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SUPPLEMENTARY APPENDIX

Online Supplementary Design and Methods

Construction of vectors  
A schematic diagram of retroviral vectors used in this study is shown

in Online Supplementary Figure S1. pMXs and pMXs-neo were kindly
provided by Dr. T. Kitamura (University of Tokyo, Tokyo, Japan).
pMXs-hygro was constructed by ligating the SV40-Hygromycin resistance
gene cassette into the SalI site of pMXs. To construct pMXs-bsd, the
SV40-blascitidin resistance gene cassette was subcloned into the SalI/NotI
site of pMXs. MSCV-pgk-ires-GFPwas constructed by ligating the phos-
phoglycerate kinase (PGK) promoter fragment derived from
pSUPER.puro into the EcoRI/XhoI sites of MSCV-ires-GFP.1

pGCDNsam-ires-humanized Kusabira-Orange (huKO)2 was kindly pro-
vided by Dr. M. Onodera (National Research Institute for Child Health
and Development, Tokyo, Japan). pMXs-Bcl2-neo, pMXs-Myc-hygro,
pMXs-Ccnd1-bsd, MSCV-Bcl2-pgk-Myc-ires-GFP, MSCV-Ccnd1-pgk-
Myc-ires-GFP, MSCV-Bcl2-pgk-Ccnd1-ires-GFP, MSCV-Flag-CCND3-
pgk-Myc-ires-GFP, MSCV-Bcl2-pgk-Flag-CCND3-ires-GFP,
pGCDNsam-Bcl2-ires-huKO, pGCDNsam-Myc-ires-huKO,
pGCDNsam-Ccnd1-ires-huKO, pGCDNsam- Flag-CCND3-ires-huKO,
pGCDNsam-Flag-NRAS-ires-huKO, pGCDNsam-Flag-RNF14-ires-
huKO, pGCDNsam-Flag-PSAP-ires-huKO and pGCDNsam-Flag-ASB8-
ires-huKO were constructed as detailed in Online Supplementary Table S1. 

Flow cytometry 
Cells were incubated with the appropriate antibodies including biotin-

B220 (RA3-6B2; eBioscience), phycoerythrin (PE)-conjugated c-kit (2B8;
eBioscience), biotin-c-kit (2B8; eBioscience), biotin-CD19 (MB19–1;
eBioscience) and biotin-IgM (II/41; eBioscience). Biotinylated antibodies
were then stained with streptavidin-allophycocyanin (APC; eBioscience).
Non-specific binding was blocked by pre-incubation with an anti-Fc recep-
tor antibody (2.4G2; BD Pharmingen). Cells were then analyzed using a
FACSCalibur flow cytometer (BD Biosciences) with FlowJo software (Tree
Star). Cells were sorted using a JSAN cell sorter (Bay Bioscience).

Southern blot analysis 
Five micrograms of genomic DNA were digested with EcoRl restric-

tion enzyme and electrophoresed through a 0.7% agarose gel and
processed as described previously.3 The membranes were washed and
then hybridized overnight at 65°C with [α- 32P]dCTP-labeled mouse JH
probe. Membranes were washed with 2 xSSC/ 0.1% SDS at 25°C and
1 xSSC/ 0.1% SDS at 65°C and finally exposed to BioMax™ MS films
(EKC).

Analysis of expression microarray data  
Six of the sorted stable integrants in Experiment 1 (Bcl2/Myc/Ccnd1,

Ccnd1/Myc/Bcl2, Bcl2/Ccnd1/Myc, Bcl2/Myc/mock, Ccnd1/Myc/mock
and Bcl2/Ccnd1/mock) were subjected to microarray analysis. Total
RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). Subsequent steps for the hybridization to Agilent whole mouse
genome oligo microarrays (G4122F; 4X44K; Agilent Technologies) were
performed according to standard Agilent protocols. Slides were washed
and scanned on an Agilent Micro Array Scanner (Agilent Technologies)
and data acquired using Feature extractions version 9.1 (Agilent
Technologies). Flagged spots were excluded from the analysis. The raw
data were normalized by log conversion (base=2) and z-score calcula-
tion [Individual log-changed signal intensity (LS) – average score of all LS
/ standard deviation of all LS]. Pathway analysis with gene sets (n=880)
of canonical pathways obtained from the Broad Institute Molecular
Signatures Database (MSigDB; http://www.broadinstitute.org/gsea/msigdb/
index.jsp) was performed using the Gene Set Enrichment Analysis
(GSEA; http://www.broad.mit.edu/gsea) pre-ranked analysis program on
genes ranked by fold change. A gene set was considered significantly
enriched when the nominal P value was less than 0.05 and the false dis-
covery rate-q value was less than 0.25. The microarray data obtained in
this study will be deposited in ArrayExpress (http://www.ebi.ac.uk/array-
express) with accession number A-MEXP-3321.

References

1. Tsuzuki S, Seto M, Greaves M, Enver T.
Modeling first-hit functions of the t(12;21)
TEL-AML1 translocation in mice. Proc Natl
Acad Sci U S A. 2004;101(22):8443-8.

2. Kamiya A, Kakinuma S, Onodera M, Miyajima
A, Nakauchi H. Prospero-related homeobox 1
and liver receptor homolog 1 coordinately reg-
ulate long-term proliferation of murine fetal
hepatoblasts. Hepatology. 2008;48(1):252-64.

3. Nakagawa M, Nakagawa-Oshiro A, Karnan S,
Tagawa H, Utsunomiya A, Nakamura S, et al.
Array comparative genomic hybridization
analysis of PTCL-U reveals a distinct subgroup
with genetic alterations similar to lymphoma-
type adult T-cell leukemia/lymphoma. Clin

Cancer Res. 2009;15(1):30–8.
4. Nakagawa M, Hosokawa Y, Yonezumi M,

Izumiyama K, Suzuki R, Tsuzuki S, et al.
MALT1 contains nuclear export signals and
regulates cytoplasmic localization of BCL10.
Blood. 2005;106(13):4210-6.

5. De Jong D, Voetdijk BM, Beverstock GC, van
Ommen GJ, Willemze R, Kluin PM. Activation
of the c-myc oncogene in a precursor-B-cell
blast crisis of follicular lymphoma, presenting
as composite lymphoma. N Engl J Med. 1988;
318(21):1373-8.

6. Lee JT, Innes DJ Jr, Williams ME. Sequential
bcl-2 and c-myc oncogene rearrangements
associated with the clinical transformation of
non-Hodgkin's lymphoma. J Clin Invest.
1989;84(5): 1454-9.

7. Thangavelu M, Olopade O, Beckman E,

Vardiman JW, Larson RA, McKeithan TW, et
al. Clinical, morphologic, and cytogenetic
characteristics of patients with lymphoid
malignancies characterized by both
t(14;18)(q32;q21) and t(8;14)(q24;q32) or
t(8;22)(q24;q11). Genes Chromosomes Cancer.
1990;2(2):147-58.

8. Yano T, Jaffe ES, Longo DL, Raffeld M. MYC
rearrangements in histologically progressed
follicular lymphomas. Blood. 1992;80(3):758-
67.

9. Lossos IS, Alizadeh AA, Diehn M, Warnke R,
Thorstenson Y, Oefner PJ, et al.
Transformation of follicular lymphoma to dif-
fuse large-cell lymphoma: alternative patterns
with increased or decreased expression of c-
myc and its regulated genes. Proc Natl Acad
Sci USA. 2002;99(13): 8886-91.



On
lin

e 
Su

pp
le

m
en

ta
ry

 T
ab

le
 S

1.
 V

ec
to

r c
on

st
ru

ct
io

n.



Online Supplementary Table S2. SEE ONLINE EXCEL FILE



Online Supplementary Figure S1. Constructed retroviral vectors. 

Schematic diagram of retroviral vectors used in this study. The combination of retroviral vectors used for establishing the various stable integrants are
as follows.

Drug selection method
Bcl2/Myc/Ccnd1: pMXs-Bcl2-neo, pMXs-Myc-hygro and pMXs-Ccnd1-bsd.
Bcl2/Ccnd1: pMXs-Bcl2-neo and pMXs-Ccnd1-bsd.
Bcl2/Myc: pMXs-Bcl2-neo and pMXs-Myc-hygro.
Ccnd1/Myc: pMXs-Ccnd1-bsd and pMXs-Myc-hygro.

Cell sorting method
Bcl2/Ccnd1/Myc: MSCV-Bcl2-pgk-Ccnd1-ires-GFP and pGCDNsam-Myc-ires-huKO.
Bcl2/Myc/Ccnd1: MSCV-Bcl2-pgk-Myc-ires-GFP and pGCDNsam-Ccnd1-ires-huKO.
Ccnd1/Myc/Bcl2: MSCV-Ccnd1-pgk-Myc-ires-GFP and pGCDNsam-Bcl2-ires-huKO.
Bcl2/Ccnd1/mock: MSCV-Bcl2-pgk-Ccnd1-ires-GFP and pGCDNsam-ires-huKO.
Bcl2/Myc/mock: MSCV-Bcl2-pgk-Myc-ires-GFP and pGCDNsam-ires-huKO.
Ccnd1/Myc/mock: MSCV-Ccnd1-pgk-Myc-ires-GFP and pGCDNsam-ires-huKO.
WT/mock: MSCV-pgk-ires-GFP and pGCDNsam-ires-huKO.
Bcl2/CCND3/Myc: MSCV-Bcl2-pgk-Flag-CCND3-ires-GFP and pGCDNsam-Myc-ires-huKO.
Bcl2/Myc/CCND3: MSCV-Bcl2-pgk-Myc-ires-GFP and pGCDNsam-Flag-CCND3-ires-huKO.
CCND3/Myc/Bcl2: MSCV-Flag-CCND3-pgk-Myc-ires-GFP and pGCDNsam-Bcl2-ires-huKO.
Bcl2/CCND3/mock: MSCV-Bcl2-pgk-Flag-CCND3-ires-GFP and pGCDNsam-ires-huKO.
CCND3/Myc/mock: MSCV-Flag-CCND3-pgk-Myc-ires-GFP and pGCDNsam-ires-huKO.
Bcl2/Myc/NRAS: MSCV-Bcl2-pgk-Myc-ires-GFP and pGCDNsam-Flag-NRAS-ires-huKO.

LTR: long terminal repeat; sv: SV40 promoter; pgk: phosphoglycerate kinase promoter; ires: internal ribosomal entry site; neo: neomycin resistance gene;
hygro: hygromycin resistance gene; bsd: blasticidin resistance gene; GFP: green fluorescent protein gene; huKO: humanized Kusabira -Orange gene. 



Online Supplementary Figure S2. Western blot analysis and colony-forming assays with drug selected stable integrants in EXP1 in Figure 1A.

WT: wild-type pro B-cells; Bcl2/Myc: stable integrant serially infected with pMXs-Bcl2-neo and pMXs-Myc-hygro, and purified by serial selection with
neomycin and hygromycin; Ccnd1/Myc: stable integrant serially infected with pMXs-Ccnd1-bsd and pMXs-Myc-hygro, and purified by serial selection with
blasticidin and hygromycin; Bcl2/Ccnd1: stable integrant serially infected with pMXs-Bcl2-neo and pMXs-Ccnd1-bsd and purified by serial selection with
neomycin and blasticidin; Bcl2/Myc/Ccnd1: stable integrant serially infected with pMXs-Bcl2-neo, pMXs-Myc-hygro and pMXs-Ccnd1-bsd and purified by
serial selection with neomycin, hygromycin and blasticidin. Bcl2/Myc/Ccnd1-tumor: tumor cells derived from neoplastic lymph node of a SCID mouse
transplanted with the Bcl2/Myc/Ccnd1 cells.

(A) Western blot analysis of various
stable integrants established with
the drug selection method to deter-
mine the expression of BCL2, MYC
and CCND1 proteins. (i-iv) Protein
expression of BCL2, MYC, CCND1
and ACTIN of stable integrants
established with the drug selection
method. (v and vi) Protein expres-
sion of MYC and ACTIN of stable
integrants established with the
drug selection method cultured
under serum-free condition for 8 h
to evaluate deregulated exogenous
MYC expression. Western blot
analysis was performed as previ-
ously described with minor modifi-
cations.4 Extracted proteins were
loaded onto a SDS-PAGE gel.
Protein expression of BCL2, MYC,
CCND1 and ACTIN was detected
using anti-mouse BCL-2 hamster
monoclonal antibody (3F11;
PharMingen), anti-MYC rabbit poly-
clonal antibody (#9402; Cell
Signaling Technology), anti-CCND1
mouse monoclonal antibody (clone
5D4; IBL), and anti-ACTIN mouse
monoclonal antibody (clone AC-40,
Sigma). A goat anti-hamster Ig-
horseradish peroxidase conjugate
(Caltag Laboratories), goat anti-rab-
bit Ig-horseradish peroxidase conju-
gate (GE Healthcare) or a goat anti-
mouse Ig-horseradish peroxidase
conjugate (GE Healthcare) was
used as the secondary antibody. (B)
Stable integrants were examined
for colony-forming ability. In the first
plating, Bcl2/Myc/Ccnd1 cells
formed more colonies compared to
the other cells (left panel). On re-
plating, Bcl2/Myc/Ccnd1 cells
showed enhanced colony-forming
capability, while that of Bcl2/Myc
was limited. Colonies were counted
on day 14. Data are presented as
the mean ± s.e.m. (triplicate). P val-
ues are two-sided (Student’s t test).
(C) Photograph of representative
colonies of various stable inte-
grants in the first plating.
Bcl2/Myc/Ccnd1 cell colonies were
larger than those of Bcl2/Myc cells.
Scale bar represents 10 mm.



WT/mock: stable integrant infected with MSCV-pgk-ires-GFP and pGCDNsam-ires-huKO and sorted for GFP and huKO expression; Bcl2/Myc/Ccnd1: sta-
ble integrant infected with MSCV-Bcl2-pgk-Myc-ires-GFP and pGCDNsam-Ccnd1-ires-huKO and sorted for GFP and huKO expression; Ccnd1/Myc/Bcl2:
stable integrant infected with MSCV-Ccnd1-pgk-Myc-ires-GFP and pGCDNsam-Bcl2-ires-huKO and sorted for GFP and huKO expression; Bcl2/Ccnd1/Myc:
stable integrant infected with MSCV-Bcl2-pgk-Ccnd1-ires-GFP and pGCDNsam-Myc-ires-huKO and sorted for GFP and huKO expression.

Online Supplementary Figure S3. Western blot analysis of stable integrants established using the cell sorting method in EXP1.

Online Supplementary Figure S4. Confirmatory colony-forming assays with independently established stable integrants using the drug selection method
(EXP2).

Western blot analysis of various stable
integrants established using the cell sort-
ing method to determine the expression of
BCL2, MYC and CCND1 proteins. (A-D)
Protein expression of BCL2, MYC, CCND1
and ACTIN of stable integrants established
using the cell sorting method. (E and F)
Protein expression of MYC and ACTIN of
stable integrants established using the cell
sorting method cultured under serum-free
condition for 8 h to evaluate deregulated
exogenous MYC expression. 

Stable integrants independently established using the drug
selection method were examined for colony-forming ability. In the
first plating, Bcl2/Myc/Ccnd1 cells formed more colonies com-
pared to other cells (left panel). On re-plating, Bcl2/Myc/Ccnd1
cells showed enhanced colony-forming capability, unlike the case
with Bcl2/Myc/mock cells (right panel). Colonies were counted
on day 14. Data are presented as the mean ± s.e.m. (triplicate).
P values are two-sided (Student’s t test).

WT/mock: Stable integrant serially infected with pMXs-neo,
pMXs-hygro and pMXs-bsd, and purified by serial selection with
neomycin, hygromycin and blasticidin. Bcl2/Myc/mock: stable
integrant serially infected with pMXs-Bcl2-neo, pMXs-Myc-hygro
and pMXs-bsd, and purified by serial selection with neomycin,
hygromycin and blasticidin. Bcl2/Myc/Ccnd1: stable integrant
serially infected with pMXs-Bcl2-neo, pMXs-Myc-hygro and pMXs-
Ccnd1-bsd, and purified by serial selection with neomycin,
hygromycin and blasticidin.



Online Supplementary Figure S5. CCND3 expression in histologically transformed cases of follicular lymphoma.

Case numbers and MYC status with CCND3 expression levels of cases of histologically transformed human follicular lymphoma (FL). Expression values
were normalized by subtraction of the average of all nine cases for each probe. "IMAGE" indicates probe identifiers. "MYC status" indicates the expres-
sion level of MYC and genes regulated by MYC and is assigned as either "High" or "Low" according to the report by Lossos et al.9

In an effort to study the clinical relevance of the synergistic effect of BCL2, MYC and CCND3, we analyzed microarray gene expression data of cases of
human FL [Lossos et al. Gene Expression Omnibus (GEO) database accession n.GSE3458]. FL is characterized by the presence of a BCL2 translocation.
Twenty-five to 45% of FL cases show histological transformation to a more aggressive lymphoma which is associated with rapid disease progression.
Additional chromosomal translocations and/or increased expression of MYC are found in some cases of transformed FL.5-9

In this study, we analyzed the microarray gene expression data of histologically transformed human FL cases generated by Lossos et al.9 We found
increased expression of CCND3 in three of the five cases with increased expression of MYC and genes regulated by MYC. On the other hand, we could
not find increased expression of CCND3 in any case with decreased expression of MYC and genes regulated by MYC. We defined the thresholds for
markedly and moderately increased expression of CCND3 as 0.5 and 0.2 of average expression of four probes (IMAGE: 327182, 703920, 2057973 and
665508), respectively.

This new finding suggested that CCND3 might cooperate with BCL2 and MYC and contribute to the histological transformation of some FL cases. These
data also demonstrated the potential of our in vitro screening method for finding cooperative oncogenes with clinical relevance.


