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Abstract. Chromosomal translocation is a key process in the 
oncogenic transformation of somatic cells. Previously, artificial 
induction of chromosomal translocation was performed using 
homologous recombination-mediated loxP labeling of target 
regions followed by Cre-mediated recombination. Recent 
progress in genome editing techniques has facilitated the easier 
induction of artificial translocation by cutting two targeted 
genome sequences from different chromosomes. The present 
study established a system to induce t(11;14)(q13;q32), which is 
observed primarily in multiple myeloma (MM) and involves the 
repositioning of the cyclin D1 (CCND1) gene downstream of the 
immunoglobulin heavy chain (IgH) constant region enhancers 
by translocation. The placing of tandem gRNAs designed to cut 
both the IgH Eµ and CCND1 15-kb upstream regions in lenti-
CRISPRv2 enabled the induction of chromosomal translocation 
in 293T cells, with confirmation by translocation‑specific PCR 
and fluorescence in situ hybridization probing with IgH and 
CCND1. At the translocation junctions, small deletions and the 
addition of DNA sequences (indels) were observed in several 
clones. Cloned cells with t(11;14) exhibited slower growth and 
lower CCND1 mRNA expression compared to the parent cells, 
presenting the opposite phenomena induced by t(11;14) in MM 
cells, indicating that the silent IgH gene juxtaposed to CCND1 
may negatively affect CCND1 gene expression and cell prolif-
eration in the non-B lymphocyte lineage. Therefore, the present 
study achieved the induction of silent promoter/enhancer 
translocation in t(11;14)(q13;q32) as a preparatory experiment 
to study the role of IgH constant region enhancer-driven 
CCND1 overexpression in oncogenic transformation processes 
in B lymphocytes.

Introduction

Chromosomal translocations have been detected in a variety 
of cancers. Certain types of translocation are known to cause 
specific cancers. Translocations include several types of 
fusion genes, for example, fusion genes in which a chimeric 
open reading frame produces a chimeric protein after 
inter-intronic recombination between two different genes, and 
promoter/enhancer translocation upstream of a different gene, 
with subsequent control of expression by the translocated 
promoter/enhancer (1,2).

Among fusion genes involved in hematopoietic malignan-
cies, the first to be cloned was the BCR/ABL fusion gene from 
the Philadelphia chromosome, t(9;22), associated with chronic 
myelogenous leukemia, although dozens of translocated genes 
were already identified (3). Multiple myeloma (MM) results 
from malignantly transformed plasma cells and is reportedly 
associated with specific translocations, such as t(11;14), t(4;14), 
and t(14;16) (4-6). As a common feature, the enhancer region 
of the immunoglobulin heavy chain (IgH) gene is rearranged 
to the target gene; transcriptional activation of the gene in a 
B lymphocyte‑specific manner results in its functioning as 
an oncogene. The most frequently detected translocation in 
MM is rearrangement between the constant region of the IgH 
gene on the long arm of chromosome 14 and the 5'-upstream 
region of the cyclin D1 (CCND1) gene on the long arm of 
chromosome 11. Similar translocations were initially identi-
fied in the locus of B‑cell CLL/lymphoma 1 (Bcl1) in t(11;14)
(q13;q32) (7,8). CCND1 is a key molecule of the cell cycle 
control machinery, involved in regulating the G1/S transition 
process (9). Cyclin activity is controlled by transcription level. 
In the middle of the G1 phase, transcriptional activation of the 
cyclin D1 gene results in an increase in protein production, 
which then complexes with and induces the kinase activity 
of cdk4 and cdk6, in turn stimulating cell cycle progression. 
CCND1 gene juxtaposed to the downstream of IgH constant 
region shows accelerated expression of CCND1 proteins by 
the effect of IgH super‑enhancer in B lymphocyte‑specific 
manner, therefore, t(11;14)-harboring cells indicate increased 
cell proliferation (10).

Sequencing of the junction point of t(11; 14)(q13; q32) 
in B-cell malignancies revealed a difference between 
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B-cell lymphoma and MM (4,11,12). Two types of gene 
rearrangement mechanisms are involved in chromosomal 
translocations associated with B-cell malignancies: one that 
involves VDJ recombination mediated by recombination 
activating gene (RAG)1/2, and another that involves 
activation‑induced cytidine deaminase (AID) in immuno-
globulin class switching processes (3). Translocation in MM 
is induced by AID (13,14). The resulting differences in the 
origin of translocation-containing malignant cells in various 
B-cell differentiation stages cause differences in clinical 
condition (4,15).

Genome editing systems are now widely utilized in 
many research fields (16,17). Among these systems, the 
Streptococcus pyogenes type II clustered, regularly inter-
spaced, short palindromic repeats (CRISPR)-Cas9 system 
enables efficient sequence‑specific editing, enhancing the 
homologous recombination-mediated template replacement 
of target genes (18-20). Software that provides for effective 
visual target estimation of CRISPR/Cas9 in the genome 
database in combination with an evaluation score enhances 
the convenience of the system (21). Recent reports have 
described the induction of chromosomal translocations by 
simultaneous cutting of two specific DNA sequences using 
CRISPR-Cas9 (22-27) to engineer translocations that produce 
chimeric proteins from the fusion genes. Translocation of 
promotor/enhancer regions such as the B-cell lymphoma 
t(11;14) has not been reported, however.

In this study, we developed a CRISPR/Cas9-mediated 
genome editing system to induce the MM-specific chro-
mosomal translocation t(11;14)(q13;q32) in cultured cells 
and confirmed the induction of a translocation identical to 
the experimental design. In addition, we analyzed the DNA 
sequence of the translocation junction, the gene expression and 
growth characteristics of t(11;14)-positive cells.

Materials and methods

Materials. Cell culture reagents, Dulbecco's modified Eagle's 
medium (DMEM) and penicillin/streptomycin, were obtained 
from Nakalai Tesque (Kyoto, Japan). Plasmids used in this 
study, lentiCRISPRv2 (#98290), pCAG-EGxxFP (#50716) (28), 
pX330 Cetn1/1 (#50718), and pCAG-EGxxFP-Cetn1 (#50717), 
were obtained from Addgene (www.addgene.org). lenti-
CRISPRv2 puro was a gift from Brett Stringer. Synthetic 
oligonucleotides were obtained from Eurofin Genomics 
(Tokyo, Japan). DNA iso, RNAiso, Guide-it mutation detection 
kit, and pMD20-T TA cloning vector were purchased from 
Takara bio (Kyoto, Japan). Thunderbird® SYBR qPCR Mix, 
KOD-PLUS, and ReverTraAce were obtained from Toyobo 
(Tokyo, Japan). PEImax 40000 was obtained from Polyscience 
Inc. (Warrington, PA, USA).

Cell culture, transfection, and virus packaging. 293 and 
293T (SV40 T antigen introduced 293, 293T) cells originated 
from Japanese Collection of Research Bioresources Cell 
Bank were cultured in Dulbecco's modified Eagle medium 
containing 10% fetal calf serum and incubated in a humidi-
fied chamber at 37˚C with 95% air and 5% CO2. These cells 
were confirmed to be mycoplasma free. Plasmid transfec-
tion was carried out using PEImax 40000, following the 

manufacturer's protocol. For lentivirus packaging, plasmids 
were introduced into 293T cells, with subsequent recovery 
of the culture supernatant. Virus particles were recovered 
by centrifugation of the supernatant following addition of 
PEG6000 and NaCl (29).

CRISPR target localization. CRISPRscan (www.crisprscan.
org/) (21) was used to localize the 20-bp target sequences of 
the IgH Eµ region and CCND1 gene 5'-upstream region on 
the UCSC genome browser (http://www.ucsc.genome.edu/). 
Candidate gRNAs without potential off-targets were selected 
using Cutting Frequency Determination score (30) indicated 
by CRISPRscan.

Plasmid construction. Double-stranded oligonucleotides for 
the guide RNA of IgH Eµ (5'-CAC CGG ACT GGC CTA GCG 
GAG GCT C-3' and 5'-AAA CGA GCC TCC GCT AGG CCA 
GTC C-3' for candidate A, 5'-CAC CGG AGA ACA TAC CAA 
GCC CCA C-3' and 5'-AAA CGT GGG GCT TGG TAT GTT 
CTC C-3' for candidate B) and CCND1 (5'-CAC CGG GGG 
TAG GAA GCC TCG GCT GTG G-3'and 5'-AAA CCC ACA GCC 
GAG GCT TCC TAC CCC C-3' for candidate A, 5'-CAC CGG 
TGG CGA GGT GGG ACC GCG G-3' and 5'-AAA CCC GCG 
GTC CCA CCT CGC CAC C-3' for candidate B) were ligated 
into lentiCRISPRv2 vector digested with BsmB1. For construc-
tion of pCAG-EGxxFP vectors to monitor gRNA activity, IgH 
or CCND1 gene target sequences were PCR‑amplified from 
293T cell genomic DNA using 5'-TTA GAC AAG GGC GAT 
GCC AG-3' and 5'-TCA AGA CCA CTT TTC AAC TAC TCA C-3' 
for IgH candidate A, 5'-TCA TTA CCA CCC TCC ACT ACC T-3' 
and 5'-CCA CTA GAA GGG GAA CTG GTC-3' for IgH candi-
date B, 5'-CAC ATG CCC GAA GTC AAA CC-3' and 5'-ATC 
ACC GAG ATC AGA AGG CT-3' for CCND1 candidate A, and 
5'-CTT CTC ACG AGC TGC CTT TG-3' and 5'-GCT CAT CAC 
ACA GCT TGA CG-3' for CCND1 candidate B with KOD-Plus 
DNA polymerase. After cloning into pMD20-T for DNA 
sequence confirmation, the target sequences were cloned 
into the pCAG-EGxxFP cleavage site. For the IgH-CCND1 
tandem-lentiCRISPRv2 vector, the U6-IgH gRNA B expres-
sion cassette cloned into pMD20‑T was PCR‑amplified from 
IgH-B lentiCRISPRv2 using 5'-GCA GAG ATC CAG TTT GGT 
TAA T-3' and 5'-ACC TAG CTA GCG tAT TCA AAA A-3' with 
KOD-Plus DNA polymerase and then cloned into CCND1 B 
lentiCRISPRv2.

Homology‑directed repair (HDR)‑mediated EGxxFP repair 
monitoring of gRNA activity. IgH or CCND1 gRNA activity 
was monitored according to a previous report (28). Briefly, 
IgH (or CCND1, IgH‑CCND1 tandem) lentiCRISPRv2 and 
pCAG-EGxxFP IgH (or CCND1) vectors were co-transfected 
into 293T cells. Two days later, EGFP fluorescence was 
observed using a fluorescence microscope (Axio Vert.A1, 
Zeiss, Oberkochen, Germany) and a flow cytometer (S3e cell 
sorter, Bio-Rad, Hercules, CA, USA). The fluorescence of 
co-transfected cells was compared to that of the positive 
control, pX330-Cetn1/1 and pCAG-EGxxFP Cetn1 combi-
nation, and the negative control, empty lentiCRISPRv2 and 
pCAG‑EGxxFP. In flow cytometric analyses, mean fluores-
cence intensity of GFP-positive live cells was obtained using 
forward/side scatter-gating and FL1 window.
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Confirmation of CRISPR genome editing activity. The 
genome editing activity of the IgH-CCND1 CRISPR vectors 
was confirmed by infecting 293T and 293 cells with lenti-
CRISPRv2 virus. These cells were selected as previous 
reports successfully established artificial translocation using 
CRISPR/Cas9 (22,25). Cells were infected with virus suspen-
sion and cultured for 14 days with puromycin. Colonies were 
picked, and DNA was recovered using a DNAiso kit according 
to the manufacturer's protocol. The genome regions of gRNA 
target sites were then PCR‑amplified from puromycin‑selected 
cells and parent cells using the primers used in EGxxFP vector 
construction. A Guide-IT mutation detection kit was used to 
detect mutations introduced into the genomic DNA of CRISPR 
target sites. Purified PCR products of selected and parental 
origin were mixed equivalently, denatured, reannealed, incu-
bated with Guide-it nuclease, and electrophoresed to detect 
mismatch‑directed cleavage. In addition, to confirm genome 
editing at DNA sequence level, PCR‑amplified fragments were 
recombined into the pMD20-T TA cloning vector, and inserted 
DNA was sequenced by Fasmac Co. (Kanagawa, Japan).

Confirmation of translocation. PCR confirmation of trans-
location was performed using the IgH/CCND1 translocation 
specific primer pair (5'‑AAG GGT GCG ATG ATG ACC TAC‑3' 
for IgH side and 5'-AGC TGT TCT TGT AGT GGT GCC-3' for 
CCND1 side) with Thunderbird® SYBR qPCR Mix and a 
Light Cycler Nano (Roche Diagnostics, Basel, Switzerland). 
For calibration of DNA content in quantitative PCR (Q-PCR), 
primers for ACTB gene (5'-AGA AAA TCT GGC ACC ACA 
CC-3' and 5'-AAC GGC AGA AGA GAG AAC CA-3') were 
used for reference. PCR condition was, denaturation of 
template: 94˚C 120 sec, DNA amplification cycles: 50 cycles 
of (94˚C 10 sec‑62˚C 10 sec‑72˚C 20 sec), melting tempera-
ture measurement: 72˚C to 94˚C at 0.1˚C/sec. The presence of 
translocation-positive clones was assessed based on the melting 
temperature of PCR‑amplified DNA compared with the posi-
tive control DNA. To confirm the efficiency of IgH/CCND1 
CRISPR/Cas9‑induced translocation, translocation‑specific 
Q-PCR was performed using DNA of IgH/CCND1 lenti-
CRISPRv2‑infected cells. Positive control DNA was amplified 
from genomic DNA 5'-TCA TTA CCA CCC TCC ACT AC-3' 
and 5'-TTT GCT AGC CAC TGG CAT CGC CCT-3' for the IgH 
side and 5'-GCT CAT CAC ACA GCT TGA CG-3' and 5'-TTT 
GCT AGC GCG GTG GGG TCT TGT GTT G-3' for the CCND1 
side, and the two PCR‑amplified fragments were recombined 
into a translocation-mimic PCR template (5'-IgH-CCND1-3'). 
PCR‑amplified DNA of candidate positive cells was cloned 
into TA cloning vector, and inserted DNA was sequenced. 
DNA sequence alignment was performed using ApE 
(http://jorgensen.biology.utah.edu/wayned/ape/).

RT‑qPCR. RNA was isolated from sub‑confluent cultures of 
293T and t(11;14) positive cells two days after inoculation 
using RNAiso reagent according to the manufacturer's instruc-
tions. cDNAs were synthesized from total RNA using random 
primers and RevTraAce reverse transcriptase. Quantitative 
PCR (Q-PCR) was performed using the primers 5'-GAC 
CCC GCA CGA TTT CAT TG-3' and 5'-CTC TGG AGA GGA 
AGC GTG TG-3' for CCND1 and 5'-ACA CTT CTG CTC GTT 
GCC TT-3' and 5'-ACA CAA ATG CTC CTC TCA CC-3' for 

MYEOV as the target and 5'-CAC CAG GGC TGC TTT TAA 
CTC T-3' and 5'-TGG GAT TTC CAT TGA TGA CAA G-3' for 
GAPDH as the reference with Thunderbird qPCR mix and 
a LightCycler Nano (n=3) using the same condition to DNA 
Q-PCR described above. Ratio of 2-Δ∆Cq values were calculated 
from the values obtained by LightCyclerNano Software (31).

Growth curve analysis. A total of 5x104 cells were inoculated 
into 35-mm dishes and cultured. The number of viable attached 
cells was determined using a dye-exclusion assay with trypan 
blue (n=3).

Statistical analysis. Quantitative data were presented as 
mean ± standard deviation obtained from three independent 
replicates. Statistical analyses were performed using Welch's 
t-test on Microsoft Excel version 14 on Windows 7. P<0.05 
was considered to indicate a statistically significant difference.

Results

Construction of IgH/cyclinD1‑specif ic CRISPR/Cas9. 
According to the scheme to obtain artificial induction of 
t(11;14) by cutting CCND1 upstream on chromosome (chr) 11 
and IgH Eµ and Iµ regions on chr 14 (Fig. 1A), we designed 
two efficient gRNA sequences to express in one CRISPR/Cas9 
vector (Fig. 1B) as described below. In order to mimic t(11;14) in 
MM (Fig. 1C), we searched target sequences of CRISPR/Cas9 
around the previously reported junction sequence (32) using 
CRISPR Scan. As Ronchetti et al (32) were unable to iden-
tify clear clustering of junction sites of CCDN1, we searched 
the targets from 10 to 20 kb upstream of the protein-coding 
sequence. For IgH genes, Eµ and Iµ regions were searched. 
Candidate gRNA sequences predicted to exhibit high editing 
activity with minimal off-target activity were obtained. 
Four gRNA target sequences were selected for IgH and 
CCND1 genes, and synthetic oligonucleotides of these gRNA 
candidates were recombined into lentiCRISPRv2.

The potency of gRNA sequences was monitored using 
pCAG-EGxxFP. Both gRNA-coding lentiCRISPRv2 
(IgH-A, -B, CCND1-A or -B) and corresponding gRNA target 
sequence-containing pCAG-EGxxFP (IgH-A, -B, CCND1-A 
or -B) were introduced into 293T cells, and editing activity 
was observed by recovery of EGFP fluorescence after HDR 
(Fig. 2A). EGFP fluorescence of cells into which the candi-
dates were introduced was compared to that of positive control 
cells into which mouse Cetn1/1 pX330 and pCAG-EGxxFP 
Cetn1 were introduced, and candidates exhibiting fluorescence 
similar to that of Cetn1/1 cells were chosen (Fig. 2B). By 
comparing two gRNA candidates A and B for IgH or CCND1, 
selected gRNA sequences were 5'-GAG AAC ATA CCA AGC 
CCC ACT GG-3' (IgH-B) for IgH, Chr14 genome position 
105861042-105861064 in Genome Reference Consortium 
Human 38 (GRCh38), and 5'-GTG GCG AGG TGG GAC CGC 
GGT GG-3' (CCND1-B) for CCND1, Chr11 genome position 
69627757-69627779 in GRCh38 (underlined sequences indi-
cate protospacer adjacent motif, PAM).

To induce chromosomal translocation with a single vector 
capable of editing both IgH and CCND1, the U6-CCND1 gRNA 
portion of CCND1‑B lentiCRISPRv2 was PCR-amplified 
and cloned downstream of the U6-IgH gRNA of IgH-B 
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lentiCRISPRv2 (Fig. 1B). The tandem gRNA (IgH‑CCND1) 
lentiCRISPRv2 vector exhibited activity similar to that of 
EGxxFP fluorescence recovery compared with the IgH or 
CCND1 single-target vectors using IgH-B or CCND1-B 
EGxxFP vectors (Fig. 2C). There were some differences of 
activities between single and tandem gRNA vectors because of 
unknown reasons. However, we could detect similar activities 
to that of the positive control reproducibly using these vectors.

Induction of chromosomal translocation. The dual gRNA 
lentiCRISPRv2 vector was packaged into a lentivirus 
to observe its translocation inducing activity, and then 
293T cells were infected with the virus. Puromycin resis-
tant cells were isolated after seven days. Genome editing 
activity was confirmed using a mismatch cleavage assay 
with PCR‑amplified IgH and CCND1 genome regions from 
the DNA of puromycin-resistant cells. Mismatch cleavages 
by Guide-IT nuclease were indicated in vector-containing 
cells, demonstrating that Cas9-mediated double-strand 
breaks and repair by non-homologous end joining (NHEJ) 
had occurred (Fig. 3A). Translocation‑specific PCR was then 
performed to confirm the presence of the designed trans-
location in puromycin-resistant cell DNA. Q-PCR analysis 
using translocation control DNA as the reference revealed a 
ratio of translocation-positive cells of 1/2,400 in 293T cells, 
whereas the ratio was 1/70 in 293 cells. Then, DNA bands 
of the expected length in translocation-positive cells were 
isolated and cloned into the TA vector, and the DNA 
sequence of several clones was determined. The observation 
of characteristic insertion and deletion of several base pairs 
in the DNA sequencing results for six clones showed that 
NHEJ had occurred (Fig. 3B). In addition, IgH and CCND1 
gRNA target regions in the non-translocated allele were also 
PCR‑amplified and cloned. DNA sequence of four clones 

each for IgH and CCND1 had small deletions showing that 
genome editing occurred even in the non-translocated alleles 
(data not shown).

To clone translocation-positive 293T cells, Q-PCR 
was first used to identify wells containing positive cells in 
48-well plates inoculated with 200 cells/well. Positive wells 
were then reseeded at 20 cells/well in 24-well plates, with 
subsequent identification of wells containing positive cells 
by Q-PCR as described above. Positive wells were inoculated 
into dishes at 100 cells/dish, and single colonies were then 
picked and expanded. We ultimately succeeded in isolating 
translocation-positive 293T cells using this serial dilution 
and PCR confirmation approach (data not shown). Direct 
sequencing of translocation‑specific PCR products showed 
that the junction points of t(11;14) der(11) with the Chr11 
centromere and der(14) with the Chr14 centromere were 3 
bp from the PAM sequences shown in Fig. 3A. As reported, 
the Cas9 editing site is 3 bp from the PAM; direct rejoining 
occurred after editing in this cell clone. Reciprocal chromo-
somal translocation was also confirmed by fluorescence in 
situ hybridization (FISH) probing (IgH [green] and CCND1 
[red] in Fig. 4B). In triploid karyotype of 293T cells, only 
one pair of chromosome 11 and 14 was engaged with t(11;14), 
whereas other two were not.

Characteristics of t(11;14)‑positive cells. IgH enhancer-driven 
CCND1 overexpression by t(11;14) is one of the key factors in 
oncogenic cell proliferation in MM cells, because the immu-
noglobulin genes are highly active to produce antibodies 
only in the B lymphocyte lineage. Therefore, it is difficult to 
observe IgH enhancer-mediated activation of CCND1 gene 
unless the cells with t(11;14) differentiate to B lymphocytes. 
However, silent IgH gene in other cell species including 293, 
which is embryonal kidney origin, may negatively affect 

Figure 1. Experimental design of t(11;14). (A) Schematic illustration of IgH-CCND1 CRISPR/Cas9-mediated induction of t(11;14). (B) gRNA target sequences 
and tandem-gRNA vector design. (C) Schematic illustration of the IgH-CCND1 fusion gene. CCND1 expression is driven by IgH C region enhancers in 
B lymphocytes. Two gray arrowheads at the junction (thick gray dotted line) indicate primer positions used for detection of fusion gene. IgH, immunoglobulin 
heavy chain; CCND1, cyclin D1; Chr, chromosome.
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neighboring gene expression (33). And it is possible that 
such macroscopic changes induced by chromosomal trans-
location could alter the cellular characteristics through gene 

expression. Accordingly, we compared the cell proliferation 
rate and CCND1 gene expression in t(11;14)-positive cells to 
that of parental 293T cells. As shown in Fig. 5A, t(11;14)-posi-
tive cells exhibited slower proliferation than 293T cells. A 
comparison of gene expression of the CCND1 using GAPDH 
as control by RT-Q-PCR revealed lower CCND1 expres-
sion in the t(11;14)-positive cells compared with parental 
293T cells (Fig. 5B). As a previous report suggested that 
the level of CCND1 expression is positively correlated with 
cell proliferation (34), it is possible that decreased CCND1 
expression caused by the silent IgH enhancer repositioned in 
the upstream of CCND1 gene in t(11;14)-positive cells could 
result in slower growth compared with parental 293T cells 
in strong contrast to MM cells. In addition, MYEOV gene 
which locates in the upstream of CCND1 gene and is often 
overexpressed in MM cells by the translocated IgH vari-
able region in t(11;14) der(11) (35) was also analyzed. But 
we couldn't detect MYEOV gene expression by RT-PCR 
both in t(11;14)-positive cells and parental 293T cells 
because of the restricted expression of this gene (gtexportal.
org/home/gene/ENSG00000172927.3, The Genotype-Tissue 
Expression database).

Discussion

In this study, we successfully induced artificial chro-
mosomal translocation between the IgH constant region 
promoter/enhancer and the CCND1 protein-coding region 
using an IgH and CCND1‑specific CRISPR/Cas9 genome 
editing system. In contrast to previous reports describing 
induction of growth-enhancing fusion genes using 

Figure 2. Confirmation of DNA cutting activity of the gRNA candi-
dates. (A) 293T cells were introduced with target DNA (IgH, CCND1 
or empty)-containing EGxxFP and gRNA (IgH and CCND1 or empty) 
expressing lentiCRISPRv2 vectors. Cells with high fluorescence indicate effi-
cient gRNA activity to cut target DNA region. Scale bars, 50 µm. (B) gRNA 
activity are compared among IgH and CCND1 gRNA candidates-coding 
lentiCRISPRv2. Bars A and B indicate the negative control (empty lenti-
CRISPRv2) and positive control (pX330 Cetn1), respectively. Every 
gRNA vector was co-transfected with the gRNA target DNA-containing 
EGxxFP vector, and the intensity of cell fluorescence was analyzed by flow 
cytometry. Relative fluorescence compared to positive control is indicated 
(n=3). IgH-B and CCND1‑B exhibited stronger fluorescence compared to 
IgH-A and CCND1-A, respectively. *P<0.001, as indicated. (C) Activity of 
single (IgH-B or CCND1-B) gRNA and dual (IgH-B and CCND1-B) gRNA 
expressing vectors were compared by co-transfecting with the gRNA target 
DNA-containing EGxxFP vectors (indicates as EGxxFP:). Negative and 
positive controls are the same as those in 2B. IgH, immunoglobulin heavy 
chain; CCND1, cyclin D1; ph, phase contrast micrograph; GFP, green fluo-
rescent protein; nega, negative; posi, positive.

Figure 3. Confirmation of genome editing activity in IgH and CCND1 
loci and induced translocation. (A) IgH and CCND1 target regions were 
PCR-amplified from infected 293T cells and forced using a mismatch 
cleavage assay. Fragments cleaved by Guide-IT nuclease are indicated 
by arrows with dotted lines (IgH), and arrowheads (CCND1). (B) t(11;14) 
translocation‑specific PCR products from infected cells were cloned into the 
TA cloning vector, followed by DNA sequencing. Sequences of 6 clones are 
aligned against the simulated IgH/CCND1 sequence. The junction between 
IgH and CCND1 is indicated by a dotted line. Sequence differences relative to 
the simulated sequence are highlighted in gray boxes. IgH, immunoglobulin 
heavy chain; CCND1, cyclin D1; empty, empty lentiCRISPRv2-introduced; 
IgH-CCND1, IgH-CCND1 lentiCRISPRv2-introduced; IgH and CCND1 
groups, PCR‑amplified regions; ‑ and +, Guide‑IT nuclease addition; M, DNA 
marker.
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CRISPR/Cas9 (22-27), we encountered growth repression in 
the non-B lymphocyte target cells, which could have been 
associated with the transcriptionally silent IgH gene. These 
data suggest that selection pressure specific to transloca-
tion-positive cells is important to isolate the cells with such 
growth-suppressing translocations.

Recent reports have described efficient induction of 
targeted chromosomal translocation by introduction of a 
HDR template DNA which mimics translocation junction 
sequences (27,36). The template DNA carries a 5'-translo-
cation donor gene fragment and 3'-recipient gene fragment 

separated by a selection marker, and is introduced into cells 
with routine translocation site‑specific CRISPR/Cas9 vectors. 
After the two target sequences are specifically cut by Cas9s, 
breakpoints are repaired by HDR using the template DNA 
to form chromosomal translocation. Furthermore, the use of 
HSVtk for negative selection of off-target recombination of 
template DNA (37), knockout of p53 to suppress apoptotic 
cell death (38,39), and addition of NHEJ inhibitors to shift 
DNA double strand break repair system to HDR (40-42) also 
enhance HDR-template mediated genome editing. As appli-
cation of these techniques can accelerate selective induction 

Figure 5. Characteristics of 293T cells harboring t(11;14). (A) Growth curves of t(11;14) 293T cells and parental cells. Viable cell numbers are indicated on days 
0, 2, and 4 (n=3). Error bars indicate the standard deviation. *P<0.05 vs. 293T. (B) Reverse transcription-quantitative PCR analysis of CCND1. Relative copy 
numbers were calculated using GAPDH as a reference (n=3). CCND1, cyclin D1.

Figure 4. Characterization of IgH-CCND1 CRISPR/Cas9‑induced t(11;14). (A) t(11;14) translocation‑specific PCR products from cloned cells were directly 
sequenced. Junctions in the sequence diagrams are indicated by dotted lines. CCND1 and IgH genome sequences included in der(11) and der(14) are indicated 
by blue (CCND1) and red (IgH) arrows with gRNA sequences. (B) t(11;14)‑specific fluorescence in situ hybridization. One of the triploid Chr11 and Chr14 
was reciprocally translocated. CCND1 and IgH probes are labeled with red and green boxes, respectively. Scale bar, 5 µm. PAM, protospacer adjacent motif; 
IgH, immunoglobulin heavy chain; CCND1, cyclin D1; Chr, chromosome.
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of difficult chromosomal translocations, we are planning to 
explore use of these techniques in combinations for future 
studies.

Although CCND1 expression in cells with transloca-
tions is thought to be associated with the transcriptional 
silence of IgH in cells other than B lymphocytes, we were 
able to obtain cells with t(11;14), suggesting that we should 
be able to induce this type of translocation in other cells. 
In addition, different types of immunoglobulin-associated 
translocations observed in B lymphocytic malignancies 
could be induced using a similar CRISPR/Cas9 system. For 
studying the process of myelomagenesis in the viewpoint 
of IgH enhancer-driven CCND1 overexpression, we plan to 
induce t(11;14) in B lymphocyte-derived iPS cells (BiPSCs) 
in which IgH genes are silent (43) using this technique. As we 
have already confirmed that our BiPSCs can be differenti-
ated into hematopoietic stem cells (HSCs), we will check if 
t(11;14)-carrying BiPSCs are also capable of differentiating 
into HSCs and B lymphocyte lineage in vitro. Moreover, we 
will analyze the possible function of t(11;14) and CCND1 
overexpression on B-cell differentiation and tumor devel-
opment after transplantation into mouse bone marrow by 
comparing t(11;14)-BiPSC and parental BiPSC.
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