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ABSTRACT

Myc-deregulating T(12;15) chromosomal translocations are the hallmark 
cytogenetic abnormalities of murine plasmacytomas (PCTs). In most PCTs, the 
immunoglobulin heavy chain (Igh) locus is broken between the Eμ enhancer and the 
3’ regulatory region (3’RR), making the latter the major candidate for orchestrating 
Myc deregulation. To elucidate the role of the Igh3’RR in tumorigenesis, we induced 
PCTs in Bcl-xL-transgenic mice deficient for the major Igh3’RR enhancer elements, 
hs3b and hs4 (hs3b-4-/-). Contrary to previous observations using a mouse lymphoma 
model, which showed no tumors with peripheral B-cell phenotype in hs3b-4-/- mice, 
these animals developed T(12;15)-positive PCTs, although with a lower incidence 
than hs3b-4+/+ (wild-type, WT) controls. In heterozygous hs3b-4+/- mice there was 
no allelic bias in targeting Igh for T(12;15). Molecular analyses of Igh/Myc junctions 
revealed dominance of Sμ region breakpoints versus the prevalence of Sγ or Sα in 
WT controls. Myc expression and Ig secretion in hs3b-4-/- PCTs did not differ from 
WT controls. We also evaluated the effect of a complete Igh3’RR deletion on Myc 
expression in the context of an established Igh/Myc translocation in ARS/Igh11-
transgenic PCT cell lines. Cre-mediated deletion of the Igh3’RR resulted in gradual 
reduction of Myc expression, loss of proliferative activity and increased cell death, 
confirming the necessity of the Igh3’RR for Myc deregulation by T(12;15).

INTRODUCTION

The two major regulatory elements in the Igh 
locus are the Eμ intronic enhancer that promotes 
V(D)J recombination in developing B-cells, and an 
enhancer cluster located downstream of all constant 
gene segments, termed the 3’ regulatory region (3’RR), 
and recently classified as a superenhancer, which has 
a crucial functional role [1, 2]. The Igh3’RR contains 
four individual enhancer units coinciding with DNAse I 
hypersensitive sites hs3a, hs1,2, hs3b and hs4 followed 
by a cluster of CTCF sites, the CTCF superanchor 

[3, 4, 5]. hs3a and 3b enhancers are part of the Igh3’RR 
quasi-palindrome or proximal enhancer module with 
correct functioning dependent on the presence of inverted 
repeats [1]. The individual enhancers differentially bind 
a plethora of transcription factors and are maturation 
stage-specifically activated during B-cell development 
(Reviewed in [6]). The whole Igh3’RR region is essential 
for somatic hypermutation (SHM) and class switch 
recombination (CSR) as well as high level Ig expression 
in plasma cells (Reviewed in [7, 8]). Any alteration in 
the architecture of the Igh superenhancer does affect its 
functions (reviewed in [6]).
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CSR and SHM are mediated by AID [9]. 
Misdirection of AID to various loci may result 
in chromosomal translocations [10] leading to 
immunoglobulin superenhancers invading and 
deregulating expression of the other gene’s domains. 
Only those translocations that target oncogenes will lead 
to clonal growth of malignant tumors with mature B-cell 
or plasma cell phenotypes. In humans, the list of partners 
for Igh translocations in tumors is rather extensive, but is 
primarily limited in mice to the Myc oncogene with the 
translocated chromosome designated T(12;15).

Terminally-differentiated mouse B-cell tumors that 
carry Ig/Myc translocations – plasmacytomas (PCT) - 
can be induced by intraperitoneal injections of BALB/c 
mice with pristane [11]. In the presence of an Eμ-Bcl-xL 
transgene, pristane-induced PCT arise in an accelerated 
manner and are not dependent on the BALB/c genetic 
background [12]. The anti-apoptotic action of the Bcl-xL 
transgene may extend the lifespan of tumor precursors, 
allowing them to acquire additional secondary oncogenic 
changes. In 80-85% of these tumors, Myc is juxtaposed 
to a switch region of the Igh locus, thus removing the 
Eμ enhancer from the Myc-containing chromosome 
[T(12;15)]. The remaining 10-15% have Igκ or Igλ light 
chain to Pvt-1 translocations, T(15;16) or T(6;15), and less 
than 5% of the tumors contain either insertions of the Eμ 
enhancer or other insertions/rearrangements in the 5’ Myc 
promoter region [13]. In the IL-6 transgenic spontaneous 
PCT model, we described otherwise rare cases of T(12;15) 
junctions that have breakpoints clustering around the JH4 
segment, thus retaining the Eμ enhancer on the Myc-
containing chromosome [14, 15].

There are numerous mouse models that result in 
the development of B-cell or plasma cell tumors with the 
T(12;15) translocation (Reviewed in [16]). Some of them 
employ mutant mice with defects in DNA repair pathways 
that generally develop pro-B lymphomas where Myc 
expression is under the control of the Eμ enhancer [17, 
18]. By combining several mutations, it was also possible 
to obtain lymphomas with peripheral B-cell phenotype in 
which Myc was joined with an Igh switch region sequence 
and the Eμ enhancer was deleted, leaving Myc under the 
control of the Igh3’RR alone [19].

The crucial role of Igh3’RR in B-cell lymphoma 
development and Myc deregulation was studied 
extensively employing various types of transgenic or 
knock-in models (Reviewed in [20]). An alternative 
approach involves induction of T(12;15) translocation-
positive tumors in mice carrying various deletions of 
the Igh3’RR region. It was shown that mice prone to 
lymphoma development (due to a combined p53 and 
DNA Ligase 4 defect) and simultaneously lacking hs3b-
4 enhancers overwhelmingly succumbed to pro-B cell 
lymphomas [21]. In such pro-B cell lymphomas, Myc 
expression was likely deregulated by the Eμ enhancer 
since the Igh3’RR is poorly active at this stage. In the same 

study, a different mouse model of conditional inactivation 
of XRCC4 in transitional B-cells of p53-deficient mice 
was also utilized. These mice are ordinarily predisposed 
to peripheral B-cell lymphomas and those arose only on 
an Igh3’RR WT background. The characteristic T(12;15) 
translocation-positive cells were detectable but were not 
selected for further tumor progression, due to the lack of 
Myc deregulation in the case of a truncated Igh3’RR.

The function of Igh3’RR individual enhancer units 
changes through different stages of B-cell differentiation 
with hs1,2 enhancers sequentially gaining higher activity 
during the GC and plasma cell stages [22]. Also, the model 
described in the previous study utilized a NHEJ- and 
p53-deficient background that strongly favors peripheral 
lymphomas originating from transitional B-cells. We 
thus decided to re-assess the effect of the same hs3b-4 
deletion on the development of tumors with terminally 
differentiated B-cell phenotypes using a NHEJ- and 
p53-proficient mouse PCT model. We injected hs3b-4-
deficient (hs3b-4-/-) mice carrying the Eμ-Bcl-xL transgene 
with pristane. If hs3a/1,2 were insufficient to deregulate 
Myc expression, one might expect them to develop 
PCTs carrying T(6;15) or T(15;16) Ig light chain/Myc 
translocations or Eμ insertions into Myc (perhaps at a 
lower rate). However, hs3b-4-/- mice developed PCTs 
with the vast majority of the Igh/Myc breakpoints located 
downstream of Eμ. The pattern of breakpoint distribution 
along the Igh locus and tumor incidence differed from 
normal controls, with differences likely relevant to the 
accessibility of the Igh locus to switch recombination. 
We conclude that hs3b-4 enhancer is crucial for synapsis 
with various parts of the Igh locus at the initiation of 
translocations in mature B-cells and for subsequent 
Myc deregulation, but then becomes dispensable once a 
translocation-positive precursor cell differentiates to the 
plasma cell stage.

If such a “hypomorphic” Igh3’RR with a partial 
deletion can support Myc deregulation in plasma cell 
tumors, is it then possible that the complete hs1,2,3a,3b,4 
combination of Igh3’RR enhancers is no longer essential 
in established PCTs? In a second model using established 
PCT cell lines, we show that the Igh3’RR still crucially 
controls the tumor cell phenotype. Indeed, when the 
whole hs1,2,3a,3b,4-containing region was deleted from 
a Myc-translocated chromosome using Cre recombinase, 
deregulated Myc expression could no longer be sustained.

RESULTS

hs3b-4-/- mice develop PCT with reduced 
incidence

Homozygous hs3b-4-/- mice were previously found 
to have defects in isotype switching [23] and, on p53- 
and NHEJ-deficient background, they developed pro-B 
rather than peripheral B-cell lymphomas with Igh/Myc 
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translocations [21]. Here, we investigated the effect 
of this mutation on the occurrence and the pattern of 
chromosomal translocations in pristane-induced PCT, a 
model in which lymphomagenesis is known to focus on 
terminally differentiated B-cells. Three groups consisting 
of 30 hs3b-4+/+, 66 hs3b-4+/- and 124 hs3b-4-/- mice, each 
also carrying an anti-apoptotic Bcl-xL TG, were injected 
i.p. once with 0.4 ml of pristane. Appearance of atypical 
plasma cells in peritoneal washouts was interpreted as an 
indicator of tumor development. All three groups of mice 
rapidly developed PCT with mean latencies of 118, 128 
and 129 days, respectively (Figure 1A). We observed a 
haploinsufficient phenotype as the tumor incidence was 
lower in the hs3b-4+/- (51%) than in the hs3b-4+/+ (60%) 
cohort. Even a lower proportion of hs3b-4-/- mice (44%) 
had developed PCTs at day 240 [p=0.065].

Histologic analyses of sections prepared from oil 
granuloma tissues revealed characteristic atypical plasma 
cells with high proportion of plasmablasts in the tumors 
and no apparent differences in cytomorphology between 
experimental groups (Figure 1B).

In addition, there were no differences from WT 
in the ability of hs3b-4-/- or hs3b-4+/- tumors to grow as 
transplants in pristane-primed nude mice or in their 
adaptability to grow in vitro (16 hs3b-4-/- and 13 hs3b-4+/- 
primary (G0) or first-generation transplant (G1) tumors 
were established as cell lines (Supplementary Table 1)).

PCTs in hs3b-4-/- mice carry reciprocal Igh/Myc 
translocations

The Igh3’RR enhancer-competent Bcl-xL-transgenic 
mice develop PCTs that deregulate Myc by virtue of 
Igh/Myc T(12;15) chromosomal translocations with 
corresponding breakpoints located predominantly in the 
Sα region of Igh and in close proximity to the P1 promoter 
of Myc [30]. We investigated whether PCTs from hs3b-
4-/- mice utilized this conventional pathway or developed 
variant Igk or Igλ translocations, (T(6;15) and T(16;15) 
respectively), to the Pvt-1 locus. We first applied FISH 
and SKY techniques to determine whether the tumors 
carried any Ig/Myc translocations. By FISH, 21 out of 23 
PCTs from the hs3b-4-/- group and 20 of 21 PCTs in the 
hs3b-4+/- group carried a reciprocal T(12;15) (Figure 2A 
and Supplementary Table 1). A single tumor in the hs3b-
4-/- group lacked detectable translocations involving either 
Ig- or Myc-containing chromosomes. This PCT harbored 
a rare, for this type of tumor, MuLV integration in Myc 
intron 1, as detected by transcript fusion analysis using 
RNA-seq (Supplementary Table 2). Both groups had a 
single case with a T(6;15). Using SKY on selected cell 
lines, we confirmed the presence of reciprocal T(12;15) 
translocations that were initially identified by FISH 
(Figure 2B and 2C, Supplementary Figures 1 and 3). All 
analyzed tumors had simple diploid or near tetraploid 
karyotypes with very few additional non-recurrent 
chromosomal aberrations.

Translocations in hs3b-4+/- mice have no allelic 
bias

It was shown earlier in a lymphoma model that 
only the WT allele was involved in T(12;15) [21]. Using 
previously described techniques, we asked if there was 
any bias in translocation targeting of Igh alleles in hs3b-
4+/- mice. We analyzed 15 hs3b-4+/- tumors and found no 
significant differences in allele utilization. In seven cases, 
Myc was translocated into the WT Igh chromosome and in 
nine cases into the KO allele (Figure 1D, Supplementary 
Figure 2 and Table 1). Interestingly, in three of the latter 
cases, the untranslocated WT Chr. 12 was lost and the 
hs3b-4 KO allele-containing T(12;15) was duplicated 
(Supplementary Figure 3). The fact that these tumors still 
possessed a normal Chr. 15 and a single copy of T(15;12) 
precluded the possibility of two independent translocation 
events involving both Igh alleles.

The distribution of translocation breakpoints 
in the hs3b-4-deficient Igh allele is indicative of 
their canonical nature but with overutilization of 
breaks in the Sμ region

To precisely map Igh/Myc translocation breakpoints, 
we utilized a long PCR-based screening method [31]. This 
method allows for identification of specific Igh C regions 
adjacent to the translocation breakpoint. In addition, we 
screened for junctions containing the Eμ enhancer in 
close proximity to Myc coding regions. The latter type of 
rearrangement is permissive for Myc deregulation in the 
absence of Igh3’RR enhancers and has been described for 
rare classical and IL-6 transgenic PCTs [32].

All analyzed tumors appeared to have a single 
dominant clone as only a pair of T(12;15) and T(15;12) 
products was amplified from each sample in one round 
of PCR amplification. We did not attempt to explore the 
presence of other minor clones.

The Myc breakpoints spanned a narrow region just 
upstream of the P1 promoter, which is typical for Bcl-
xL- and Bcl2-transgenic PCTs [30, 33] (Supplementary 
Table 2). Breakpoints in Igh in hs3b-4+/- tumors with 
translocations into the WT allele followed the pattern 
described earlier for WT tumors [30]. Sα was targeted 
in more than 70% of cases, with breakpoints in Sγ and 
Sμ being in the minority (Figure 2E, Supplementary 
Figure 4).

Breakpoints the KO allele in both hs3b-4-/- and 
hs3b-4+/- tumors showed a pattern drastically different 
from WT (breakpoints in WT Bcl-xl-transgenic PCTs were 
described in [30]). The majority of breakpoints (56%) 
were in the Sμ region. Sα was also targeted, but much less 
frequently (22%). Two exceptional cases in the hs3b-4-/- 
group (79923, 80585) had breakpoints in Jh segments and 
retained the Eμ enhancer on T(12;15) in close proximity 
to Myc promoters, possibly abolishing a requirement 
for a fully active Igh3’RR enhancer for deregulation 



Oncotarget34531www.oncotarget.com

Figure 1: Deletion of hs3b-4 only moderately reduces PCT tumor incidence. (A) Incidence of PCT in hs3b-4+/+, hs3b-4+/- and 
hs3b-4-/- mice. The graph shows a lower tumor incidence in the hs3b-4-/- group and a haploinsufficiency phenotype in the hs3b-4+/- group. 
(B) Photomicrograph of oil granuloma showing advanced growth of a hs3b-4-/- PCT. The tumor has plasmablastic/plasmacytic appearance 
with abundant eosinophilic cytoplasm and a PCT-typical clock-face nuclear pattern (H&E, 100x oil). (C) Schematics of the WT and hs3b-
4-deficient Igh locus. Colored horizontal bars depict location of FISH probes used to detect Igh translocations. 3’Igh BAC probe detects 
both WT and deleted alleles. hs3b-4 PCR-amplified probe detects only WT allele.
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Figure 2: In mouse PCTs, deletion of hs3b-4 does not affect the pattern of chromosomal translocations but significantly 
increases targeting of Sμ for T(12;15). (A) Frequency of PCT tumors on hs3b-4-/- (left) or hs3b-4+/- (right) background with T(12;15) 
breakpoints within Igh switch regions; with T(12;15) breakpoints upstream of Eμ; with variant translocations T(6;15) or without Ig/Myc 
translocations. Chart shows predominance of tumors with T(12;15) with breakpoints in switch regions in both groups. (B) Cytogenetic 
findings in regards to T(12;15) translocations in the hs3b-4-/- group. Left – FISH with Igh probe (red) and Myc probe (green). Signals 
co-localize at the telomeric portion of Chr. 12. Right - graphic representation. (C) SKY images of Chr 12;15 and 15;12. (D) Targeting 
hs3b-4 KO allele by T(12;15) in hs3b-4+/- tumors. FISH using simultaneous staining with Myc (green) and hs3b-4 probes (red). The hs3b-4 
probe hybridizes only to the intact WT Chr 12 (right). The Myc probe hybridizes to normal Chr 15, Chr T15;12 (both not shown here but 
can be found on Supplementary Figure 2) and to longer translocated Chr T(12;15) that has deletion in the Igh3’RR (left). Right - graphic 
representation. Left – DAPI staining. (E) Distribution of Igh/Myc breakpoints within JH, Cμ, Cγ (combined Cγ2a and b) and Cα. Shows 
prevalence of Cμ breakpoints in the hs3b-4-/- group and Cα in the WT group.
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of the translocated Myc (Supplementary Table 2).  
No Igh/Myc junctions were detected by PCR with any 
primer combinations in 4 out of 21 hs3b-4-/- and in 2 
out of 13 hs3b-4+/- otherwise T(12;15)-positive samples. 
This is consistent with previous observations regarding 
the efficiency of our PCR-based translocation detection 
method [31]. Regardless of the exact location of the 
translocations that are not detectable by the PCR primers 
we used, it is unlikely that they would alter the striking 
differences between WT and hs3b-4-deficient Igh alleles.

Analyses of VDJ rearrangements and switch 
region junctions

In the process of obtaining Igh/Myc breakpoint 
sequences specific for the reciprocal Chr (15;12), we 
extended PCR-defined boundaries to also include 
VDJ- and DJ-junctions. These, together with switch 
region junctions, can be used as additional markers for 
identification of individual Igh-bearing chromosomes and 
for matching FISH and PCR results. We sequenced VDJ 
rearrangements for 14 hs3b-4-/- and 16 hs3b-4-/- tumors 
(Supplementary Table 3). There was no differential 
utilization of particular V-region families. 36% of hs3b-4-/- 
tumors appeared to lose Ig expression as a non-productive, 
out-of-frame VDJ gene segment was located on the 
non-translocated Chr 12 and the other Igh allele was 
interrupted by T(12;15). This is frequent in PCTs arising 
in Bcl-xL-transgenic mice where enforced expression of 
the anti-apoptotic protein, Bcl-xL, rescues PCT precursor 
cells with abrogated BCR signaling.

In 9 cases of hs3b-4-/- PCTs, we were able to identify 
a C region that partnered with a rearranged VDJ segment. 
Isotype switching did occur on un-translocated Igh alleles 
and its pattern mostly matched the distribution of T(12;15) 
breakpoints in hs3b-4-/- PCTs. Non-switched alleles (VDJ-
Cμ) were identified in 44% of the cases, with Cα and Cγ2b 
also being frequently utilized (56%). In hs3b-4+/- tumors, 
out of three analyzed cases where the non-translocated Chr 
12 was deprived of hs3b-4, two remained unswitched. We 
also analyzed switch junctions from four hs3b-4-/- tumors 
and found them to be typical (Supplementary Table 4). 
This is in agreement with observations previously made in 
non-malignant B-cells with a 3’RR defect [1].

hs3b-4-/- PCTs overexpress Myc and exhibit the 
P2 to P1 promoter shift

We analyzed relative levels of Myc expression in 
hs3b-4-/- PCT compared to those of Bcl-xL-transgenic 
PCTs and non-transgenic PCTs. Myc expression fold 
change was calculated relative to that of IL-4 and LPS-
activated mixed genetic background WT CD43- splenic 
B-cells. As expected, all PCT cell lines exhibited 
drastically elevated Myc mRNA compared to IL-4 and 
LPS-activated splenic B-cells. There were no significant 
differences in Myc mRNA levels between hs3b-4-/- and 

WT Bcl-xL-transgenic PCTs (Figure 3A). However, Bcl-
xL-transgenic PCTs had significantly higher levels of Myc 
expression (p=0.04) than non-transgenic Balb/c PCTs. It 
is plausible to suggest that anti-apoptotic action of Bcl-xL 
allows transgenic PCTs to sustain the highest Myc mRNA 
levels. These findings were reconfirmed using RNA-seq 
(Figure 3B).

Earlier, it was proposed that the hs4 enhancer 
governs P2 to P1 Myc promoter shift in lymphoma cells 
[34]. We decided to determine the effect of hs3b-4 deletion 
on PCT-specific Myc promoter shift [35]. The fact that all 
hs3b-4-/- tumors had breakpoints in Myc just upstream 
of the P1 promoter allowed us to analyze Myc promoter 
utilization.

Myc promoter usage was estimated by comparing 
transcripts originating from P1 (detected using mmu-
MYC P1F and mmu-MYC Exon2R primers) and the 
sum of transcripts originating at both P1 and P2 (detected 
using mmu-MYC P2F and mmu-MYC Exon2R primers). 
As a baseline, we used Myc transcription level in normal 
B-cells where it is expressed predominantly from the P2 
promoter. Specificity of PCR products was assessed by 
agarose gel electrophoresis.

Again, there were no significant differences among 
the groups. All analyzed PCTs with breakpoints upstream 
of Myc promoters exhibited the P2 to P1 promoter shift. 
As shown on Figure 3C, message originating from P1 
prevailed over that from P2 and the relative ratio of P1/P2 
message abundance was greater than one.

This finding was reconfirmed using RNA-seq 
of two hs3b-4-/- PCTs: 77210 and 77628. RNA-seq-
detected levels of PCT-specific genes including Myc 
and plasma cell markers (Prdm1, Sdc1 and others), 
did not differ significantly from WT controls (data 
not shown). Analysis of RNA-seq reads shows robust 
initiation of Myc transcription from the P1 promoter 
(Supplementary Figure 5). Also, a minority of reads 
spanned an Igh/Myc translocation breakpoint and 
contained junction sequences identical to the ones 
detected by PCR on genomic DNA. These chimeric Igh/
Myc transcripts are typical for mouse PCTs and Burkitt 
lymphomas [36].

Secretion of paraproteins is not significantly 
affected in hs3b-4-/- PCTs

Electrophoretic studies were performed with sera 
obtained from mice with primary (G0) or transplanted (G1) 
tumors. 48% hs3b-4-/- (20 out of 42) and 63% hs3b-4+/- (5 out 
of 8) primary PCTs showed single or multiple clonal bands 
in the gamma mobility assay (Supplementary Table 5).

Fifteen hs3b-4-/- and two hs3b-4+/- samples with 
the most prominent M components were selected for 
further immunochemical analysis using antibodies 
specific to all immunoglobulin heavy chain classes and 
subclasses except IgE. Immuno-isotyping showed that 
all but 13 samples from both groups contained a single 
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dominant paraprotein. IgA and IgG1 were prominent 
once each, IgM twice, IgG2a three times and IgG2b 
seven times. Paraprotein titers were high and, in many 
cases, exceeded 1.28 × 10−5. These findings indicate that 
hs3b-4-/- PCTs can secrete large amounts of paraproteins. 

This observation is reminiscent of the fact that a defect in 
Ig secretion by non-malignant plasma cells was mostly 
observed in mice with a complete Igh3’RR deletion [37] 
but not with the partial deletion eliminating hs3b and hs4 
only [23].

Figure 3: hs3-4b deficiency does not affect Myc expression in PCTs. (A) qPCR analysis of Myc expression normalized to β-actin. 
hs3b-4-/-, WT Bcl-xL-transgenic and classical Balb/c PCT cell lines were compared to non-transgenic IL-4 and LPS-activated B-cells. 
Transcripts spanning coding exons of Myc were detected using Exon 2F and Exon 3R primers. Values in activated WT B-cells were set to 
1. Horizontal line represents mean expression level within a group. (B) Mean normalized expression of Myc in WT and hs3b-4-/- samples as 
detected by RNA-seq. (C) qPCR analysis of Myc P1/P2 promoter usage in mouse PCTs. Levels of transcripts initiating at the P1 promoter 
were compared to the total message detected downstream of the P2 promoter. Fold change was calculated against the corresponding levels 
in resting B-cells. hs3b-4-/- and hs3b-4+/- cell lines with both KO and WT translocation-targeted Igh alleles were included in the analysis. 
Activated B-cells from WT control were also included. *p<0.05, **p<0.01, ns – not significant
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Cre-mediated deletion of hs3a, hs1,2, hs3b and 
hs4-containing region reduces Myc upregulation

Cell lines bearing Myc translocations with either 
the ARS/Igh11 transgene (schematics of the molecular 
structure of the transgene and Myc/Igh-TG translocations 
are presented on Supplementary Figure 6) or endogenous 
Igh [28] were transduced with Cre-ER-expressing or empty 
retroviral vectors (EV) [29]. 4-OHT treatment triggers 
nuclear translocation of Cre-ER and recombination of loxP 
sites in target DNA resulting in complete deletion of hs3a, 
hs1,2, hs3b and hs4 enhancers. There was no effect of 
4-OHT treatment on either the EV controls or PCT 74220, 
the cell line with the endogenous Igh/Myc translocation 
T(12;15) (Figure 4). We analyzed two cell lines with Igh 
TG-containing T(7;15) translocation (74219 and 74160). 
Both underwent growth arrest starting at 48h. Due to 
insufficient number of cells for PCT 74160 we present 
detailed growth curve and viability data for PCT 74219 
only (Figure 4A). Cells stopped proliferating 24 hours post 
treatment and their viability was also reduced such that by 
96 hours it was 37±7% (Figure 4B). Cre-mediated deletion 
was detectable starting as early as at 12 hours and was 
mostly complete by 48 hours (Supplementary Figure 7A). 
For the 74219 cell line, Myc expression was assayed using 
semi-quantitative RT-PCR and normalized for β-actin. At 
72 hours, Myc transcripts were significantly decreased 
(Supplementary Figure 7B). Expression of GAPDH, a 
Myc target gene, was also decreased. For another PCT cell 
line with T(7;15) 74160, we performed qPCR and Myc 
expression decline was similar (Supplementary Figure 7C).

DISCUSSION

Activity of various regulatory elements embedded 
within the Igh locus is modulated through differentiation 
stage-dependent recruitment of various transcription 
and chromatin remodeling factors and exerted through 
long-range interactions achieved by chromatin looping 
[4, 6, 38, 39, 40, 41, 42]. There is longstanding 
interest in dissecting the role of individual enhancers 
in various recombinational, mutational and epigenetic 
perturbations affecting the Igh locus at different stages 
of B-cell differentiation. So far, it has been shown that 
at the mature B-cell stage, targeting of AID, initiation 
of switch region transcription and recombination as 
well as subsequent expression of immunoglobulins are 
heavily, but not entirely, dependent on Igh3’RR activity 
(reviewed in [6]).

The discovery that individual enhancer units 
embedded within Igh3’RR synergistically interacted 
with each other and were sequentially activated was 
instrumental for understanding the relationship between 
its structure and function [43, 22]. hs4 (termed by Garot 
et al [22] as the Igh3’RR distal module) is necessary to 
maintain BCR expression for maturation from the bone 

marrow to the mature MZ and FO splenic B-cells. Upon 
transition to more mature B-cell stages and engagement 
in antigen recognition, the germinal center reaction and 
subsequent plasma cell differentiation, control over most 
of the Igh locus regulatory mechanisms, SHM, CSR, and 
antibody production, gradually shifts to the hs1,2 enhancer 
and its palindromic 3a and 3b modules (or proximal 
module) [1]. From these studies, it can be concluded that 
hs1,2 is most active in plasma cells.

Several studies uncovered significant differences in 
both transcription factor recruitment and active chromatin 
landscapes in the Igh locus upon induction of plasma cell 
differentiation of B-cells or in malignant plasma cells. For 
example, Pax5 plays a critical role in the regulation of 
Igh3’RR activity [44]. As detected using Chip-seq, Pax5 
binds the hs1,2 and hs4 elements as well as CTCF sites at 
the superanchor region [40, 45]. In mature murine B-cells 
the most strongly enriched Pax5 peak is at hs4 [45]. 
Importantly, in B-cells Pax5 inhibits hs1,2 activity through 
suppression of PU.1 binding [44, 46]. This inhibitory 
action is lifted at the plasma cell transition when Pax5 
expression is abolished.

With the identification of hs1,2,3,4 as an Igh 
locus control region, it was proposed that it may be also 
responsible for Myc deregulation in Burkitt lymphomas 
and mouse PCT [47]. In the majority of these tumors, 
the Myc gene is fused to switch regions of the Igh locus 
downstream of Eμ, therefore making the Igh3’RR the 
main candidate to drive Myc overexpression. Activity 
of the individual enhancer units and their combinations 
was tested in various cell lines using reporter constructs 
driven by Myc or λ1 promoters. It was shown that hs1,2 
is most active in PCT and the highest activity of hs4 
was recorded in pre-B cells [47, 48]. Interestingly, hs4 
activity varied between PCT cell lines and was highest in 
S194 and much weaker in MPC11, TEPC1165 and J558. 
Nevertheless, hs1,2 or hs4 in combination with the hs3 
palindrome, or the more complete hs1,2,3,4 combination, 
reproducibly enhanced transcription of reporter constructs 
to the highest levels. On the other hand, when the hs1,2,3a 
deletion mutant was analyzed, it was shown that hs3a and 
hs1,2 are not essential for high levels of Igh expression 
or for spontaneous class switching in a PCT cell line 
[49]. Analysis of rare PCTs with inversions of the Igh 
locus on the translocated allele (ABPC 26, ABPC 60, 
26485 and 33433) or insertion of 3’Igh into the Myc locus 
(BPC4) showed that integrity of the whole Igh3’RR was 
always retained [Kovalchuk, unpublished], [50]. It can be 
concluded that the most efficient Igh regulation can be 
achieved only by concerted action of all four enhancer 
elements. However, hs1,2 and hs4 may compensate 
for each other, especially at the late stages of B-cell 
differentiation.

The role of the Igh3’RR in Myc deregulation and 
lymphomagenesis was extensively studied in many mouse 
knock-in and transgenic models (reviewed in [20]). 
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However, only Gostissa et al [21] in their study assessed 
effects of partial deletion of Igh3’RR on the occurrence 
of Igh/Myc translocations and their progression from pre-
oncogenic lesions towards lymphomas. They showed 
that in the absence of hs3b-4 at the pro-B cell stage, Eμ 
can effectively drive expression of Myc in the context 
of non-reciprocal 12;15. Peripheral B-cell lymphomas 
deficient for Ligase 4 and XRCC4 on the WT Igh3’RR 
background carry T(12;15) translocations that fuse Myc 
to Sμ (removing Eμ). However, hs3b-4-deficient mice 

developed T-cell lymphomas only and no Igh/Myc-
positive B-cell lymphomas. This was despite the fact that 
hs3b-4-deleted alleles were efficiently targeted by AID, 
had abundant DSB in Sμ and even were fused with Myc 
in precursor cells. This finding is consistent with the fact 
that at the B-cell differentiation stage to which peripheral 
lymphomas corresponded, activity of only the hs1,2 and 
3a enhancers was not sufficient to drive deregulated Myc 
expression in Igh/Myc translocation-positive precursors 
[21]. It is also important to note that in the model used by 

Figure 4: Growth analyses of PCT cells in vitro upon Cre-mediated deletion of the Igh3’RR. (A) Shown are the cumulative 
growth curves after normalization for dilution at each subculture. PCT 74219 has a translocation between transgenic Igh and Myc, and 
PCT 74220 has translocation between endogenous Igh and Myc. Transgenic Igh has loxP sites flanking Igh3’RR enhancers. PCT cell lines 
were infected with an empty vector (EV) or Cre-expressing (Cre) retroviruses. 4-OHT was added in the culture medium and growth was 
monitored by cell counting for 96 h. (B) Cell viability curve. Time course effect of Cre-mediated Igh3’RR deletion on cell viability was 
determined by counting cells using trypan blue staining. All values are presented as mean± SD.
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Gostissa et al [21], lymphomas originate from transitional 
B-cells, precluding analysis of the role of Igh3’RR in post-
GC lymphomas or PCT.

Taking in consideration the sequential activation of 
enhancer elements and the stronger role of hs1,2 at the 
plasma cell stage, we thus decided to determine if Gostissa 
et al [21] findings could be revised in the mouse PCT 
model. Consistent with the reduced number of DNA breaks 
overall, and specifically those targeting downstream 
switch regions due to class switch defects in hs3b-4 KO 
mice [21], T(12;15)-positive tumor precursor cells in 
these mice may have accumulated in lesser numbers and 
preferentially carried breakpoints in Sμ. However, in the 
mouse PCT model lacking hs3b-4 enhancers, these tumor 
precursors were able to progress to the terminal stage of 
B-cell differentiation when hs3a and 1,2 enhancers alone 
became fully capable of deregulating Myc. This resulted in 
the outgrowth of fully malignant PCTs with no change in 
latency but with a lower incidence compared to WT and 
Het controls.

When we compared WT and hs3b-4 KO allele 
utilization for T(12;15) in the hs3b-4+/- PCTs, no bias 
was detected. The patterns of breaks in the KO allele 
were similar to those in hs3b-4-/-. This contrasts with 
the lymphoma model [21] where arising tumors always 
targeted the WT allele for the chromosomal translocation. 
In addition to the lowered tumor incidence, in both hs3b-
4+/- and hs3b-4-/- PCTs, the pattern of breaks in the Igh 
locus differed from that observed in Igh3’RR-proficient 
mice. This likely follows the altered CSR-accessibility 
pattern in non-malignant B-cells carrying a Igh3’RR 
defect, with decreased targeting of Igh downstream C 
genes and S regions.

Interestingly, the three of nine hs3b-4+/- tumors 
that utilized the hs3b-4 KO allele for the T(12;15) lost 
the untranslocated WT Igh allele and duplicated the 
translocated chromosome. Only one of the WT-targeted 
group similarly duplicated the T(12;15) but retained the 
mutant untranslocated Chr 12. This may suggest that Myc 
expression levels are not high enough for a precursor cell 
to become fully transformed. However, we did not observe 
T(12;15) chromosome duplications in the hs3b-4-/- PCTs. It 
is plausible that high Myc expression levels in hs3b-4+/- can 
be achieved by T(12;15) duplications and in the hs3b-4-/- by 
some other mutation and/or rearrangement that we did not 
detect.

It is still not clear how precursor B-cells differentiate 
into malignant plasma cells. There could be several pathways 
with some of them requiring higher Myc expression at the 
B-cell stage where it is achieved by the above-mentioned 
duplication. Also, the biology and maturation of B-cells that 
express the WT versus the KO allele must be as different 
from each other as the hs3b-4-/- mouse is from the hs3b-4+/-.

Detailed analysis of Myc expression levels, P1/
P2 promoter shift and immunoglobulin secretion did 
not reveal any significant differences between hs3b-
4-/- and WT PCT. This likely confirms that, similarly to 

the situation in non-malignant B-cells, the hs3b and 
hs4 enhancers have a major role at the GC stage, but 
their absence can be later compensated in differentiated 
plasma cells, then supporting full Igh expression or Myc 
deregulation in PCTs.

Regulatory roles of the very proximal Igh DNAse 
hypersensitivity sites occupied by CTCF (superanchor) 
are yet to be fully defined. In contrast, the four major 
Igh3’RR enhancers hs3a, hs1,2, hs3b and hs4 were 
proposed to play the critical role in Myc deregulation 
upon chromosomal translocations. We decided to 
determine if deletion of only these four major enhancers 
would result in abolishing Myc deregulation in the 
context of Igh/Myc translocation. For that, we utilized 
PCT cell lines that were developed from tumors that 
arose in the ARS/Igh11-transgenic mouse model [28]. 
The cell lines carry Igh/Myc translocations involving 
either the transgenic Igh (inserted into Chr 7) where the 
Igh3’RR is flanked with loxP sites or the endogenous 
Chr 12 WT allele. Cre-mediated deletion of the Igh3’RR 
caused loss of elevated Myc expression, downregulation 
of the Myc target gene Gapdh, block of proliferation and 
decreased viability.

Upon plasma cell transition, hs3a and hs1,2 
enhancers acquire the leading role in regulating the 
activity of the Igh locus. Our experiments prove that in 
plasma cell tumors hs3a and hs1,2 are fully capable of 
governing Myc deregulation and P1/P2 promoter shift 
in the context of T(12;15) as well as Ig secretion from 
the non-translocated chromosome. However, deletion 
of all four major Igh3’RR enhancers - hs3a, hs1,2, hs3b 
and hs4 - in PCTs is detrimental to expression of a cis-
linked oncogene and demonstrates that such translocated 
oncogenes are really Igh3’RR-driven.

MATERIALS AND METHODS

Mice

Frozen embryos of Δhs3b4 (hs3b-4-/-) mice on 
129 genetic background [23] were obtained from 
Centre National de la Recherche Scientifique, France 
and rederived at the Cryopreservation & Assisted 
Reproduction Laboratory, NCI-Frederick. The mice were 
bred and maintained in a barrier-protected conventional 
colony under NCI IACUC approved protocol, LG024. 
Genotyping for the defective allele was carried out by 
PCR using the following primers:

HS3bHS4 delta Forward: 5' TGTCCCCCATTT 
CTTGTCAT 3'

HS3bHS4 delta Reverse: 5' GACCCTGTCCT 
ATGGCTGAC 3'.

HS4 5’: 5' CCAAAAATGGCCAGGCCTAGG 3'
hs3b-4-/- stock mice were crossed with BALB/c-Bcl-xL 
transgenic mice [24]. The F1 hybrids were then mated 
to raise F2 offspring and from this population Bcl-xL-
hs3b-4-/-, Bcl-xL-hs3b-4+/- and Bcl-xL-hs3b-4+/+ mice 
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were selected for use in induction studies. For tumor 
transplants we used 2-3-month old athymic nude BALB/c 
mice (BALB/c-nu/nu) that were purchased from Charles 
River (NCI-Frederick, MD).

Plasmacytoma induction

Plasmacytomas (PCT) were induced by a 
single i.p. injection of 0.4 ml pristane (2,6,10,14–
tetramethylpentadecane; Aldrich, Milwaukee, WI, USA) 
into 2-3-month-old mice. The mice were monitored, 
beginning between days 30-40 after injection and every 
two weeks thereafter, for the appearance of PCT cells in 
the peritoneal exudate as previously described [12]. Oil 
granuloma tissue from tumor-bearing mice was injected 
in pristane-primed BALB/c-nu/nu recipients. Cell lines 
were established from primary tumors or first-generation 
transplants by culturing in complete RPMI 1640 medium 
with 10 ng/ml of in-house produced recombinant 
mouse IL-6. Tissues were fixed in Fekete's modified 
Telleysniczky's fluid, embedded in paraffin, sectioned 
at 4–5 μm and stained with hematoxylin and eosin by 
Histoserv, Inc. (Gaithersburg, MD). Histology images 
were viewed with an Olympus BX41 microscope (10× 
to 100× objectives) and photographed with an Olympus 
DP71 camera (both from Olympus, Waltham, MA). DP 
controller software version 3.3.1.292 was used for image 
acquisition. Histopathological diagnoses were made 
using established criteria [25]. Briefly, cells constituting 
a mature plasmacytic PCT are medium-sized sIg− cIg+ 
CD138+ atypical plasma cells with pyroninophilic 
cytoplasm, round eccentric nucleus with marginated 
chromatin and one or several nucleoli. Tumors exhibiting 
less mature, plasmacytoid or plasmablastic features 
contain mixture of medium to large-sized plasma cells and 
plasmablasts with less cytoplasm, a more central nucleus, 
and more prominent nucleoli than plasmacytic PCT.

Cytogenetic analysis

FISH analysis on metaphase chromosomes was 
performed as previously described [12]. BACs [Igh 
(189A22), Cμ (18D13), Myc (D15Mit17)] were labeled 
with either biotin or digoxygenin using corresponding 
nick translation kits (Roche, Indianapolis, IN). The 
hs3b-4 Igh3’RR WT probe was prepared as previously 
described [21] and labeled with biotin using the nick 
translation kit. Probes were visualized with streptavidin 
Alexa Fluor 568 (Molecular Probes, Invitrogen, Carlsbad, 
CA) or sheep anti-digoxigenin-fluorescein Fab fragments 
(Roche, Indianapolis, IN). Images were acquired on an 
Olympus IX81 fluorescent microscope and processed 
using Slidebook software v.5.0.25 (Intelligent Imaging 
Innovations, Denver, CO).

SKY was performed using a SKYPaint probe kit 
from Applied Spectral Imaging (Carlsbad, CA) according 

to the manufacturer’s instructions. SKY image acquisition 
was performed by using the SpectraCube SD300 
(Applied Spectral Imaging, Carlsbad, CA) connected 
to an epifluorescence microscope (Axioskop 2, Carl 
Zeiss, Germany). Image acquisition and processing were 
achieved using HiSKY software (v4.0, Applied Spectral 
Imaging, Carlsbad, CA).

Amplification of translocation breakpoints, VDJ 
rearrangements and switch region junctions

Ascitic cells and samples of oil granulomas 
were harvested at necropsy. Total DNA extraction was 
performed using the Puregene DNA isolation kit (Gentra 
Systems, Inc., Minneapolis, MN). For detection of 
translocation breakpoints and switch region junctions, 
one round PCR amplifications was performed as described 
[14] using Expand High Fidelity PCR system (Roche, 
Indianapolis, IN). VH gene amplification was performed 
as previously described [26]. PCR products were extracted 
from 1.5% agarose gels using QIAquick Gel extraction kit 
(Qiagen, Chatsworth, CA) and sequenced either directly or 
after cloning using TOPO TA kits (Invitrogen, Carlsbad, 
CA) at the NCI CCR Genomics core facility using BigDye 
Terminator Version 1.0 cycle sequencing kit from ABI 
(Carlsbad, CA). Sequence alignments were performed 
using IgBLAST (http://www.ncbi.nlm.nih.gov/igblast) or 
MacVector software v15.03 (MacVector, Inc., Apex, NC).

RNA isolation, quantitative RT-PCR analysis

Cells were resuspended in TRI reagent (Sigma-
Aldrich, St. Louis, MO) and total RNA was extracted 
using the RNeasy Mini kit (74104; Qiagen, Chatsworth, 
CA). cDNA was synthesized from 2 μg of total RNA by 
SuperScript III First-Strand Synthesis kit using oligo(dT)20 
primers (Invitrogen, Carlsbad, CA). 7900HT Sequence 
Detection system (Applied Biosystems), SYBR Green 
PCR Master Mix (Applied Biosystems, Foster City, CA) 
and gene-specific primers were used for amplification 
and real-time PCR analysis of cDNA samples (5 ng) in 
triplicates, and results are presented relative to those of 
β actin.

Primers used for qPCR:
mmu-MYC P1F: 5’-CTGCGCTGCTCTCAGCTG-3’
mmu-MYC P2F: 5’-GACTCGCTGTAGTAAT 

00TCCAG-3’
mmu-MYC Exon2R: 5’-TCATAGTTCCTGTT 

GGTGAAGTT-3’
mmu-MYC Exon3F: 5’-GGCAGGGTCCTGAAGC 

AGAT-3’
mmu-MYC Exon3R: 5’-CCGCCTCTTGTCGTT 

TTCCT-3’
mβactin reverse: 5’-CAGCCTGGATGGCTACG 

TACAT-3’

http://www.ncbi.nlm.nih.gov/igblast
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mβactin forward: 5’-CCGTGAAAAGATGACC 
CAGATC-3’

Primers used for RT-PCR:
Myc5'Exon3: 

5’-CGGCGTAGTTGTGCTGGTGAGT-3’
Myc3'Exon2: 

5’-CCGCGCCCAGTGAGGATATCT-3’
GAPDH-rev: 5’-CACATTGGGGGTAGGAACAC

GGAAGG-3’
GAPDH-fw: 

5’-CGGTGCTGAGTATGTCGTGGAGT-3’
mβactin reverse: 5’-CAGCCTGGATGGCTACGTA 

CAT-3’
mβactin forward: 5’-CCGTGAAAAGATGACCCA 

GATC-3’

Paraprotein analysis

Serum paraproteins were detected in 10 μl of 
undiluted serum using Hydragel 15 HR electrophoresis 
kit on a Hydrasys apparatus (Sebia, France) according to 
the manufacturer’s instructions. Monoclonal bands were 
detected visually on stained gels.

Paraprotein isotypes in sera or ascitic fluids were 
determined by ELISA using isotype-specific goat anti-
mouse IgM, IgG (IgG1, IgG2a, IgG2b, IgG3), and IgA 
labeled with horseradish peroxidase (Southern Biotech 
Associates, Birmingham, AL). Immulon 2 HB plates 
(Dynex Technologies, Chanitlly, VA) were coated with 
serum or ascitic fluid at dilutions of 10−3 to 1.28 × 10−5. 
Plates were read on a microplate reader SpectraMax Plus 
(Molecular Dynamics, Sunnyvale, CA) at 450 nm and 
data analyzed using v5.3 SoftmaxPro software of the same 
company.

RNA-Seq

One microgram of RNA was used as input for the 
TruSeq Directional Total RNA-Seq Sample Preparation 
Kit (Illumina, Inc, San Diego, CA) utilizing Ribo-Zero 
H/M/R to deplete ribosomal RNA. Final library size 
distribution was assessed on BioAnalyzer DNA 1000 
chips (Agilent Technologies, Santa Clara, CA). Libraries 
were quantified using the Kapa SYBR FAST Universal 
qPCR kit for Illumina sequencing (Kapa Biosystems, 
Boston, MA) on the CFX96 Real-Time PCR Detection 
System (Bio-Rad Laboratories, Inc, Hercules, CA). The 
libraries were diluted to 2 nM stocks and pooled equitably 
for sequencing.

The 2 nM pool of libraries was prepared for the first 
round of sequencing by denaturing and diluting to an 11 
pM stock for clustering to the flow cell. On-board cluster 
generation and paired-end sequencing was completed on 
the HiSeq 2500 (Ilumina, Inc, San Diego, CA) using a 
TruSeq Rapid PE Cluster Kit and TruSeq Rapid SBS Kits 
(Illumina, Inc, San Diego, CA) for 2 x 101 bp sequencing.

The paired end sequence reads were prepped by first 
removing any adapter sequences with CutAdapt v1.12, then 
low quality sequences were filtered and trimmed using the 
FASTX Toolkit. Remaining reads were then mapped to 
the M. musculus genome mm10 using HiSat2 v2.0.5 with 
strict pairing required. Differential expression analysis was 
performed using DESeq2 with low/no expressing genes 
removed and the standard median ratio normalization 
method applied. Chimeric transcripts were determined 
using Tophat-fusion v2.1.1 (5). A likely candidate list 
was generated by filtering out those with less than 100 
supporting reads spanning the chimera. In addition, we 
generated a modified reference mm10 genome containing 
M-MLV insert in order to visualize the retroviral integration.

Reads are deposited in the SRA database under 
project ID PRJNA481385.

Retroviral transduction and 4-OHT treatment

PCT cell lines used for retroviral infection were 
developed from primary tumors arising in Igh BAC 
transgenic line 820. This line carries a single copy of the 
ARS/Igh11 transgene with LoxP sites inserted 5’ of hs3a 
and 3’of hs4 enhancers [27]. The construct is integrated 
on Chr 7 and competes with endogenous Igh locus for 
being translocated with Myc in PCTs induced by pristane 
injection on Bcl-xL-transgenic background [28].

Cre-ERT2-Puro and empty vector retroviral 
constructs [29] were provided by Marcus Müschen, UCSF 
School of Medicine. Retroviral packaging and infection 
were carried out according to a standard protocol. Stably-
transduced clones were grown in complete RPMI medium 
containing 15 μg/ml of puromycin (Sigma). Cells were 
washed in fresh medium with the addition of 5 μg/ml of 
4-OHT (Sigma), seeded at 2 x105 per well into a Costar 
12-well plate (Corning Inc, Corning NY) and incubated 
at 37°C for 96 hours. Every 24 hours, half of the culture 
volume was substituted with fresh medium containing 
all the above-mentioned ingredients. Cells removed from 
the culture were enumerated on a Cellometer Auto T4 
(Nexcelom Bioscience, Lawrence MA) and their viability 
was assessed using trypan blue dye exclusion. Then the cells 
were pelleted and their RNA and DNA were extracted for 
subsequent analyses. Cre-mediated deletion was detected 
by disappearance of a loxP site in transgene-specific hs3a 
using PCR followed by DraI digestion according to [27].

ACKNOWLEDGMENTS

We are grateful to Professor Marcus Müschen 
(UCSF) for the Cre-viruses, Drs Andres Canela and 
Antony Tubbs from the Andre Nussenzweig lab (NCI, 
NIH) for assistance with packaging of retroviruses, 
the Alt lab (Boston Children’s hospital) for Igh3’RR 
probe detailed information and Professor Barbara 
Birshtein (Albert Einstein College of Medicine) for 



Oncotarget34540www.oncotarget.com

discussion and helpful comments. We thank the Rocky 
Mountain Laboratories (RML) Genomics Unit, Research 
Technologies Section, Research Technologies Branch, 
NIAID for assistance with RNA-seq and bioinformatics 
analyses.

CONFLICTS OF INTEREST

Authors declare no conflicts of interest.

FUNDING

This work was supported by the Intramural Research 
Program of the NIH, National Institute of Allergy and 
Infectious Diseases and the National Cancer Institute.

REFERENCES

1. Saintamand A, Vincent-Fabert C, Garot A, Rouaud P, 
Oruc Z, Magnone V, Cogné M, Denizot Y. Deciphering 
the importance of the palindromic architecture of the 
immunoglobulin heavy-chain 3′ regulatory region. 
Nat Commun. 2016; 7:10730. https://doi.org/10.1038/
ncomms10730.

2. Le Noir S, Boyer F, Lecardeur S, Brousse M, Oruc Z, Cook-
Moreau J, Denizot Y, Cogné M. Functional anatomy of the 
immunoglobulin heavy chain 3΄ super-enhancer needs not 
only core enhancer elements but also their unique DNA 
context. Nucleic Acids Res. 2017; 45:5829–37. https://doi.
org/10.1093/nar/gkx203.

3. Garrett FE, Emelyanov AV, Sepulveda MA, Flanagan P, 
Volpi S, Li F, Loukinov D, Eckhardt LA, Lobanenkov VV, 
Birshtein BK. Chromatin architecture near a potential 3′ 
end of the igh locus involves modular regulation of histone 
modifications during B-Cell development and in vivo 
occupancy at CTCF sites. Mol Cell Biol. 2005; 25:1511–25. 
https://doi.org/10.1128/MCB.25.4.1511-1525.2005.

4. Birshtein BK. The role of CTCF binding sites in the 
3′ immunoglobulin heavy chain regulatory region. 
Front Genet. 2012; 3:251. https://doi.org/10.3389/
fgene.2012.00251.

5. Vian L, Pękowska A, Rao SS, Kieffer-Kwon KR, Jung S, 
Baranello L, Huang SC, El Khattabi L, Dose M, Pruett N, 
Sanborn AL, Canela A, Maman Y, et al. The Energetics 
and Physiological Impact of Cohesin Extrusion. Cell. 
2018; 173:1165–1178.e20. https://doi.org/10.1016/j.
cell.2018.03.072.

6. Pinaud E, Marquet M, Fiancette R, Péron S, Vincent-
Fabert C, Denizot Y, Cogné M. The IgH locus 3′ 
regulatory region: pulling the strings from behind. Adv 
Immunol. 2011; 110:27–70. https://doi.org/10.1016/
B978-0-12-387663-8.00002-8.

7. Rouaud P, Vincent-Fabert C, Saintamand A, Fiancette R, 
Marquet M, Robert I, Reina-San-Martin B, Pinaud E, Cogné 
M, Denizot Y. The IgH 3′ regulatory region controls somatic 

hypermutation in germinal center B cells. J Exp Med. 2013; 
210:1501–07. https://doi.org/10.1084/jem.20130072.

8. Birshtein BK. Epigenetic Regulation of Individual 
Modules of the immunoglobulin heavy chain locus 3′ 
Regulatory Region. Front Immunol. 2014; 5:163. https://
doi.org/10.3389/fimmu.2014.00163.

9. Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, 
Shinkai Y, Honjo T. Class switch recombination and 
hypermutation require activation-induced cytidine 
deaminase (AID), a potential RNA editing enzyme. 
Cell. 2000; 102:553–63. https://doi.org/10.1016/
S0092-8674(00)00078-7.

10. Klein IA, Resch W, Jankovic M, Oliveira T, Yamane A, 
Nakahashi H, Di Virgilio M, Bothmer A, Nussenzweig A, 
Robbiani DF, Casellas R, Nussenzweig MC. Translocation-
capture sequencing reveals the extent and nature of 
chromosomal rearrangements in B lymphocytes. Cell. 2011; 
147:95–106. https://doi.org/10.1016/j.cell.2011.07.048.

11. Anderson PN, Potter M. Induction of plasma cell tumours 
in BALB-c mice with 2,6,10,14-tetramethylpentadecane  
(pristane). Nature. 1969; 222:994–95. https://doi.
org/10.1038/222994a0.

12. Kovalchuk AL, duBois W, Mushinski E, McNeil NE, Hirt 
C, Qi CF, Li Z, Janz S, Honjo T, Muramatsu M, Ried T, 
Behrens T, Potter M. AID-deficient Bcl-xL transgenic mice 
develop delayed atypical plasma cell tumors with unusual 
Ig/Myc chromosomal rearrangements. J Exp Med. 2007; 
204:2989–3001. https://doi.org/10.1084/jem.20070882.

13. Potter M, Wiener F. Plasmacytomagenesis in mice: model 
of neoplastic development dependent upon chromosomal 
translocations. Carcinogenesis. 1992; 13:1681–97. https://
doi.org/10.1093/carcin/13.10.1681.

14. Kovalchuk AL, Kishimoto T, Janz S. Lymph nodes and 
Peyer’s patches of IL-6 transgenic BALB/c mice harbor 
T(12;15) translocated plasma cells that contain illegitimate 
exchanges between the immunoglobulin heavy-chain mu 
locus and c-myc. Leukemia. 2000; 14:1127–35. https://doi.
org/10.1038/sj.leu.2401767.

15. Kovalchuk AL, Kim JS, Park SS, Coleman AE, Ward 
JM, Morse HC 3rd, Kishimoto T, Potter M, Janz S. IL-6 
transgenic mouse model for extraosseous plasmacytoma. 
Proc Natl Acad Sci U S A. 2002; 99:1509–14. https://doi.
org/10.1073/pnas.022643999.

16. Potter M. Neoplastic development in plasma cells. 
Immunol Rev. 2003; 194:177–95. https://doi.
org/10.1034/j.1600-065X.2003.00061.x.

17. Gao Y, Ferguson DO, Xie W, Manis JP, Sekiguchi J, Frank 
KM, Chaudhuri J, Horner J, DePinho RA, Alt FW. Interplay 
of p53 and DNA-repair protein XRCC4 in tumorigenesis, 
genomic stability and development. Nature. 2000; 404:897–
900. https://doi.org/10.1038/35009138.

18. Difilippantonio MJ, Zhu J, Chen HT, Meffre E, 
Nussenzweig MC, Max EE, Ried T, Nussenzweig A. DNA 
repair protein Ku80 suppresses chromosomal aberrations 

https://doi.org/10.1038/ncomms10730
https://doi.org/10.1038/ncomms10730
https://doi.org/10.1093/nar/gkx203
https://doi.org/10.1093/nar/gkx203
https://doi.org/10.1128/MCB.25.4.1511-1525.2005
https://doi.org/10.3389/fgene.2012.00251
https://doi.org/10.3389/fgene.2012.00251
https://doi.org/10.1016/j.cell.2018.03.072
https://doi.org/10.1016/j.cell.2018.03.072
https://doi.org/10.1016/B978-0-12-387663-8.00002-8
https://doi.org/10.1016/B978-0-12-387663-8.00002-8
https://doi.org/10.1084/jem.20130072
https://doi.org/10.3389/fimmu.2014.00163
https://doi.org/10.3389/fimmu.2014.00163
https://doi.org/10.1016/j.cell.2011.07.048
https://doi.org/10.1038/222994a0
https://doi.org/10.1038/222994a0
https://doi.org/10.1084/jem.20070882
https://doi.org/10.1093/carcin/13.10.1681
https://doi.org/10.1093/carcin/13.10.1681
https://doi.org/10.1038/sj.leu.2401767
https://doi.org/10.1038/sj.leu.2401767
https://doi.org/10.1073/pnas.022643999
https://doi.org/10.1073/pnas.022643999
https://doi.org/10.1034/j.1600-065X.2003.00061.x
https://doi.org/10.1034/j.1600-065X.2003.00061.x
https://doi.org/10.1038/35009138
https://doi.org/10.1016/S0092-8674(00)00078-7
https://doi.org/10.1016/S0092-8674(00)00078-7


Oncotarget34541www.oncotarget.com

and malignant transformation. Nature. 2000; 404:510–14. 
https://doi.org/10.1038/35006670.

19. Wang JH, Alt FW, Gostissa M, Datta A, Murphy M, 
Alimzhanov MB, Coakley KM, Rajewsky K, Manis JP, 
Yan CT. Oncogenic transformation in the absence of Xrcc4 
targets peripheral B cells that have undergone editing and 
switching. J Exp Med. 2008; 205:3079–90. https://doi.
org/10.1084/jem.20082271.

20. Ghazzaui N, Saintamand A, Issaoui H, Vincent-Fabert C, 
Denizot Y. The IgH 3′ regulatory region and c-myc-induced 
B-cell lymphomagenesis. Oncotarget. 2017; 8:7059–67. 
https://doi.org/10.18632/oncotarget.12535.

21. Gostissa M, Yan CT, Bianco JM, Cogné M, Pinaud E, 
Alt FW. Long-range oncogenic activation of Igh-c-myc 
translocations by the Igh 3′ regulatory region. Nature. 2009; 
462:803–07. https://doi.org/10.1038/nature08633.

22. Garot A, Marquet M, Saintamand A, Bender S, Le Noir 
S, Rouaud P, Carrion C, Oruc Z, Bébin AG, Moreau J, 
Lebrigand K, Denizot Y, Alt FW, et al. Sequential activation 
and distinct functions for distal and proximal modules 
within the IgH 3′ regulatory region. Proc Natl Acad Sci 
U S A. 2016; 113:1618–23. https://doi.org/10.1073/
pnas.1514090113.

23. Pinaud E, Khamlichi AA, Le Morvan C, Drouet M, Nalesso 
V, Le Bert M, Cogné M. Localization of the 3′ IgH locus 
elements that effect long-distance regulation of class switch 
recombination. Immunity. 2001; 15:187–99. https://doi.
org/10.1016/S1074-7613(01)00181-9.

24. Grillot DA, Merino R, Pena JC, Fanslow WC, Finkelman 
FD, Thompson CB, Nunez G. bcl-x exhibits regulated 
expression during B cell development and activation 
and modulates lymphocyte survival in transgenic mice. 
J Exp Med. 1996; 183:381–91. https://doi.org/10.1084/
jem.183.2.381.

25. Morse HC 3rd, Anver MR, Fredrickson TN, Haines DC, 
Harris AW, Harris NL, Jaffe ES, Kogan SC, MacLennan 
IC, Pattengale PK, Ward JM, and Hematopathology 
subcommittee of the Mouse Models of Human Cancers 
Consortium. Bethesda proposals for classification of 
lymphoid neoplasms in mice. Blood. 2002; 100:246–58. 
https://doi.org/10.1182/blood.V100.1.246.

26. Jain S, Ward JM, Shin DM, Wang H, Naghashfar 
Z, Kovalchuk AL, Morse HC 3rd. Associations of 
Autoimmunity, Immunodeficiency, Lymphomagenesis, and 
Gut Microbiota in Mice with Knockins for a Pathogenic 
Autoantibody. Am J Pathol. 2017; 187:2020–33. https://doi.
org/10.1016/j.ajpath.2017.05.017.

27. Dunnick WA, Collins JT, Shi J, Westfield G, Fontaine C, 
Hakimpour P, Papavasiliou FN. Switch recombination and 
somatic hypermutation are controlled by the heavy chain 3′ 
enhancer region. J Exp Med. 2009; 206:2613–23. https://
doi.org/10.1084/jem.20091280.

28. Spehalski E, Kovalchuk AL, Collins JT, Liang G, 
Dubois W, Morse HC 3rd, Ferguson DO, Casellas 
R, Dunnick WA. Oncogenic Myc translocations are 

independent of chromosomal location and orientation of 
the immunoglobulin heavy chain locus. Proc Natl Acad 
Sci U S A. 2012; 109:13728–32. https://doi.org/10.1073/
pnas.1202882109.

29. Kharabi Masouleh B, Geng H, Hurtz C, Chan LN, Logan 
AC, Chang MS, Huang C, Swaminathan S, Sun H, Paietta 
E, Melnick AM, Koeffler P, Müschen M. Mechanistic 
rationale for targeting the unfolded protein response in 
pre-B acute lymphoblastic leukemia. Proc Natl Acad Sci 
U S A. 2014; 111:E2219–28. https://doi.org/10.1073/
pnas.1400958111.

30. Kovalchuk AL, Ansarah-Sobrinho C, Hakim O, Resch W, 
Tolarová H, Dubois W, Yamane A, Takizawa M, Klein I, 
Hager GL, Morse HC 3rd, Potter M, Nussenzweig MC, 
Casellas R. Mouse model of endemic Burkitt translocations 
reveals the long-range boundaries of Ig-mediated oncogene 
deregulation. Proc Natl Acad Sci U S A. 2012; 109:10972–
77. https://doi.org/10.1073/pnas.1200106109.

31. Kovalchuk AL, Mushinski EB, Janz S. Clonal 
diversification of primary BALB/c plasmacytomas 
harboring T(12;15) chromosomal translocations. Leukemia. 
2000; 14:909–21. https://doi.org/10.1038/sj.leu.2401676.

32. Kovalchuk AL, Kim JS, Janz S. E mu/S mu transposition 
into Myc is sometimes a precursor for T(12;15) 
translocation in mouse B cells. Oncogene. 2003; 22:2842–
50. https://doi.org/10.1038/sj.onc.1206345.

33. Silva S, Kovalchuk AL, Kim JS, Klein G, Janz S. BCL2 
accelerates inflammation-induced BALB/c plasmacytomas 
and promotes novel tumors with coexisting T(12;15) and 
T(6;15) translocations. Cancer Res. 2003; 63:8656–63.

34. Kanda K, Hu HM, Zhang L, Grandchamps J, Boxer LM. 
NF-kappa B activity is required for the deregulation of 
c-myc expression by the immunoglobulin heavy chain 
enhancer. J Biol Chem. 2000; 275:32338–46. https://doi.
org/10.1074/jbc.M004148200.

35. Yang JQ, Bauer SR, Mushinski JF, Marcu KB. Chromosome 
translocations clustered 5′ of the murine c-myc gene 
qualitatively affect promoter usage: implications for the 
site of normal c-myc regulation. EMBO J. 1985; 4:1441–47. 
https://doi.org/10.1002/j.1460-2075.1985.tb03800.x.

36. Julius MA, Street AJ, Fahrlander PD, Yang JQ, Eisenman 
RN, Marcu KB. Translocated c-myc genes produce 
chimeric transcripts containing antisense sequences 
of the immunoglobulin heavy chain locus in mouse 
plasmacytomas. Oncogene. 1988; 2:469–76.

37. Vincent-Fabert C, Fiancette R, Pinaud E, Truffinet V, 
Cogné N, Cogné M, Denizot Y. Genomic deletion of the 
whole IgH 3′ regulatory region (hs3a, hs1,2, hs3b, and 
hs4) dramatically affects class switch recombination and Ig 
secretion to all isotypes. Blood. 2010; 116:1895–98. https://
doi.org/10.1182/blood-2010-01-264689.

38. Loguercio S, Barajas-Mora EM, Shih HY, Krangel MS, 
Feeney AJ. Variable Extent of Lineage-Specificity and 
Developmental Stage-Specificity of Cohesin and CCCTC-
Binding Factor Binding Within the Immunoglobulin and T 

https://doi.org/10.1038/35006670
https://doi.org/10.1084/jem.20082271
https://doi.org/10.1084/jem.20082271
https://doi.org/10.18632/oncotarget.12535
https://doi.org/10.1038/nature08633
https://doi.org/10.1073/pnas.1514090113
https://doi.org/10.1073/pnas.1514090113
https://doi.org/10.1016/S1074-7613(01)00181-9
https://doi.org/10.1016/S1074-7613(01)00181-9
https://doi.org/10.1084/jem.183.2.381
https://doi.org/10.1084/jem.183.2.381
https://doi.org/10.1182/blood.V100.1.246
https://doi.org/10.1016/j.ajpath.2017.05.017
https://doi.org/10.1016/j.ajpath.2017.05.017
https://doi.org/10.1084/jem.20091280
https://doi.org/10.1084/jem.20091280
https://doi.org/10.1073/pnas.1202882109
https://doi.org/10.1073/pnas.1202882109
https://doi.org/10.1073/pnas.1400958111
https://doi.org/10.1073/pnas.1400958111
https://doi.org/10.1073/pnas.1200106109
https://doi.org/10.1038/sj.leu.2401676
https://doi.org/10.1038/sj.onc.1206345
https://doi.org/10.1074/jbc.M004148200
https://doi.org/10.1074/jbc.M004148200
https://doi.org/10.1002/j.1460-2075.1985.tb03800.x
https://doi.org/10.1182/blood-2010-01-264689
https://doi.org/10.1182/blood-2010-01-264689


Oncotarget34542www.oncotarget.com

Cell Receptor Loci. Front Immunol. 2018; 9:425. https://
doi.org/10.3389/fimmu.2018.00425.

39. Predeus AV, Gopalakrishnan S, Huang Y, Tang J, Feeney 
AJ, Oltz EM, Artyomov MN. Targeted chromatin profiling 
reveals novel enhancers in Ig H and Ig L chain Loci. J 
Immunol. 2014; 192:1064–70. https://doi.org/10.4049/
jimmunol.1302800.

40. Chatterjee S, Ju Z, Hassan R, Volpi SA, Emelyanov 
AV, Birshtein BK. Dynamic changes in binding of 
immunoglobulin heavy chain 3′ regulatory region to 
protein factors during class switching. J Biol Chem. 2011; 
286:29303–12. https://doi.org/10.1074/jbc.M111.243543.

41. Qiu X, Kumari G, Gerasimova T, Du H, Labaran L, Singh 
A, De S, Wood WH 3rd, Becker KG, Zhou W, Ji H, Sen 
R. Sequential Enhancer Sequestration Dysregulates 
Recombination Center Formation at the IgH Locus. 
Mol Cell. 2018; 70:21–33.e6. https://doi.org/10.1016/j.
molcel.2018.02.020.

42. Braikia FZ, Oudinet C, Haddad D, Oruc Z, Orlando D, 
Dauba A, Le Bert M, Khamlichi AA. Inducible CTCF 
insulator delays the IgH 3′ regulatory region-mediated 
activation of germline promoters and alters class switching. 
Proc Natl Acad Sci U S A. 2017; 114:6092–97. https://doi.
org/10.1073/pnas.1701631114.

43. Ong J, Stevens S, Roeder RG, Eckhardt LA. 3′ IgH 
enhancer elements shift synergistic interactions during B 
cell development. J Immunol. 1998; 160:4896–903.

44. Singh M, Birshtein BK. NF-HB (BSAP) is a repressor of 
the murine immunoglobulin heavy-chain 3′ alpha enhancer 
at early stages of B-cell differentiation. Mol Cell Biol. 
1993; 13:3611–22. https://doi.org/10.1128/MCB.13.6.3611.

45. Revilla-I-Domingo R, Bilic I, Vilagos B, Tagoh H, Ebert 
A, Tamir IM, Smeenk L, Trupke J, Sommer A, Jaritz M, 
Busslinger M. The B-cell identity factor Pax5 regulates 
distinct transcriptional programmes in early and late B 
lymphopoiesis. EMBO J. 2012; 31:3130–46. https://doi.
org/10.1038/emboj.2012.155.

46. Neurath MF, Max EE, Strober W. Pax5 (BSAP) regulates 
the murine immunoglobulin 3′ alpha enhancer by 
suppressing binding of NF-alpha P, a protein that controls 
heavy chain transcription. Proc Natl Acad Sci U S A. 1995; 
92:5336–40. https://doi.org/10.1073/pnas.92.12.5336.

47. Madisen L, Groudine M. Identification of a locus control 
region in the immunoglobulin heavy-chain locus that 
deregulates c-myc expression in plasmacytoma and 
Burkitt’s lymphoma cells. Genes Dev. 1994; 8:2212–26. 
https://doi.org/10.1101/gad.8.18.2212.

48. Michaelson JS, Giannini SL, Birshtein BK. Identification 
of 3′ alpha-hs4, a novel Ig heavy chain enhancer element 
regulated at multiple stages of B cell differentiation. Nucleic 
Acids Res. 1995; 23:975–81. https://doi.org/10.1093/
nar/23.6.975.

49. Saleque S, Singh M, Birshtein BK. Ig heavy chain 
expression and class switching in vitro from an allele 
lacking the 3′ enhancers DNase I-hypersensitive hs3A and 
hs1,2. J Immunol. 1999; 162:2791–803.

50. Shaughnessy J, Wiener F, Huppi K, Mushinski JF, Potter M. 
A novel c-myc-activating reciprocal T(12;15) chromosomal 
translocation juxtaposes S alpha to Pvt-1 in a mouse 
plasmacytoma. Oncogene. 1994; 9:247–53. 

https://doi.org/10.3389/fimmu.2018.00425
https://doi.org/10.3389/fimmu.2018.00425
https://doi.org/10.4049/jimmunol.1302800
https://doi.org/10.4049/jimmunol.1302800
https://doi.org/10.1074/jbc.M111.243543
https://doi.org/10.1016/j.molcel.2018.02.020
https://doi.org/10.1016/j.molcel.2018.02.020
https://doi.org/10.1073/pnas.1701631114
https://doi.org/10.1073/pnas.1701631114
https://doi.org/10.1128/MCB.13.6.3611
https://doi.org/10.1038/emboj.2012.155
https://doi.org/10.1038/emboj.2012.155
https://doi.org/10.1073/pnas.92.12.5336
https://doi.org/10.1101/gad.8.18.2212
https://doi.org/10.1093/nar/23.6.975
https://doi.org/10.1093/nar/23.6.975

