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FIGURE LEGENDS 

 

Supplemental Table 1. Co-occurring mutations in the T-ALL patient. All mutations in the 
patient that passed read quality filters and SNP exclusion criteria (MAF<0.001). Mutations were 
checked in COSMIC to determine if it was previously reported in a cancer case. Six mutations 
were investigated with Sanger sequencing of leukemic and normal DNA samples and 
determinations of germline or somatic status are listed. Sanger validation of Notch1 I1616N was 
faint in the leukemic sample, potentially indicating a subpopulation.  
 
Supplemental Table 2. Antibodies used in this study. A list of all antibodies used in these 
experiments. 
 
Supplemental Table 3. Complete results of the small-molecule inhibitor screen. 
Biologically replicate WT and R461C lines were run on a screen of 104 small-molecule kinase 
inhibitors as previously described1. R461C cells were IL-3 independent and tested in IL-3 free 
media, while WT cells were grown and tested in IL-3 supplemented media. Colorimetric viability 
readouts (MTS) at 72 hours are used to compute IC50 values. Average WT and R461C IC50 are 
compared and the table is sorted for percent difference between the two. The top ranked 
inhibitors are those most selective for CSF2RB R461C. 
 

Supplemental Table 4. CSF2RB mutations identified in primary patient samples. A list of 
all CSF2RB missense mutations found in patients and tested in the Ba/F3 transformation assay; 
only R461C transformed Ba/F3 cells. The composition of the 449 leukemia cohort is listed by 
diagnosis type. 
 
Supplemental Figure 1. CSF2RB R461C is discovered in a primary T-ALL sample. (A) 
Clinical details for the CSF2RB-mutated patient. (B) Deep sequencing reads of a primary T-ALL 
sample for the R461C mutation. (C) Sanger sequencing confirmation of the observed mutation 
following PCR amplification of the patient’s leukemic gDNA. (D) Sanger sequencing of the same 
mutation using a day 79 minimal residual disease blood sample from the same patient indicates 
the mutation is germline. 
  
Supplemental Figure 2. R461 is a conserved residue in CSF2RB homologues. (A) 
Taxonomic distribution of mammalian species used for multiple sequence alignment. (B) 
Multiple sequence alignment for mammalian CSF2RB homologues. Alignment performed using 
CLUSTALO, 25.2% of positions were identical.  
 
Supplemental Figure 3. CSF2RB R461C transforms Ba/F3 cells. Validation of the capacity of 
CSF2RB R461C to rapidly transform Ba/F3 cells following IL-3 withdrawal, as shown in Figure 
1A. Cells were infected using a MIG-CSF2RB construct by retrovirus, and then sorted for GFP+ 
cells. Outgrowth monitored by frequent counting of viable cells using Guava ViaCount 
(Millipore). 
 

Page 2 of 15



Supplemental Figure 4. CSF2RB R461C is enriched in Ba/F3 prior to gaining factor 

independence. (A) Ba/F3 cells transfected with WT or R461C CSF2RB and puromycin-
selected were stained for CSF2RB and analyzed by flow cytometry. Percent of cells positive for 
surface CSF2RB displayed for three biological replicates. (B) Histograms for intensity of PE-
conjugated CSF2RB across biologically replicate lines, with mean fluorescent intensity (MFI) for 
positive cells shown at right. Stained and unstained parental Ba/F3 cells shown are as controls. 
Dotted line drawn at WT peak for reference. (C) MFI of PE-CSF2RB for 10,000 cells in each 
sample (**p<0.01 WT vs R461C). 
 
Supplemental Figure 5. Residue R461 lies within the transmembrane domain of CSF2RB 

in most predictive models. (A) Illustration of transmembrane domain prediction models for 
CSF2RB (predicted domain in orange, residue 461 shown in bold). Uniprot uses no single 
model but a combination of four. The TMPred and maximum hydrophobicity window approaches 
yielded differing results for the WT (orange) and R461C (green) sequence. (B) List of prediction 
platforms, results, and servers used in this study. 
 
Supplemental Figure 6. R461C cells are more sensitive to JAK-inhibitors than CSF2RB 

WT cells. (A-C) Ba/F3 cells were exposed to increasing concentrations of JAK-inhibitor for 72 
hours prior to assessment of viability by a colorimetric assay. Normalized viability shown across 
drug concentrations (*p<0.05, **p<0.01). (D) Ba/F3 lines were treated for 24 hours with 
indicated JAK-inhibitors (Ruxolitinib 350nM, Tofacitinib 350nM, AZD1480 1µM) and analyzed for 
apoptotic induction using Annexin V staining and flow cytometry (Guava PCA). 48 hour reads 
shown in Figure 2D. 
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Supplemental Table 1

Gene CDS change Amino acid change Type

COSMIC 

status Somatic confirmation

CSF2RB C1381T R461C Missense Not found Germline

PTEN C737G P246R Missense Full match Somatic

NOTCH1 C6856GC L2286A… Frameshift insertion Not found Somatic

NOTCH1 T4847A I1616N Missense Full match Somatic (subpopulation)

LHCGR T47A L16Q Missense Full match Germline

TRAT1 C361T R121C Missense Full match Germline

IGF1R G361T E121* Nonsense Not found N/A (not tested)

LRRK2 G1033A D345N Missense Not found N/A (not tested)

MAST3 T2374C S792P Missense Not found N/A (not tested)

NEK5 T2120G L707R Missense Not found N/A (not tested)

PHKG2 G1174A D392N Missense Not found N/A (not tested)

POMK T401G V134G Missense Not found N/A (not tested)

Co-occuring mutations in the T-ALL patient
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Supplemental Table 2

Target Antibody Vendor Clone Species
Primary 
Dilution

Secondary 
Antibody

Secondary 
Dilution

Predicted Size 
(kDa)

CSF2RB sc-678 Santa Cruz K-17 Rb 1:200 HRPαRb 1:5000 130

CSF2RB (PE-conjugated) 306104 Biolegend Ms 1:50 n/a n/a n/a

CSF2RB (Immunoprecipitation) sc-678 Santa Cruz K-17 Rb 1:25 n/a n/a n/a

Normal rabbit IgG (Immunoprecipitation) sc-2027 Santa Cruz Rb 1:12.5 n/a n/a n/a

p-Tyrosine 05-321 Millipore 4G10 Ms 1:5000 HRPαMs 1:5000 n/a
p-STAT5 (Y694) 9351 Cell Signaling Rb 1:1000 HRPαRb 1:5000 90

p-STAT3 (Y705) 9131 Cell Signaling Rb 1:1000 HRPαRb 1:5000 79, 85
Total STAT3 9139 Cell Signaling Ms 1:1000 HRPαMs 1:5000 79, 86

p-PI3 Kinase (p85 Y458, p55 Y199) 4228 Cell Signaling Rb 1:1000 HRPαRb 1:5000 60, 85

p-mTor (S2448) 5536 Cell Signaling D9C2 XP Rb 1:1000 HRPαRb 1:5000 289

mTOR 2983 Cell Signaling 7C10 Rb 1:1000 HRPαRb 1:5000 289

p-S6 Ribosomal Protein (S235/236) 4858 Cell Signaling D57.2.2E XP Rb 1:1000 HRPαRb 1:5000 32

MEK1/2 9122 Cell Signaling Rb 1:1000 HRPαRb 1:5000 45

p-p44/42 MAPK (ERK1/2) (T202/Y204) 9101 Cell Signaling Rb 1:1000 HRPαRb 1:5000 42, 44

Total p44/42 MAPK (ERK 1/2) 9102 Cell Signaling Rb 1:1000 HRPαRb 1:5000 42, 44

Total Jak2 3230 Cell Signaling D2E12 XP Rb 1:1000 HRPαRb 1:5000 125

GAPDH AM4300 ThermoFisher 6C5 Ms 1:5000 HRPαMs 1:5000 36

Actin T 6074 Sigma B512 Ms 1:10000 HRPαMs 1:5000 54

Antibodies used in this study
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Supplemental Table 4

Diagnosis CCDS Change

Amino Acid 

Change Location

AML G145A D49N Extracellular

Ph- aCML G553A A185T Extracellular

Ph+ CML T626C V209A Extracellular

T-ALL C1381T R461C Membrane spanning or adjacent

B-ALL G1570T V524L Cytoplasmic

B-ALL C1661T T544M Cytoplasmic

AMML - M4 G1940T G647V Cytoplasmic

AML - M5 G1940T G647V Cytoplasmic

B-ALL C2497G L833V Cytoplasmic

Mutations found in primary leukemic samples*

* Leukemia patient cohort consists of 449 total leukemias: 
  184 MPN, 147 AML, 108 ALL (92 B-ALL, 16 T-ALL, 5 undefined lymphoid leukemias), 10 other
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A L R F C

Reads
Percent 

Total
Forward 
Reads

Reverse 
Reads

WT allele 48 46% 22 26

Mut allele 57 54% 20 37

Total 105

Deep sequencing results - CSF2RB R461C

B

C

Supplemental Figure 1

Age 14

Gender F

Diagnosis Immature T-ALL

WBC blasts per µl 511,000

Karyotype 46, XX, t(7;11)(q34;p12), inc[15]

Immunophenotype
Markers

CD1a-,CD2+, Cytoplasmic CD3+, 
Surface CD3-,  weak CD4+,           

weak CD5+,  CD7+, CD8+, CD10+, 
CD99+, CD117-

Clinical details for CSF2RB-mutated T-ALL patient
A

A L R F C
D
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P26955 IL3RB_MOUSE
Q9Z1A0 Q9Z1A0_CAVPO
S7NLB1 S7NLB1_MYOBR
P32927 IL3RB_HUMAN
U3BP65 U3BP65_CALJA
M3WZT4 M3WZT4_FELCA
E2RIM5 E2RIM5_CANFA
F7DHE0 F7DH30_HORSE
F1SKK0 F1SKK0_PIG
F1MXH7 F1MXH7_BOVIN

P32927 Homo sapiens 411 R V R V R T S R T - G Y N G I W S E W S E A R S W D T E S V L P M W V L A L I V I F L T I A V L L A L R F C G I Y G Y R 469

U3BP65 Callithix jacchus 411 R V R V K T S R S - G Y K G I W S Q W S E E R S W E T E W A L P V W V L P L I V V L L T L A V L V A L R F C G I Y G Y R 469

F7DHE0 Equus caballus 413 R V R V K P T P G - G Y N G V W S E W S E E R S W G T E W E L S V W V L A L I V V F A T L V L L P A L R F C G V Y G Y R 471

F1SKK0 Sus scrofa 413 R V R V K P D P G - S Y N G T W S K W S K E Q S W D T E W V L P M W V L V F I L V V T T L I V L P V L R F C G I Y G Y R 471

F1MXH7 Bos taurus 408 R V R V K P D P G - N Y N G I W S E W S E A R S W D T D W V L P M W V L A L I L V I S T L I L L P V L H F C G V Y G Y R 466

S7NLB1 Myotis brandtii 388 R V R V K P Y K - - S Y S G I W S E W S E E S S W D T E W V L P T W G L A L V L V F T T L A L L L A L R F C G T Y G Y R 445

E2RIM5 Canis familiaris 409 R V R V K P T R - - G Y D G V W S E W S E E H F W D T D W V L P M W V L V L I L V I A T L A L F P A L R F C G M Y G Y R 466

M3WZT4 Felis catus 415 R V R V R P T P S - G Y N G V W S Q W S E E T F W D T E W V L P T W V L A L I L V F T T L A L L P V L R F C G I Y G Y R 473

Q9Z1A0 Cavia porcellus 414 R V R V K P S P G G A Y N G I W S E W S E E Q R W T T D W A L P T W V L A L V L V L V T L A L L L A L R F C G L Y G Y R 473

P26955 Mus musculus 415 R V R V K P I S - - N Y D G I W S K W S E E Y T W K T D W V M P T L W I V L I L V F L I L T L L L I L R F G C V S V Y R 472

* * * * :   * . * * * : * * : * * : : : : : : : .   : : : * : * * *
* - Single, fully conserved residue
: - Conservation between groups of strongly similar properties (> 0.5 Gonnet PAM 250 matrix)
. - Conservation between groups of weakly similar properties ( ≤ 0.5 Gonnet PAM 250 matrix)

Human

White-tufted-ear marmoset

Horse

Pig

Bovine

Brandt's bat

Dog

Cat

Guinea pig

Mouse

A

B

Supplemental Figure 2
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Model

Uniprot S V L P M W V L A L I V I F L T I A V L L A L R F C G I Y G Y R L R R

Tmpred S V L P M W V L A L I V I F L T I A V L L A L R F C G I Y G Y R L R R
↳(R461C) S V L P M W V L A L I V I F L T I A V L L A L C F C G I Y G Y R L R R

Max. Hydrophobicity*†
S V L P M W V L A L I V I F L T I A V L L A L R F C G I Y G Y R L R R

↳(R461C) S V L P M W V L A L I V I F L T I A V L L A L C F C G I Y G Y R L R R

MEMSAT-SVM S V L P M W V L A L I V I F L T I A V L L A L R F C G I Y G Y R L R R

Phobius†
S V L P M W V L A L I V I F L T I A V L L A L R F C G I Y G Y R L R R

MEMSAT3†
S V L P M V L A L I V I F L T I A V L L A L R F C G I Y G Y R L R R

Psipred S V L P M V L A L I V I F L T I A V L L A L R F C G I Y G Y R L R R

TMHMM†
S V L P M V L A L I V I F L T I A V L L A L R F C G I Y G Y R L R R

TOPCONS S V L P M V L A L I V I F L T I A V L L A L R F C G I Y G Y R L R R
        † - Used for Uniprot prediction of transmembrane domains
     * - Wimley-White, 21-residue window

Predicted TM Domain
440

|
450

|
460

|
470

|

W

W

W

W

A

Model Website WT R461C
Predicted TM domain

Uniprot 2
www.uniprot.org/uniprot/P32927 444-460 n/a

Tmpred3
www.ch.embnet.org/software/TMPRED_form.html 444-460 444-463

Max. Hydrophobicity4
http://www.tulane.edu/~biochem/WW/PepDraw/ 440-460 442-462

MEMSAT-SVM5-8
bioinf.cs.ucl.ac.uk/psipred/ 441-470 441-468

Phobius9,10
phobius.sbc.su.se/ 442-468 442-468

MEMSAT35-8
bioinf.cs.ucl.ac.uk/psipred/ 442-466 442-466

Psipred8,11
bioinf.cs.ucl.ac.uk/psipred/ 442-463 442-462

TMHMM12,13
www.cbs.dtu.dk/services/TMHMM/ 443-465 443-465

TOPCONS14
topcons.cbr.su.se 443-464 443-464

B

Supplemental Figure 5
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Supplemental Materials & Methods 

 

Patient samples and genomic analysis 

Clinical samples were obtained with informed consent approved by the Institutional Review 
Boards of Oregon Health & Science University and Erasmus University Medical Center - Sophia 
Children’s Hospital. Bone marrow or blood samples from patients with acute leukemia were 
separated using a Ficoll gradient followed  by red blood cell lysis. Cells were cultured in RPMI-
1640 medium (Invitrogen) containing 10% fetal bovine serum (FBS, Atlanta Biologicals), L-
glutamine (Invitrogen), fungizone (Invitrogen), penicillin/streptomycin (Invitrogen), and 10-4M 2-
mercaptoethanol (Sigma). 
 
Genomic DNA was isolated from cryopreserved patient sample material using Qiagen DNeasy 
columns. DNA was fragmented by sonication using an S2 Sonicator (Corvaris). Fragmented 
DNA was then processed according to the SeqEZ protocol (Nimblegen/Roche), which is based 
on the TruSeq protocol (Illumina). Solution capture was performed using a custom DNA probe 
capture library previously described1. The libraries were sequenced on a HiSeq 2000 sequencer 
(Illumina) followed by FASTQ assembly using the CASAVA pipeline (Illumina). Sequence 
capture, library preparation, and deep sequencing were performed by the OHSU Massively 
Parallel Sequencing Shared Resource. 
 
Sanger sequencing of CSF2RB mutations was confirmed by PCR amplification of CSF2RB 
exons 10 and 11 using M13-tagged primers (Exon10&11F 
gtaaaacgacggccagCCCTGAGGTCGATTTCCC, Exon10&11R 
caggaaacagctatgaccGGACAGAGACAAGAGAGGCAG) followed by sequencing with M13 
forward (GTAAAACGACGGCCAGT) and reverse (CAGGAAACAGCTATGACC) primers. 
 
Cell culture 

Ba/F3 cells were obtained from ATCC and grown in RPMI 1640 medium with 10% FBS, L-
glutamine, fungizone, penicillin-streptomycin, and15% WEHI-conditioned medium (a source of 
IL3).  
 
Ba/F3 transformation assay 

The CSF2RB R461C mutation was cloned as previously described1 into the pMXs-IRES-Puro 
plasmid. 2.5e7 pro-B Ba/F3 cells were electroporated in a 0.4mm cuvette at 300V for two 25ms 
pulses with 40µg of plasmid. Stably transfected cells were selected using two weeks of 
continual 2µg/ml puromycin selection. Parental Ba/F3 cells or those stably expressing CSF2RB 
WT or R461C were washed three times and re-suspended in RPMI 1640 with 10% FBS, L-
glutamine, fungizone and penicillin-streptomycin. Viable cell counts were obtained using a 
propidium iodide exclusion on a Guava Personal Cell Analysis System (Millipore). Genomic 
DNA was harvested from outgrown lines and the expressed transgene was confirmed by 
Sanger sequencing. 
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Immunoblot analysis 

Immunoblotting was performed as previously described1 (all antibodies used in this study are 
listed in Supplemental Table 1). Prior to lysis, cells were starved overnight in 0.1% FBS. Cells 
were lysed in Cell Lysis Buffer (Cell Signaling) containing Complete Mini Protease Inhibitor 
Cocktail Tablets (Roche), Phosphatase Inhibitor Cocktail 2 (Sigma) and Phenylmethanesulfonyl 
fluoride solution (Sigma) and quantitated using a Bradford protein assay (Bio-Rad). Most 
samples were mixed with a concentrated protein loading dye containing 8% 2-mercaptoethanol 
prior to loading; for non-reducing gels the protein lysate was mixed with a 2-mercaptoethanol-
free dye. Immunoprecipitations were performed with anti-CSF2RB or rabbit IgG isotype control. 
 
Cycloheximide time course 

Ba/F3 cells were treated with 100µg/ml cycloheximide in DMSO for the indicated times before 
washing in PBS with 0.5% FBS and staining for 45 minutes with PE-conjugated anti-CSF2RB 
antibody. Cells were analyzed by flow cytometry (BD FACSAria IIIu and BD LSR II) for mean 
fluorescence intensity and normalized to untreated controls.  
 
Transmembrane domain prediction 

Consensus coding sequences for wildtype and R461C CSF2RB were analyzed by the indicated 
modeling programs. Top predictions that maintained a single transmembrane domain and type-I 
orientation are listed. 
 
Small-molecule kinase inhibitor screen 
A library (previously described2) of 104 small-molecule kinase inhibitors across three 384-well 
plates was used to determine inhibitors that specifically inhibited the growth of R461C-
expressing cells. Cells were maintained in their culture media, where only WT cells were 
supplemented with 15% WEHI-conditioned media. Cells were plated at 400 cells per well in 50µl 
total volume (8,000 cells per mL) and incubated for 3 days at 37°C, 5% CO2 and then subjected 
to a CellTiter 96 AQueous One solution, tetrazolium-based, cell proliferation assay (Promega). All 
values were normalized to cells incubated in the absence of drug and IC50 values were 
calculated from the resulting kill curves of each drug gradient. Biologically replicate WT and 
R461C lines were run on this assay, with R461C-specific drugs identified as drugs with the 
largest percent difference in IC50 between WT and R461C cells. 
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