
Article

The Rockefeller University Press  $30.00
J. Exp. Med. 2013 Vol. 210 No. 7  1481-1492
www.jem.org/cgi/doi/10.1084/jem.20121523

1481

The processes of somatic hypermutation (SHM) 
and class-switch recombination (CSR) of Ig 
genes are initiated by the activation-induced 
cytidine deaminase (AID). In SHM, AID cre-
ates cytidine (C) to uridine (U) mutations, start-
ing 100–200 bp from the promoter within 
the variable (V) region and in flanking DNA 
sequences and extending for 2 kb (Longerich 
et al., 2006; Storck et al., 2011). Error-prone 
lesion-bypass polymerases introduce mutations 
at the U and sequences within a dozen or so 
nucleotides in the vicinity of the U, and both mis-
match repair (MMR) and base excision repair 
(BER) proteins are involved in the error pro-
cesses (Rada et al., 2002, 2004; Shen et al., 2006).

AID-initiated SHM and CSR are essential 
for generating the antibody repertoire that is 
necessary to acquire resistance to infections 
(Wei et al., 2011). We have also found that the 
protooncogene BCL6 is mutated in human 
memory B cells (Shen et al., 1998). Addition-
ally, other protooncogenes have been reported 

to become active and mutated in transformed 
germinal center B cells (Pasqualucci et al., 2001). 
In fact, it appears that AID can mutate many 
genes expressed in germinal center B cells un-
dergoing SHM (Liu et al., 2008; Storb et al., 
2009; Tanaka et al., 2010). Absence of AID re-
sults in immunodeficiencies (Conley et al., 2009); 
however, AID is also a potentially dangerous 
mutator. Finally, removal of methylC from DNA 
via AID may be essential for normal early de-
velopment (Rai et al., 2008; Hochedlinger and 
Plath, 2009; Popp et al., 2010). Thus, the study 
of the molecular mechanisms of AID action is 
highly significant in the effort to understand 
its importance in various physiological proces
ses such as, immunity, oncogenesis, development, 
and the production of multipotent stem cells 
for organ and tissue replacement.
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Somatic hypermutation (SHM) of Ig genes is initiated by the activation-induced cytidine 
deaminase (AID), and requires target gene transcription. We previously proposed that  
AID may associate with the RNA polymerase II (Pol). Here, to determine aspects of the 
transcription process required for SHM, we knocked-in a transcription terminator into an  
Ig gene variable region in DT40 chicken B cell line. We found that the human -globin 
terminator was an efficient inhibitor of downstream transcription in these cells. The termi-
nator reduced mutations downstream of the poly(A) signal, suggesting that the process of 
transcription is essential for efficient SHM and that AID has better access to its target 
when Pol is in the elongating rather than terminating mode. Mutations upstream of the 
poly(A) site were almost doubled in the active terminator clones compared with an inacti-
vated terminator, and this region showed more single-stranded DNA, indicating that Pol 
pausing assists SHM. Moreover, the nontranscribed DNA strand was the preferred SHM 
target upstream of the active terminator. Pol pausing during poly(A) site recognition may 
facilitate persistence of negative supercoils, exposing the coding single strand and possibly 
allowing the nascent RNA intermittent reannealing with the template strand, for prolonged 
access of AID.
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IgL genes are deleted (Arakawa et al., 2004) to make sure that 
these cells do not undergo IgL gene conversion.

The knock-in plasmids were constructed by cloning ge-
nomic sequences that flank the integration site in the IgL gene 
(Fig. 1). We chose to introduce an 1.4-kb human -globin 
transcription terminator (Dye and Proudfoot, 2001), which 
contains three AATAAA sequences, into the intron between 
the V region leader and V, 165 NTs from the start of transcrip-
tion (Figs. S2 and S3). To make the -globin terminator a bet-
ter target for AID activity we added a 34 bp DNA segment 
with two CAGGTG motifs, which we have recently shown  
to be essential for attracting SHM to Ig genes in DT40 cells 
(Tanaka et al., 2010). As a control, we created an inactivated 
terminator by mutating the three poly(A) addition sites lo-
cated at 320 bp, 637 bp and 834 bp, respectively, from the 
start of the terminator sequence (Fig. S1). The first AATAAA 
hexamer located at 320 bp in the human -globin transcrip-
tion terminator (Fig. S1) is referred as the poly(A) site in this 
study. We mutated the three AATAAA sites by PCR-based mu-
tagenesis to GGATCC, TCTAGA, and GGTACC, respectively, 
to create an “inactivated terminator” control plasmid.

We chose a surface IgM-positive clone of DT40 V 
knock-out cells for transfection so that targeted integration 
into the IgL locus was easily detected by the loss of surface 
IgM expression. The targeted integration of the terminator 
and control were confirmed by Southern blotting with the 
terminator region as probe (unpublished data). To remove  
potentially repressive bacterial sequences, the blasticidin 
drug marker gene present between two LoxP sites (Fig. 1) was 
excised by treating the cells with tamoxifen. Incidentally, the 
AID-IRES-GFP transgene is also flanked by two LoxP sites 
and is likely to be excised after treatment with tamoxifen. To 
retain a fraction of cells that contain the AID-IRES-GFP 

The precise molecular mechanism by which AID targets 
Ig genes is not clear. However, we and others have previously 
shown that the process of SHM requires transcription with-
out necessitating an SHM-specific promoter, but is linked to 
transcription initiation (Peters and Storb, 1996), and requires 
an Ig enhancer (Klotz and Storb, 1996) or certain motifs that 
are present in Ig enhancers (Betz et al., 1994; Tanaka et al., 
2010). We have proposed an SHM model that postulates that 
a mutator factor, now known to be AID, assembles with the 
transcription complex at the promoter and travels with the 
elongating RNA polymerase (Pol; Peters and Storb, 1996). 
Moreover, transcription is also required for Ig class switch  
recombination (CSR), and the Ig enhancer motifs are es-
sential to both SHM and CSR (Di Noia et al., 2007; Storb 
et al., 2007; Peled et al., 2008; Stavnezer et al., 2008). In fact, 
AID was shown to be associated with Pol (Nambu et al., 2003). 
However, the role of transcription in SHM and CSR re-
mains unclear.

We have now investigated the influence of transcription 
termination and pausing on mutability in vivo. To do this we 
introduced a strong transcription terminator into a variable Ig 
gene region to assess its impact on SHM.

RESULTS
Controlling transcription within the IgL locus
To test the requirement for ongoing transcription and how a 
transcriptional terminator affects SHM within the Ig gene, 
we placed a strong human transcription terminator into the 
active lambda gene of mutating chicken B cells, DT40, by 
homologous recombination (Fig. 1). The cell line used in this 
study is a variant of DT40 cells that is an AID knock-out and 
expresses AID as a transgene (AID-IRES-GFP) and all 25 V 

Figure 1.  Map of the rearranged Ig light chain locus in the chicken B cell line DT40 V knockout. (Not to scale.) The locus contains a leader, VJ, 
and C region of the IgL gene. The strategy of knocking in the human -globin transcription terminator (1.4 kb) by the targeted integration is shown. 
The terminator is knocked-in at +166 bp from the transcription start site, and 60 bp of DNA fragment containing part of leader – VJ intron and 8 bp of  
V region was deleted (from +166 to +225 from transcription start site).

http://www.jem.org/cgi/content/full/jem.20121523/DC1
http://www.jem.org/cgi/content/full/jem.20121523/DC1
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locus. A 1.2-kb PCR product of genomic DNA was ampli-
fied and sequenced, encompassing the region 48 bp upstream 
of the promoter of the IgL gene, as well as the terminator  
region (Fig. 3 A). Fig. 3 B shows the SHM pattern in the ac-
tive and inactivated terminator knock-in clones. Out of 228 
mutation events in the active terminator knock-in clones in 
which the stable transcript levels downstream of the first 
poly(A) site were significantly reduced, 82% of total muta-
tions were upstream of the poly(A) site and only 18% down-
stream. In contrast, in the inactivated terminator knock-in 
clones, 43% of the total mutations were downstream of the 
poly(A) site. In this region the mutation frequency in the ac-
tive terminator knock-in clones was 4.6 × 104/bp, which is 
a >70% reduction (P < 0.0066) as compared with the inacti-
vated terminator knock-in clones (7.9 × 104/bp; Fig. 3 C). 
This suggests that the process of ongoing transcription is es-
sential for SHM and that AID may get better access to its  
target DNA when Pol is in the elongation phase rather than 
in the termination phase. However, SHM eventually ceased  
altogether, with the active terminator and the inactivated ter-
minator; we had introduced a lacZ gene into the Ig locus in 
the hope of easy quantitation of the mutability of the two 
types of constructs, however there were essentially no muta-
tions that far from the promoter (1.57-kb). There were also 

transgene, we used a very low concentration of tamoxifen  
(25 nM) for 24 h. Cell clones that were GFP-positive and had 
excised the blasticidin drug marker gene present in LoxP sites 
were selected, and the blasticidin drug marker gene excision 
was confirmed by PCR amplification (unpublished data).

To test whether the presence of an active or inactivated 
terminator influenced transcription through the IgL gene, 
we performed RTQ-PCR in the terminator and VJ region of 
the IgL gene (Fig. 2 A) in active and inactivated terminator 
knock-in clones, respectively, and observed that knocking in 
a strong human -globin terminator significantly decreased 
stable transcripts through the IgL gene compared with those 
in the inactivated terminator knock-in clones (Fig. 2, B and C). 
We found that transcripts were greatly reduced downstream 
of the poly(A) site in the active terminator but not the inac-
tive terminator (Fig. 2, B and C). This suggests that the human 
-globin terminator designed by the Proudfoot laboratory 
(Dye and Proudfoot, 2001) works very efficiently in chicken 
DT40 cells.

Transcription termination significantly  
influences the mutation frequencies
The active and inactivated terminator knock-in clones were cul
tured for 5 wk to acquire mutations in the IgL and terminator 

Figure 2.  Transcription levels at the  
-globin transcription terminator.  
(A) Region 1– Region 4, lacZ, and IgL VJ region 
in the active and inactivated terminator knock-in  
clones (not in scale). B and C are bar graphs 
of two independent cell clones each of the 
active and inactivated terminator, respec-
tively, showing relative mRNA levels reverse 
transcribed with random hexamer primers 
and PCR amplified with region-specific prim-
ers; the values are normalized with chicken  
-actin levels and primer efficiencies. The 
numbers at the bottom indicate start and end 
nucleotide positions of the respective regions. 
The data represent means and SDs of three 
independent experiments.
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NRO assays, we performed chromatin immunoprecipitation 
(ChIP) assays for the active and inactivated terminator 
knock-in clones using antibody against Pol. Fig. 4 C shows 
relative mean levels of immunoprecipitated DNA in active 
and inactivated terminator knock-in clones normalized for 
the respective input levels. ChIP results show no significant 
differences in the RNA Pol levels in the terminator region, 
however, Pol levels are sharply reduced in the Ig VJ region, 
corroborating the NRO results. Thus, the residual mutations 
observed downstream of the poly(A) site might be caused by 
the presence of transcriptionally active Pol in the terminator 
immediately downstream of the poly(A) site. To determine 
whether the poly(A) site in the active terminator cell lines 
did indeed terminate the elongation phase of Pol, we ana-
lyzed the poly(A) RNAs in the active and inactivated termi-
nator cells (Fig.5, A and B). Strikingly, close to 100% of the 
poly(A) RNAs of the active terminator are processed at the 
first poly(A). There are none from the other two poly(A) 
sites of the terminator, and only a few contain a polyadenyl-
ated constant region. The latter may represent read-through 
by Pol of the first poly(A) site or possibly another weak pro-
moter upstream of the constant region. All poly(A) RNAs 
from the inactivated terminator cells are apparently full-length 
transcripts, terminated and polyadenylated 3 of the con-
stant region.

These NRO, ChIP, and poly(A) RNA findings suggest 
that the ongoing process of transcription is required for 
SHM and furthermore, that AID is preferentially associated 
with the elongating RNA polymerase (compare Fig. 3 with 
Figs. 4 and 5).

no mutations in the VJ region. Overall, the distribution of mu-
tations is determined by the position from the promoter 
(as always in SHM of Ig genes) and not by the primary se-
quence: there are very few, if any, mutations in the first 100 NTs 
after the transcription start, and then the mutations rise steeply 
to a short plateau and, after a prolonged decline, the mutations 
end before 1.5 kb from the promoter.

Although the number of mutations is dramatically re-
duced directly downstream of the poly(A) site in the active 
terminator knock-in clone, we did observe some mutations 
in this region. If AID were associated only with the proces
sive, elongating RNA polymerase, one would expect a com-
plete absence of mutations after the poly(A) site. The presence 
of mutations in this region is presumably due to Pol remain-
ing engaged with the DNA for some distance beyond the 
poly(A) site.

The status of Pol and the distribution  
of poly(A) RNAs in the terminator knock-in loci
We wanted to check whether Pol is present on the region 
downstream of the poly(A) site by performing nuclear run-
on (NRO) assays for both the active and inactivated termi-
nator knock-in clones (Fig. 4 A). Fig. 4 B shows relative Pol 
occupancy in the IgL locus in the active and inactivated ter-
minator knock-in clones. The RNA Pol occupancy is very 
similar in the terminator region until 1.5 kb downstream 
from the poly(A) (lacZ Fig. 4 B), and is reduced only in the 
VJ and C regions. The terminator region we have analyzed 
for SHM shows almost identical RNA Pol occupancy with the 
active and inactivated terminators. To confirm the findings of the 

Figure 3.  Ig light chain sequence analysis 
of the transcription terminator knock-in 
clones. (A) Map of lg gene with transcrip
tion terminator (not to scale); the triangle  
represents the two recombined loxP sites.  
(B) Mutations in 1.1 kb from the start of tran-
scription (= 1). Numbers on y-axis represent 
point mutations at the indicated positions in 
active terminator (red) and inactivated termi-
nator (blue). The data are combined mutation 
numbers for two cell clones for the active and 
inactivated terminator, respectively. AID hot-
spots (WRC and GYW) are shown on the top 
in black. Three poly(A) sites (pA) in the human 
-globin transcription terminator are marked 
by arrows and numbers (493, 810, and 1,007) 
from the transcription start. (C) Summary  
of mutations.
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We observed a predominance of single nucleotide sub-
stitutions with few insertions and deletions in both active 
and inactivated terminator knock-in clones (Figs. S2 and S3). 
Both types of knock-in clones show the usual pattern of 
SHM in DT40 (Arakawa et al., 2004): very few mutations 
at A/T bases and a preference for transversion mutations 
(Figs. S2 and S3 and Fig. 6).  Two independent cell clones 
for the active or inactivated terminator, respectively, showed  

The terminator alters the mutation  
pattern within the IgL locus
The mutation frequency upstream of the poly(A) site in the 
active terminator knock-in clones is 25.2 × 104/bp, which 
is around twice (P < 0.0001) that in the inactivated termina-
tor knock-in clones (12.9 × 104/bp; Fig. 3 C). This suggests 
that the transcriptional pausing because of the poly(A) site has 
facilitated SHM in the Ig locus (see Discussion).

Figure 4.  NRO and ChIP assays. NRO and 
ChIP analysis of the active and inactivated 
terminator knock-in clones. (A) Map of the 
rearranged Ig light chain locus in the chicken 
B cell line DT40. The dsDNA probes used in the 
NRO assays are shown by double bars on the 
top, and the regions analyzed with the ChIPed 
samples are shown by single bars at the bot-
tom of the map (not drawn to scale). (B) NRO: 
Bar graphs show relative Pol transcriptional 
activity at the various regions in the active 
and inactivated terminator knock-in clones. 
The values are normalized for chicken -actin 
levels, background hybridization, and incorpo-
ration of -[32P]-UTP. (C) ChIP with antibody 
against Pol. Bar graphs indicate relative  
mean levels of immunoprecipitated DNA over 
input DNA by quantitative PCR, normalized 
for -actin. The data represent means and 
SDs of three independent experiments with 
one of the active and inactivated terminator 
cell lines.

Figure 5.  Poly(A) RNAs. (A) Region P1– Region P4 in the 
active and inactivated terminator knock-in clones (not to 
scale). (B) Polyadenylated RNA Assay. Bar graphs show rela-
tive poly(A) RNA levels reverse transcribed with oligo-dT 
primers and PCR amplified with region-specific primers; the 
values are normalized with chicken -actin levels and primer 
efficiencies. The numbers at the bottom indicate start and 
end nucleotide positions of the respective regions. The data 
represent means and SDs of three independent experiments 
with two of the active and inactivated terminator cell lines.
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DISCUSSION
The process of SHM of Ig genes (and non-Ig genes) requires 
that these genes are active. The question we addressed by plac-
ing a transcription terminator into the VJ region was whether 
the process of transcription itself was required for SHM or 
whether an active gene region was a target independent of tran-
script elongation by the RNA polymerase II (Pol). Eukaryotic 
Pol termination includes transcription of a poly(A) site fol-
lowed by pausing of Pol and then endoribonucleotide cleav-
age of the nascent RNA (Colgan and Manley, 1997; Kuehner 
et al., 2011). The poly(A) addition signal, AAUAAA, is identified 
by the cleavage polyadenylation specificity factor that signals 
Pol to pause (Nag et al., 2007). Then the cleavage stimulation 
factor takes over and cleaves the nascent RNA between the 
AAUAAA and a G/U rich downstream element. However, 
after the cleavage Pol is still associated with the DNA and con-
tinues to polymerize RNA. The terminating uncapped na-
scent RNA molecule is removed by the action of the protein 
XRN2 (5–3 exoribonuclease 2; Kuehner et al., 2011), finally 
causing the release of Pol.

We had previously postulated that SHM is restricted to 
the 5 VJ region and generally does not occur in the down-
stream constant region because the mutator factor AID asso-
ciates with the transcription complex at or near the promoter, 
travels with Pol, and dissociates permanently from the tran-
scription complex when AID deaminates C (Peters and Storb, 

these properties: the data are combined in all relevant Figures. 
In the total 1.1 kb sequenced for both cell types, generally the 
numbers of mutations at G bases were lower than at C (C/G 
ratios 0.31, 0.58, and 0.67; Fig. 6). However, in the active ter-
minator knock-in clones upstream of the poly(A) site the 
number of mutations at C was 1.36 times higher than at G 
(Fig. 6). This relative increase in mutations at C suggests that 
the coding strand is targeted preferentially in the active termi-
nator knock-in clones (see Discussion).

More sequences 5 of the poly(A) site are single-stranded  
in cells with the active terminator
Because AID is known to require single-stranded DNA sequen
ces (Dickerson et al., 2003), and because these likely arise by 
negative supercoils in the wake of Pol, we determined single-
stranded DNA upstream and, as a control, downstream of the 
poly(A) site. This was investigated by using a bisulfite analysis of 
conversions of C and G nucleotides as previously described 
(Parsa et al., 2012). Bisulfite cannot access cytosines unless they 
are single-stranded. Comparing patches of at least two consecutive 
C or G conversions in the active and inactivated terminator con-
taining cells, we found more patches of single-stranded DNA in 
the 5 region with the active terminator (Fig. 7, S2). The analy
ses show that there is a significant difference in the upstream 
sequences between active and inactivated (P = 0.018), and in the 
active sequences between upstream and downstream (P = 0.002).

Figure 6.  Mutation events in the IgL and human -globin transcription terminator sequences. Mutation events in the 1.1-kb DNA sequence in 
the active (A) and inactivated (B) terminator knock-in clones. The data are combined mutation numbers for two cell clones for the active and inactivated 
terminator, respectively. Mutation events in the region upstream of poly(A) site (top) and downstream of poly(A) site (bottom) are analyzed separately. The 
number of C and G nucleotides, and the number of AID hotspots (WRC and GYW) in the respective regions are shown next to each region. The numbers of 
transition (ts) and transversion (tv) mutations and their percentages are shown below each region. C/G ratio = ratio of mutations at C and G.
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linear fragment (Bransteitter et al., 2003, 2004; Chaudhuri  
et al., 2003; Dickerson et al., 2003; Pham et al., 2003; Ramiro 
et al., 2003; Chaudhuri et al., 2004) and not on a relaxed cir-
cular plasmid (Shen and Storb, 2004). However, supercoiled 
DNA in a circular plasmid is an excellent target for AID (Shen 
and Storb, 2004). The negative supercoils generated upstream 
of a transcription bubble do have single-stranded DNA prop-
erties (Liu and Wang, 1987), and we had proposed that AID 
acts in these regions (Peters and Storb, 1996; Shen and Storb, 
2004). Surprisingly, upstream of the active terminator, muta-
tions were increased almost twofold compared with the inac-
tivated terminator (Fig. 3). To assess how the 5 region could 
be a more favored target for AID, we determined whether 
there was more single-strand DNA using bisulfite conversion 
of single-stranded C-to-T patches. This showed that upstream 
of the active terminator significantly more single-stranded 
DNA (SSD) patches exist than in the same sequence with the 
inactivated terminator (Fig. 7). We postulate that the SSD 
patches are located in negative supercoils that arise behind Pol 

1996). We had reasoned that a terminator placed within the 
leader-VJ region might terminate both transcription and 
SHM. Our results show that polyadenylated transcripts 3 of 
the poly(A) site are drastically reduced in active terminator 
knock-in clones as compared with inactivated terminator 
knock-in clones (Fig. 5 B). Thus, the human -globin ter-
minator works efficiently in the DT40 cells. In the presence  
of the active terminator, SHM is clearly reduced 3 of the 
poly(A) site, almost twofold compared with the inactivated 
terminator (Fig. 3). However, there are still mutations in this 
downstream region, which is identical in the active and inacti-
vated terminator constructs, except for two additional poly(A) 
sites that were changed in the inactivated terminator. Since 
this region is occupied by Pol in the active terminator con-
struct to the same extent as in the inactivated terminator  
construct (Fig. 4), the terminating Pol is allowing less access 
of AID than the elongating Pol.

In cell-free assays, AID can act only on single-stranded DNA 
substrates and not on double-stranded DNA when in a relaxed 

Figure 7.  Sodium bisulfite analysis to 
determine the presence of single-stranded 
DNA patches. (A) The DT40 cells with either 
the active or inactivated terminator were fixed 
and treated with sodium bisulfite (Parsa et al., 
2012). The regions upstream and downstream 
of the poly(A) site of the terminator were 
amplified, sequenced, and analyzed for single-
strand patches with at least 2 consecutive Cs 
converted to Ts or two consecutive Gs con-
verted to As (minimum strand length). The 
DNA clone # is shown; the total number of 
DNA clones analyzed for each region are 
shown in parentheses. The control DT40 cells 
that were fixed but not treated with sodium 
bisulfite did not show any single-stranded 
DNA patches in any of the four regions.  
(B) The significant differences (or lack of) are 
indicated between the respective regions of 
the active and inactivated terminators.
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total transcripts from the unique IgL promoter (Fig. 5). With 
the help of the single-strand DNA-binding protein, RPA, oc-
cupying the nontranscribed strand (Chaudhuri et al., 2004) 
and Spt5, a factor associated with paused Pol and single-
stranded DNA, interacting with AID and facilitating AID re-
cruitment to Ig genes (Pavri et al., 2010), this RNA may 
remain associated with the transcribed strand intermittently 
for a slightly extended time. When the transcribed strand is 
less single-stranded because of hybridized nascent RNA, AID 
would have less access to that strand and the nontranscribed 
strand would be favored.

These considerations would explain how AID is recruited 
during transcription of the active terminator containing gene. 
But how would AID be prevented from deaminating cyto-
sines beyond 2 kb from the promoter here and during SHM 
in general? In SHM of Ig genes in general, there is no poly(A) 
site 5 of the constant region. We have previously investigated 
SHM in Ung/Msh6 double-negative mice in which SHM 
shows an AID footprint, presenting only C > T and G > A 
transitions because secondary error-prone events of BER 
and MMR cannot occur (Shen et al., 2006). In these mice, 
the decrease of SHM beyond 2 kb is the same as in wild-
type mice, indicating that AID acts in the 5 region of Ig 
genes but not beyond. The same conclusion was evident in 
ung/ mice (Longerich et al., 2005).

This restricted mutability is still a major puzzle concern-
ing SHM. We propose the following possibility: during SHM 
many transcription complexes on Ig genes or, depending on 
the enhancer, non-Ig genes (Tanaka et al., 2010), do not carry 
AID and are responsible for the production of full-length 
mRNAs; stochastically, only some complexes carry AID. This 
suggestion is supported by cell-free experiments with SHM 
substrates and AID where only a small proportion of the sub-
strate target molecules suffer deamination of C, but most  
of the molecules that are mutated have multiple mutations 
(Pham et al., 2003; Shen et al., 2005; Storb et al., 2009). We 
further consider two, not mutually exclusive, possibilities for 

that is temporarily pausing at the poly(A) site. Such a relation-
ship between Pol pausing and SSD patches has been observed 
in the V region of B cells undergoing SHM (Parsa et al., 2012). 
Enhancement of the mutation frequency because of Pol briefly 
pausing due to the poly(A) site supports the model that Pol 
pausing in the V region might be a cause of AID’s preferred 
access to the V region (Peters and Storb, 1996). Convincing 
evidence for increased SHM by AID when transcription is 
paused has also been shown by Canugovi et al. (2009).

Thus, it appears that the molecular details of transcription 
itself are important for SHM. Furthermore, SHM appears to 
be more active with an elongating Pol than with a terminat-
ing Pol. With the active terminator the mutation frequency 5 
of the poly(A) site is 5.47 fold higher than 3 of the AATAAA 
(Fig. 3 C); however, with the inactivated terminator muta-
tions in the 5 region are only 1.63 fold higher than 3 (P < 
0.0066; Fig. 3 C). Thus, the elongating Pol allows a 3.36 
(5.47:1.63) times higher AID access than the terminating Pol. 
At the same time, SHM in the region upstream of the termi-
nator shows a strand bias with a significant increase of muta-
tions at C (C/G = 1.36; Fig. 6) whereas the same region in 
the cells with the inactive terminator and the downstream re-
gions of both cell types show a bias for mutations at G (C/G = 
0.67; 0.58; 0.31, respectively; Fig. 6). The higher frequency  
of mutations at C upstream of the poly(A) site in the active 
terminator knock-in clones coincides with increased target-
ing of C at AID hotspots (51.9%) in this region compared 
with the identical region in the inactivated terminator knock-
in clones (37.0%; Fig. 8). Because all mutations at C and G are 
the effect of C deamination by AID, the C bias suggests that 
the nontranscribed strand was the preferred target in the up-
stream region.

We can only speculate why there were more single-stranded 
regions upstream of the active terminator: 3 of the poly(A) 
site (position 493 from the start of transcription) nascent 
polyadenylated RNA is released in the active terminator cells. 
These 500 nt polyadenylated RNAs represent >90% of the 

Figure 8.  AID hotspot targeting in the  
active and inactivated terminator knock-in  
clones. Summary of AID hotspot (WRC and 
GYW) targeting in the active and inactivated 
terminator knock-in clones. The data are  
combined mutation numbers for two cell 
clones for the active and inactivated termina-
tor, respectively.



JEM Vol. 210, No. 7�

Article

1489

for loss of surface IgM and presence of AID-IRES-GFP expression of 50,000 
live cells on an LSR II (BD) using DT40 CL18 cells and GFP+ V KO 
(a gift from H. Arakawa and J.M. Buerstedde; Arakawa et al., 2004) as gating 
controls. DT40 knock-in clones treated with tamoxifen were sorted for AID-
IRES-GFP+ single cells on a cell sorter (FACSAria; BD) at the University of 
Chicago Flow Cytometry Facility.

RT-PCR analysis of transcripts in active and inactivated terminator 
knock-in clones. Total RNA was made from DT40 cells with RNA STAT-60 
(Tel-Test Inc.), recovered in 50 µl, and stored at 80°C. For Fig. 2, equal 
amounts of RNA were used for making complementary DNA (cDNA) by 
the SuperScript III First-Strand Synthesis System (Invitrogen) for RT-PCR 
using random hexamers. Real-time PCRs were run and analyzed on a MYiQ 
system with SYBR Green SuperMix (both from Bio-Rad Laboratories). 
Primers used were pk87 and pk85 for the region 1, pk154 and pk22 for the 
region 2, pk155, and pk10 for the region 3, pk93 and pk94 for the region 4, 
pk48 and pk50 for the lacZ region, pk12 and pk24 for the IgL VJ region, and 
gg-actin1 and gg-actin2 for the chicken -actin gene (see Table S1 for primer 
sequences). PCR conditions were 95°C for 30 s, 64°C for 45 s, and 72°C for 
60 s for 40 cycles. The data from chicken actin were used as a reference  
for the relative quantification of transcript levels using the Pfaffl method 
(Pfaffl, 2001).

Polyadenylated RNA assay. Total RNA was made from DT40 cells with 
RNA STAT-60 (Tel-Test Inc.), recovered in 50 µl, and stored at 80°C. 
Equal amounts of RNA were used for making cDNA by the SuperScript III 
First-Strand Synthesis System (Invitrogen) for RT-PCR using oligo-dT 
primers. Real-time PCRs were run and analyzed on a MYiQ system with 
SYBR Green SuperMix (both from Bio-Rad Laboratories). Primers used 
were pk87 and pk182 for the region P1, pk103 and pk183 for the region P2, 
pk107 and pk184 for the region P3, pk174 and pk185 for the region P4, and 
gg-actin1 and gg-actin2 for the chicken actin region (see Table S1 for primer 
sequences). PCR conditions were 95°C for 30 s, 64°C for 45 s, and 72°C for 
60 s for 40 cycles. The data from chicken actin were used as a reference for 
the relative quantification of poly(A) RNA levels using the Pfaffl method 
(Pfaffl, 2001).

Sodium bisulfite analysis. The presence of single-stranded DNA patches 
in the active and inactivated terminators were determined by following the 
protocol of Parsa et al. (2012). In brief, 30 × 107 DT40 cells transfected with 
either the active terminator or the inactivated terminator were treated with 
1% formaldehyde for 5 min at room temperature to cross-link the DNA and 
proteins. Of these formaldehyde-treated cells, 1 × 107 cells were treated with 
sodium bisulfite and 1 × 107 cells were treated as control in the absence of 
sodium bisulfite. The cells (both bisulfite-treated and control) were then re-
verse cross-linked and DNA was extracted. The upstream region from 174 to 
572 bp was amplified using primers pk186 and pk187, and the downstream 
region from 552 to 1,037 bp was amplified with primers pk188 and pk189 
(Table S1), using Taq polymerase at 95°C for 30 s, 57°C for 30 s, and 72°C 
for 60 s for 30 cycles in 50-µl reactions. The PCR products were cloned in 
TOPO TA vectors (Invitrogen) and sequenced with the M13 forward primer 
by the University of Chicago, Cancer Research Center DNA sequencing fa-
cility. The DNA sequences were analyzed for the presence of single-stranded 
patches where at least two consecutive Cs or Gs were converted to Ts or As 
respectively. The patches observed were only C-to-T or G-to-A conversions. 
In Fig. 7 the DNA clone number shows that the data were from different 
DNA clones that were distinguished by the presence of different mutations 
outside of the C and G patches. We compared the number of single-stranded 
DNA patches between the (a) upstream region of the active and inactivated 
terminator, (b) downstream region of the active and inactivated terminator, 
(c) upstream and downstream region of the active terminator, and (d) up-
stream and downstream region of the inactivated terminator.

Statistical analysis of single-strand patches by bisulfite conversion. 
To assess the significance of differences in conversion patterns between in
active and active clones, we used the following procedure: We calculated the 

the restriction of SHM to the region upstream of 2 kb:  
(a) Those transcription complexes that are associated with AID 
are terminating before and up to 2 kb from the transcription 
start because AID binds factors that can interact with Pol 
and the nascent RNA to cause the degradation of the RNA 
somewhere 5 of 2 kb from the start of transcription. Indeed, 
recent findings have implicated the RNA exosome in SHM 
(Basu et al., 2011). It is possible that the RNA exosome,  
a cellular RNA-processing–degradation complex that was 
shown to interact with AID during SHM (Basu et al., 2011) 
acts efficiently in the upstream region of Ig genes. The “chew-
ing” away of the nascent RNA would cause Pol to be released 
(Kuehner et al., 2011) so that termination of transcription 
and thus SHM would occur before transcription has reached 
2 kb. (b) Pol has a natural tendency for pausing that can lead 
to stalling (Davenport et al., 2000; Galburt et al., 2007). Pre-
sumably, natural pausing would have the same result as the 
terminator effect observed in the current study. Thus, the 
chance for transcribing beyond 2 kb would be rare in tran-
scription complexes associated with AID, and the gradual  
decrease in SHM of Ig genes in B cells and also with the in-
activated terminator (Fig. 3), would be explained.

In summary, we conclude that ongoing transcription of 
the Ig gene coupled with temporary pausing within the tar-
geted region is necessary for SHM, and that this facilitates 
SHM upstream of the pause. These observations are consistent 
with our previous model (Peters and Storb, 1996) in which 
active AID becomes associated with the Pol complex at the 
promoter or after the transition from the initiation to the 
elongation state.

MATERIALS AND METHODS
Cell culture and transgenic clones. DT40 V knock-out cells derived 
from avian leukosis virus–induced chicken bursal B cells were a gift from  
H. Arakawa and J.M. Buerstedde (Institute of Molecular Radiology, Neuher-
berg, Germany; Arakawa et al., 2004). The cells were cultured in RPMI 1640 
with 1% penicillin/streptomycin, 1% l-glutamine (Invitrogen), 1% chicken 
serum, and -mercaptoethanol (Sigma-Aldrich) at 39.5°C with 5% CO2. 
The active and inactivated terminator knock-in constructs were linear-
ized with SalI (Fig. 1) and transfected as previously described for DT40 cells 
(Arakawa et al., 2004). After 12 h, transfected cells were treated with 20 µg/ml 
blasticidin for selection of blasticidin resistance and single clones were iso-
lated by subsequent limiting dilutions. Single clones from limiting dilutions 
were expanded to perform FACS analysis for surface-IgM negative clones 
and subsequently collect their genomic DNA for Southern blotting.  
Genomic DNA was digested with MluI or EcoNI–ApaLI, respectively, and a 
radioactive probe for the human -globin transcription terminator region 
was used for Southern blot analysis. Two independent clones of the active and 
inactivated terminator knock-in clones, respectively, were selected for the 
study. Subsequently, the blasticidin drug marker gene present between two 
LoxP sites (Fig. 1) was excised by treating the cells with tamoxifen as dis-
cussed in the results section. The excision of blasticidin drug marker gene 
from the active and inactivated terminator knock-in clones was confirmed 
by PCR analysis, using primers pk07 and pk65 (Table S1). From six sub-
clones, two sub-clones of each clone of the active and inactivated terminator 
knock-in clones, respectively, were selected for the somatic mutation analysis.

Flow-cytometric analysis and cell sorting. DT40 knock-in clones for 
active and inactivated terminator were stained with PE-conjugated anti–
chicken IgM antibody (Santa Cruz Biotechnology, Inc.) and were analyzed 

http://www.jem.org/cgi/content/full/jem.20121523/DC1
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and incubated on ice for 10 min. The lysate was sonicated for 18 min (30 s 
on/30 s off) in a Bioruptor (Diagenode) water bath sonicator and centri-
fuged at 13,200 rpm at 4°C for 10 min. The cleared supernatant was used 
immediately in ChIP experiments. 50–150 g of sonicated chromatin was 
diluted 10 times in ChIP Dilution Buffer (16.7 mM Tris-HCl, pH 8.0, 
167 mM NaCl, 1.2 mM EDTA, pH 8.0, and 1.1% Triton X-100) and pre-
cleared for 1 h, rotating at 4°C, with 50 l blocked beads (rProtein G Agarose; 
Invitrogen) before the overnight incubation with 20 l of the anti RNA Pol 
antibody (C-18; Santa Cruz Biotechnology, Inc.). The bound material 
was recovered with 50 l blocked rProtein G Agarose beads, rotating at 
4°C for 1 h. The beads were washed twice for 5 min in ChIP Wash Buffer 1 
(20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, pH 8.0, and 1% 
Triton X-100), twice in ChIP Wash Buffer 2 (20 mM Tris-HCl,  
pH 8.0, 500 mM NaCl, 2 mM EDTA, pH 8.0, and 1% Triton X-100), and 
twice in TE. ChIPed material was eluted by two 15-min incubations at 
room temperature with 250 µl Elution Buffer (0.1 M NaHCO3, 1% SDS). 
Chromatin was reverse-cross-linked by adding 25 l of 4 M NaCl and 
incubated at 65°C for 4 h, and DNA was submitted to RNase and pro-
teinase K digestion and extracted by phenol-chloroform. Primers used 
were pk64 and pk03 for the IgL leader region, pk07 and pk85 for the re-
gion ter-1.1, pk31 and pk22 for ter-2.1, pk155 and pk33 for ter-2.2, and 
pk12 and pk24 for the IgL VJ region (see Table S1 for primer sequences). 
PCR conditions were 95°C for 30 s, 64°C for 45 s, and 72°C for 60 s for 
40 cycles. The data presented are mean levels of immunoprecipitated 
DNA to the input DNA, normalized for the IgL leader region using the 
Pfaffl method (Pfaffl, 2001).

Online supplemental material. The human -globin transcription termi-
nator sequence is shown in Fig. S1. Figs. S2 and S3 shows mutations in the 
active and inactivated terminator knock-in clones. Primers used in this study 
are listed in Table S1. Online supplemental material is available at http://
www.jem.org/cgi/content/full/jem.20121523/DC1.
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