statistical analysis

Results

The GraphPad Prism 5 software was used to perform statistical analyses. The data were
presented as the mean + SEM. Statistical significance was determined using Student two-
tailed ftests and expressed as Pvalue (¥, P< 0.05).

Identification of a gain-of-function CSF3R extracellular domain mutation, W341C

We screened 173 CNL/atypical chronic myeloid leukemia (aCML)/unclassified
myeloproliferative neoplasm (MPN-U) patients, 199 acute myeloid leukemia (AML), and
106 chronic myeloid leukemia (CML) patients. Four CSF3R extracellular domain missense
mutations (P71R, T231M, E288G, and Q346R) were identified in CNL/aCML/MPN-U
group and one mutation (W341C) in an AML patient. No CSF3R extracellular mutations
were found in a similar CML cohort. We first performed IL3 withdrawal and G-CSF
response assays to determine the functional changes of these mutations. We found that
W341C transformed Ba/F3 cells to both IL3 and G-CSF-independent growth. In agreement,
W341C induced enhanced JAK2, STAT5, and ERK activation compared with the wild-type
(WT) receptor (Fig. 1A and B) in transfected HEK293T/17 cells. Alternative mutations at
residue W341 (W341A/G/K/R/S) did not result in factor-independent growth (Fig. 1C and
D). Similarly, substitutions at other nearby residues, including W342C, W356C, L361C, and
W477C, did not show similar leukemogenic potential as W341C (Fig. 1C and D), suggesting
that both the cysteine substitution and the amino acid position 341 are essential for this
transforming capacity.

Clinical information of the patient harboring the CSF3R W341C/W791X mutation

A 73-year-old female was diagnosed with AML with normal karyotype and negative for
NPM1, FLT3-ITD, FLT3 tyrosine kinase domain, and CEBPa mutations. Retrospective
exome sequencing later identified a BCOR mutation with 15% variant allelic frequency
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(VAF) and a CSF3R truncation mutation W791X with 9.5% VAF (Supplementary Tables S1
and S2). She was enrolled into a clinical trial (ClinicalTrials.gov identifier: NCT01358734)
and randomized to the single-agent azacitidine arm (75 mg/m?2, subcutaneous x 7 days every
28 days). Following 8 cycles of therapy, a partial remission was noted (Table 1; Fig. 2). The
patient achieved complete morphologic remission with evidence of minimal residual disease
observed by FACS after 18 cycles of therapy. The patient was maintained on protocol-
defined therapy until cycle #21, at which time, it was observed that the patient’s white blood
cell (WBC) count (mature neutrophils in particular) progressively increased with an
associated downward trend in the patient’s platelet count, as well as permanent
thrombocytopenia observed at the start of cycle #29. Repeat bone marrow biopsies and
aspirations (Table 1) consistently revealed marked marrow hypercellularity with myeloid
lineage predominance, but an absence of relapsed AML. Exome and RNA sequencing
analyses were negative for BCR-ABL, PDGFRA, PDGFRB, and FGFR1 rearrangement as
well as JAK2 mutations. The patient’s WBC and absolute neutrophil count constantly rose
while progressive thrombocytopenia ensued. Unfortunately, the patient became platelet
transfusion dependent by cycle #35 and died of intracranial hemorrhage after 40 cycles on
trial, 19 months after the acquisition of a CSF3R compound mutation. Retrospective exome
sequence demonstrated the acquisition and expansion of a CSF3R extracellular mutation
W341C on the same allele as the CSF3R truncation mutation W791X, which occurred
concomitantly with the disease progression (Fig. 2; Supplementary Fig. S1; Supplementary
Table S2).

W341C induces intermolecular disulfide bond formation and leads to increased receptor

dimerization

Point mutations that insert a cysteine into the extracellular domain of multiple receptors
(IL7R, CRLF2, RET, and EpoR; refs. 17-21) have been previously shown to confer
oncogenic potential by inducing disulfide bond-mediated dimerization. To test the
possibility that this same mechanism was eliciting transforming capacity by CSF3R W341C,
we first quantified dimer formation induced by this mutation. Indeed, we observed markedly
increased dimerization of the mutant protein compared with WT in co-IP assays and in
immunoblots under nonreducing conditions, which was abrogated in a reducing condition
immunoblot (Fig. 3A—-C). In contract, as shown in Fig. 3C, other W341 substitutions
(W341A/G/K/R/S), W342C, L361C, and W477C demonstrated similar subtle dimerization
as WT. Surprisingly, the W356C substitution, which showed a loss-of-function phenotype,
demonstrated increased dimerization similar to W341C, suggesting that increased receptor
dimerization alone is not sufficient for the transforming potential.

Structural modeling of W341

We next attempted to map the structural location of this variant in hopes of informing
mechanistic understanding of why the W341C mutation is transforming. Available crystal
structures of CSF3R are restricted to its N-terminal Ig-like C2 and CHR domain, which form
the binding site for G-CSF (11). These constructs end around residue 300 and, therefore, do
not contain the W341 and W356 residues. Hence, we built a homology model of the entire
extracellular domain of CSF3R based on the crystal structure of the entire extracellular
domain of gp130 (22), which is the structure with the highest sequence homology to CSF3R.
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Importantly, CSF3R and gp130 have the same domain organization and both belong to the
family of tall cytokine receptors. In the model, the third and fourth FNIII domains make an
extensive intramolecular domain—domain interface that orients these two domains almost
perpendicular to each other. Excitingly, W341, located in the third FNIII domain, is
positioned in the center of this interface and binds a hydrophobic cavity in the fourth FNIII
domain. On the basis of this central location, it is very likely that the W341C mutation will
perturb the largely hydrophobic interaction interface of the third and fourth FNIII domain.
As a consequence, changes in the overall domain arrangement of CSF3R are likely. This
could either favor a conformation that results in ligand-independent activation of the
receptor, or the introduced cysteine residue may become exposed to form inter- or intra-
molecular disulfide bonds to activate CSF3R. In line with this, we observed increased
dimers in the W341C protein. It is therefore conceivable that W341C forms intermolecular
disulfide bonds. Interestingly, computational modeling analysis indicated that the side chains
of W341 and W356 point in opposite directions, which might be a possible explanation for
the differing functional consequences of the W356C and W341C mutations. On the basis of
our functional data, we propose that W341C-mediated intermolecular disulfide bond forms
active dimers that may orientate the phosphorylation sites of the cytoplasmic domain to be in
close proximity, thereby resulting in transactivation and initiation of downstream signaling.
In contrast, W356C could form inactive dimers that may place the phosphorylation sites at a
distance from each other, thereby eliminating the opportunity for transactivation, even in the
presence of G-CSF (Fig. 3D).

Interestingly, R308C was previously shown to be a loss-of-function mutation, and the
functional change was attributed to disrupting the cation—r stacking interaction located
close to the WSWX motif (10). However, we observed increased dimer and loss-of-function
phenotype of R308C, but not R308S (Supplementary Fig. S2), suggesting that, similar to
W356C, disulfide bond—mediated inactive dimers may also play a role in the loss-of-
function phenotype of R308C.

CSF3R W341C/W791X compound mutation demonstrates enhanced oncogenic potential

On the basis of the variant allele fraction, the CSF3R W341C mutation was a heterozygous
mutation with 38.4% allelic burden. Interestingly, the CSF3R truncation mutation W791X
was present with 50% allelic burden (Fig. 2; Supplementary Table S2). We sequenced cDNA
material from the patient and found that W341C and W791X were on the same allele.
Therefore, we studied the biological consequences of the W341C/W791X compound
mutation. W341C/W791X demonstrated increased protein, resulting in increased dimers
compared with WT and transformed Ba/F3 with faster kinetics compared with W341C alone
(Fig. 4A and B). As CSF3R cytoplasmic truncation mutations, including W791X, were
shown to interrupt receptor degradation (6), we quantified the total receptor via immunoblot
after a time course of cycloheximide treatment. Markedly reduced receptor degradation of
W341C/W791X, but not the single mutation or WT, was observed (Fig. 4C; Supplementary
Fig. S3). Furthermore, both W341C and W341C/W791X-transformed cells were sensitive
to ruxolitinib and JAK inhibitor | (Fig. 4D). Notably, primary cells from the patient
harboring this mutation demonstrated sensitivity to JAK inhibition (Fig. 4E).
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Disruption of the intramolecular cysteine pairs demonstrates either gain- or loss-of-
function phenotypes

Sarabipour and colleagues showed that disruption of the intramolecular cysteine pairs of
FGFR (FGFR1 C178S, FGFR2 C342R, and FGFR3 C228R) created unpaired cysteines and
led to constitutive receptor activation via intermolecular disulfide bond—mediated
dimerization (23). Accordingly, we postulated that disruption of the cysteine pairs in the
CSF3R extracellular domain may demonstrate a similar gain-of-function phenotype. There
are five characterized cysteine pairs (11) and potentially one additional cysteine pair within
the CSF3R extracellular domain (Supplementary Fig. S4). We generated CSF3R missense
mutations disrupting these cysteine pairs. Interestingly, these mutations demonstrated the
loss of the upper CSF3R band and reduced receptor surface expression (Fig. 5A and B),
suggesting that cysteine-mediated disulfide bonds play important roles for the receptor
maturation and surface expression. Interestingly, we observed either gain (C177Y, C248A,
and C309Y) or loss (C131Y, C167Y, C186Y, C266Y, C295A, and C388Y)-of-function
changes (Fig. 5C and D). Interestingly, the gain-of-function mutations C248A and C309Y
formed increased disulfide bond—mediated dimers, whereas C177Y did not change the dimer
formation (Fig. 5A). In addition, C177Y demonstrated G-CSF hypersensitivity (Fig. 5D).
Surprisingly, similar to W356C, the loss-of-function mutations at C266Y, C295A, and
C388Y also formed increased disulfide bond—-mediated dimers, whereas C131Y, C167Y, and
C186Y did not alter dimer formation (Fig. 5A). We performed computing modeling of these
cysteine mutations (Fig. 5E); however, we did not find a correlation between cysteine
positions and functional consequences.

Double cysteine mutations abrogate the gain-of-function phenotype and part of the loss-
of-function phenotype

We further examined whether impaired intramolecular disulfide bonding, de novo formation
of intermolecular disulfide bonds, or both are essential for the phenotypic and functional
changes in mutations with increased dimer formation. C248 and C295 are paired cysteines;
however, C248A and C295A mediated gain- and loss-of-function changes, respectively,
indicating that de novo formation of intermolecular disulfide bonds may be required for the
functional changes. In agreement, double mutation at C248A/C295A abrogated the gain-of-
function and increased dimer formation seen with the C248A single mutation, indicating the
unpaired C295 and the disulfide bond—mediated dimer are essential for the gain of function
in C248A (Supplementary Fig. S5). In addition, C266Y and C309Y are paired cysteines;
however, they also mediated opposite functional changes. In concordance with the C248/
C295 data, double mutation at C266Y/C309Y also reduced the dimer levels seen with the
single mutations, C266Y and C309Y, and abrogated the gain of function of the single
mutation C309Y. These results indicate that disruption of an intramolecular disulfide bond is
essential for the gain-of-function change of C309Y. On the contrary, double mutation
C266Y/C309Y also mediated a loss-of-function phenotype, indicating the de novo formation
of intermolecular bonds induced by the C266Y mutation is not absolutely required for the
loss-of-function change of C266Y (Supplementary Fig. S5A and S5B). However, C388Y/
C395Y demonstrated similar dimer expression and G-CSF response, indicating that the loss
of function change of C388Y occurred in a de novo disulfide bond—dependent manner
(Supplementary Fig. S5B and S5C).
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Discussion

Here, we described the identification of a novel gain-of-function mutation, W341C, in the
extracellular domain of CSF3R in a leukemia patient. This mutation, which was observed
together with a truncation mutation, W791X, on the same allele, was associated with
progressive leukocytosis and thrombocytopenia of this patient. /n vitro studies showed that
W341C induced constitutive activation of downstream JAK/STAT and ERK activation,
causing G-CSF-independent cell growth and transformation of Ba/F3 cells (Figs. 1 and 2).
In addition, the compound mutation demonstrated enhanced oncogenic potential (Fig. 3).

We further characterized that the oncogenic mechanism of W341C is associated with
unpaired cysteine-mediated disulfide bond formation, leading to dimer stabilization (Fig. 3).
Homology modeling indicated that the amino acid 341 is located at a position with the
FLexibility to form a disulfide bond, whereas L361 and W477 are located at positions less
likely to form disulfide bonds. Surprisingly, we also observed that W356C, which abrogated
receptor surface expression and G-CSF response, demonstrated disulfide bond—-mediated
increases in receptor dimerization, similar to W341C. Computational modeling analysis
indicated that the side chains of W341 and W356 point in opposite directions, which may
mediate active and inactive dimers, respectively, as proposed in our model (Fig. 3C).

In addition, and in light of previous findings (23), we propose that mutations disrupting the
original cysteine pairs may also confer oncogenic potential via intermolecular disulfide bond
formation. Surprisingly, we observed two opposite functional consequences: gain (C177Y,
C248A, and C309Y) and loss (C137Y, C167Y, C266Y, and C388Y) of function when
disrupting CSF3R extracellular cysteine pairs. We did not find correlation in terms of the
positions of the cysteines with functional consequences. Two of the three gain-of-function
mutations, C248A and C309Y, demonstrated increased dimer formation, which was shown
further to be imperative for the gain-of-function change (mutating the other paired cysteine
abrogated the gain of function phenotype). However, we did not observe increased dimers in
C177Y. In addition to cysteine-mediated dimer formation, altering receptor-ligand binding is
another common mechanism of extracellular domain mutation-mediated receptor activation,
such as gp130 extracellular mutations seen in inflammatory hepatocellular tumors (24).
C177 is located in the ligand-binding domain and mediated G-CSF hypersensitivity (Fig.
5D), suggesting that the conformational change induced by C177Y may mimic the effect of
ligand binding to the normal receptor, and the further ligand binding may further favor this
conformation.

Interestingly, the disulfide bond—mediated dimer is not absolutely required for loss-of-
function mutation phenotype (no increased dimer shown in C131Y and C186Y; double
mutation C266Y/C309Y demonstrated loss-of-function change; Supplementary Fig. S5),
indicating again that the original extracellular cysteine pairs are imperative for the receptor
expression and function. In contrast, cysteine-mediated disulfide bonds are required for the
loss of function in C295A, C388Y, and R308C (Supplementary Figs. S2 and S5), indicating
the de novo formation of inactive dimers is indispensable for the loss-of-function change of
these mutants.
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In conclusion, our study has demonstrated the importance of cysteine-mediated
intramolecular disulfide bonds for the normal receptor membrane targeting and ligand
receptor response of CSF3R. Furthermore, the study showed multiple pathogenic
consequences of cysteine mutations in CSF3R extracellular domain. Briefly, mutations
inserting additional cysteines or disrupting the conserved cysteine pairs of CSF3R induce
either gain-or loss-of-function changes. Cysteine-mediated gain of function has been
characterized in several receptors (IL7R, CRLF2, and FGFR,; refs. 20, 21, 23, 25), whereas
cysteine-mediated loss of function is less recognized. Our study provides insight and brings
attention for further analysis of dual functional changes in cysteine mutation—-mediated
changes of cytokine/growth factor receptor function.

Genetic screening for CSF3R membrane-proximal, transmembrane, and cytoplasmic domain
mutations has increasingly been applied in clinical sequencing panels for leukemia patients.
Our results would suggest added value from extending this screening to a broader range of
the CSF3R extracellular domain. Finally, given the rapidly progressive neutrophilia and
lethal thrombocytopenia observed in the index patient reported here, other patients with
extracellular CSF3R-activating mutations may benefit from intervention with JAK inhibitor
therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of a CSF3R extracellular autoactivating mutation W341C
A, Top, Ba/F3 cells expressing CSF3R WT and mutants were plated with a concentration

gradient of G-CSF after removing IL3 and cultured for 72 hours and subjected to MTS
assay.

Representative graph depicts percentage of cell viability (mean + SEM) normalized to the
highest G-CSF concentration (1 ng/mL) for each cell line. Bottom, representative 1L3
withdrawal assay of Ba/F3 cells expressing CSF3R WT and extracellular mutations. T618lI
cells were used as a positive control.

B, HEK293T/17 cells were transfected with CSF3R WT and W341C constructs for 48
hours. Transfected cells were then serum starved for 4 hours and subjected to immunoblot
probing for CSF3R, pJAK2, pSTATS5, and pERK.

C, Representative transforming assay of Ba/F3 cells expressing tryptophan to cysteine
substitution at different amino acid positions and tryptophan to other amino acid
substitutions at 341. D, Ba/F3 cells expressing CSF3R WT and mutants were plated with a
concentration gradient of G-CSF after removing IL3 and cultured for 72 hours and subjected
to MTS assay.

Representative graph depicts percentage of cell viabilities (mean + SEM) normalized to the
highest G-CSF concentration (1 ng/mL) for each cell line. Images shown are representative
of at least three independent experiments.
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Figure 2.

W341C/W791X causes progressively increased WBC and absolute neutrophil count of the
patient. Serial WBC, platelet, and absolute neutrophil counts with mutation status during
treatment. BCOR mutation was validated with Sanger sequencing. Mutations of CSF3R
were validated with Sanger sequencing and targeted deep sequencing (highlighted with

underline).
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Figure 3. W341C induces intermolecular disulfide bond formation and leads to increased
receptor dimerization

A, HEK?293T/17 cells were transfected with equal amount of Flag- and V5-tagged CSF3R
WT or W341C construct for 48 hours and subjected to co-1P assay. Representative
immunoblot image demonstrates increased CSF3R pull-down in W341C cells. B, Graph
depicts increased Flag/V5 ratios of CSF3R W341C compared with WT in co-IP assay of
three independent experiments. Data, mean = SEM. Statistical significance was determined
using Student two-tailed #tests and expressed as Pvalue (", P< 0.05). C, CSF3R expression
determined by nonreducing (top) and reducing immunoblots (bottom) in transfected
HEK?293T/17 cells expressing CSF3R variants. Protein molecular weight markers are shown
on both sides. Images shown are representative of more than three independent experiments.
D, Homology model of the CSF3R extracellular domain. W341 and W356 are shown in
stick representation. A hypothesized model involving active and inactive dimer is illustrated.
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Figure 4.
The CSF3R W341C/W791X compound mutation demonstrates enhanced oncogenic

potential. A, Representative immunoblot image of CSF3R expression of WT, W341C, and
W341C/W791X compound mutation in nonreducing and reducing conditions. Protein
molecular weight marker was shown on both sides. B, Representative IL3 withdrawal assay
demonstrated faster outgrowth kinetics of Ba/F3 cells expressing the W341C/W791X
compound mutation compared with W341C alone. C, Representative immunoblot images
showing CSF3R expression in HEK293T/17 cells transiently transfected with WT, W341C,
or W341C/W791X after cycloheximide (CHX; 100 mg/mL) treatment. D, Transduced Ba/F3
cells were treated with gradient concentrations of different inhibitors for 72 hours, and cell
viability was assessed by MTS assay as described in Materials and Methods. Graph depicts
percentages of cell viability (mean £ SEM) at different drug concentrations normalized to
nondrug treatment control. Images shown are representative of at least three independent
experiments. FLT3-D835Y-transformed Ba/F3 cells were used as control. E, Primary
patient PBMCs were plated with graded concentrations of a panel of small-molecule
inhibitors for 72 hours, and cell viability was determined by MTS assay. Graph depicts
percentages of cell viability of different inhibitors at different drug concentrations
normalized to nondrug treatment control.
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Figure 5.
Disruption of the intramolecular cysteine pairs demonstrates either gain- or loss-of-function

phenotypes. A, CSF3R expression determined by nonreducing (top) and reducing (bottom)
immunoblots in transfected HEK293T/17 cells. Protein molecular weight marker is shown
on the left side. Images shown are representative of three independent experiments. B,
Representative histogram depicts surface CSF3R expression. C, Representative 1L3
withdrawal assay of Ba/F3 cells expressing mutations disrupting the cysteine pairs at the
CSF3R extracellular domain. D, Ba/F3 cells expressing CSF3R WT and mutants were plated
with a concentration gradient of G-CSF after removing IL3 and cultured for 72 hours and
subjected to MTS assay. E, Homology models the CSF3R extracellular domain. The
structural location of the mutants of extracellular cysteine pairs is shown in stick
representation and is colored according to their phenotype after substitution of cysteine
(violet, loss of function; red, gain of function; black, uncharacterized).
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