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Abstract

Somatic hypermutation (SHM) diversifies the variable region of Ig genes and underlies the
process of affinity maturation, in which B lymphocytes producing high affinity antibodies are
generated and selected. SHM is triggered in activated B cells by deamination of deoxycytosine
residues mediated by activation-induced deaminase (AID). While mistargeting of SHM and AID
results in mutations and DNA damage in many non-Ig genes, they act preferentially at Ig loci. The
mechanisms responsible for preferential targeting of SHM and AID activity to Ig loci are poorly
understood. Using an assay involving a SHM reporter cassette inserted into the Ig light chain locus
(/gL) of chicken DT40 B cells, we have identified a 1.9 kb DIVAC (diversificationactivator)
element derived from chicken /gL that supports high levels of AID-dependent mutation activity.
Systematic deletion analysis reveals that targeting activity is spread throughout much of the
sequence and identifies two core regions that are particularly critical for function: a 200 bp region
within the /gL enhancer, and a 350 bp 3" element. Chromatin immunoprecipitation experiments
demonstrate that while DIVAC does not alter levels of several epigenetic marks in the mutation
cassette, it does increase levels of serine-5 phosphorylated RNA polymerase Il in the mutation
target region, consistent with an effect on transcriptional elongation/pausing. We propose that
multiple, dispersed DNA elements collaborate to recruit and activate the mutational machinery at
1g gene variable regions during SHM.
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Introduction

The activation induced deaminase (AID)®, encoded by Aicda, plays a pivotal role in 1g gene
diversification in developing and activated B cells. AID is required for somatic
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hypermutation (SHM) and gene conversion (GCV), which diversify the variable (IgV)
region exon of 1g heavy (/gH) and light (/gL) chain genes, and for class switch
recombination (CSR), in which recombination between switch regions leads to the
replacement of one /gH constant region with another (1-4). AID-mediated IgV region
mutation can be used both for creation of the primary Ig repertoire in developing B cells
(e.g., GCV in chicken and rabbit) and for Ig gene diversification in activated mature B cells
in germinal centers (e.g., SHM in mouse and human), where it can facilitate the generation
of B cells expressing high affinity antibodies, a process known as affinity maturation (5).

SHM, GCV, and CSR can be thought of as occurring in two phases. In the first, AID is
recruited to IgV or Igswitch regions, where it deaminates cytosine residues in the DNA,
converting them to uracil. Deamination requires transcription of the region being acted upon
by AID, which is thought to reflect the biochemical specificity of AID for cytosine residues
in single stranded DNA (6). Interactions between AID and RNA polymerase Il (Pol I1) and
Pol Il-associated factors (7-11) support a model (12) in which AID “piggybacks” with Pol 11
through the 1g gene and deaminates DNA in a process that is tightly coupled to transcription.
In the second phase, the uracils created by AID are processed by mismatch repair and base
excision repair enzymes to generate DNA single or double strand break intermediates,
which, upon further processing, yield single nucleotide non-templated point mutations in the
case of SHM, patches of templated sequence inserted by homologous recombination with
pseudo V(yV) donor sequences in the case of GCV, or DNA deletions in the case of CSR
(13, 14). The ability of AID to trigger the formation of DNA mutations, breaks, and
deletions in the genome suggests a propensity to contribute to genomic instability (15, 16),
the risks of which would be greatly increased if AID acted outside of the Ig loci. Hence,
mechanisms to restrict AID action to Ig genes would seem highly desirable.

Results from studies in the last fifteen years indicate that while such mechanisms exist, they
are imperfect. AID has been linked to mutations and large scale genome rearrangements
(particularly chromosomal translocations) involving both Ig and non-Ig genes in B cell
lymphomas (17), and numerous non-Ig genes have been found to be mutated in an AID-
dependent manner in normal germinal center B cells (18). A large scale sequencing analysis
of germinal center B cells found that approximately one-quarter of the genes analyzed
sustained mutations as a result of SHM, and that at least one-half of them were deaminated
at detectable levels by AID (19). Ig genes, however, were found to undergo SHM and be
deaminated by AID at frequencies ten- to 1000-fold higher than non-Ig genes, consistent
with the existence of mechanisms to target AID and/or AID activity preferentially to Ig
genes (19). These mechanisms remain poorly defined, leaving a significant gap in our
understanding of how the genome is protected from AlD-mediated instability.

Numerous studies have pursued the hypothesis that DNA sequences associated with Ig loci
function as SHM/AID targeting elements (20-23). Such analyses have ruled out an essential
role for the 1gV exon itself (24) or the IgV promoter (25), although the IgV promoter can
enhance the efficiency of AID-mediated diversification (26). Analyses of the targeting
function of Ig gene enhancers have yielded conflicting results, leaving their role as mutation
targeting elements uncertain (20-22). The E box sequence CANNTG, as well as the £2&-
encoded E box binding proteins E12/E47, have been linked to SHM targeting (19, 27-31),
although the magnitude and mechanism of their contribution to AID/SHM targeting remains
unknown.

5 Abbreviations used in this paper: AID, activation induced deaminase; DIVAC, diversification activator; SHM, somatic
hypermutation; GCV, Ig gene conversion; IgV, g variable region; IgL, Ig light chain; CSR, class switch recombination; Pol I, RNA
polymerase II; ChIP, chromatin immunoprecipitation; '¥'V, pseudo-variable gene segment.
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Several groups have taken advantage of the relatively small size of the chicken /gL locus,
and the ease of manipulating the genome of the DT40 chicken B cell line (32), to search for
lgL-associated DNA elements capable of targeting AlD-mediated sequence diversification
activity. Collectively, these studies indicate that sequences downstream of the chicken /gL
constant region (C) exon function as a diversification activator (DIVAC) element, capable of
conferring AlD-mediated GCV/SHM on a nearby transcription unit driven by the IgV
promoter or a heterologous promoter (33—-38). DIVAC is active in multiple locations in the
DT40 genome (34, 36) and contains evolutionarily conserved sequence elements (38) and
binding sites for a number of transcription factors, some of which have been suggested to be
relevant to DIVAC function (35, 37, 38). These studies, however, did not converge on
particular sequence motifs or protein factors that account for DIVAC function. Furthermore,
the mechanism of action of DIVAC is not understood at even a simplistic level, although it
is clear that DIVAC contains functions beyond those of a transcriptional enhancer (38).

In this study, we used an established SHM assay involving a heterologous expression
cassette targeted to the /gL locus of DT40 cells (34) to identify DNA sequences downstream
of the chicken /gL C exon critical for DIVAC function. This allowed us to define a 1928 bp
composite element with strong DIVAC activity, which we refer to as DIVAC 1928.
Extensive deletion and mutation analyses revealed that functionally important elements are
broadly dispersed throughout DIVAC 1928, and also identified two "core" regions that are
particularly important for DIVAC function. Chromatin immunoprecipitation (ChlP)
experiments demonstrate that DIVAC increases levels of serine-5 phosphorylated Pol Il
within the mutating region, but doesnot alter many other parameters of the cassette including
levels of activating and repressive epigenetic modifications or the Pol 11-associated factor
Spt5. The striking dispersion of DIVAC function throughout DIVAC 1928 and the DIVAC
core regions strongly suggests that multiple DNA sequences, and possibly multiple protein
factors, collaborate to recruit and activate the mutation machinery during SHM/GCV and
helps explain why the precise definition of SHM targeting elements has proven so elusive.

Materials and Methods

Targeting Constructs

Cell Culture

Targeting constructs were derived by modifying the plgL(-)GFP2 plasmid (34). Test DNA
fragments were PCR amplified using Phusion polymerase (New England Biolabs) and
cloned into unique Nhell Spelsites in plgL(=)GFP2 (primers and DNA templates,
Supplemental Table 1A). Fragment deletions depicted in Figs. 2—7 were assembled by PCR.
Primer sets were made to include the sequence 5 of the deletion (Reaction 1:F1/R1 primer
set) and 3 of the deletion (Reaction 2:F2/R2 primer set) where roughly 15 bp of the R1 and
F2 primers overlap (Supplemental Table 1A). PCR was performed using Phusion
polymerase and products were separated on a 1% agarose gel. Desired products were
excised and extracted using the QlAquick gel extraction kit (Qiagen), and 0.2 pL of the gel
extraction products for reaction 1 and reaction 2 were used as template in a third assembly
reaction using the F1/R2 primers. Correct orientation and assembly of all test DNA
fragments were confirmed by sequencing. 2b-2 fragment multimerization was accomplished
by ligating 2b-2 digested with Nhel/Spelin the plgL(-)GFP2 2b-2 vector digested with
Nhel. The resulting plgL(-)GFP2 2x 2b-2 vector was then digested with Nhel/Spel to
release a 2b-2 dimer, which was then ligated into a plgL(-)GFP2 2x 2b-2 vector digested
with Nhel.

Cells were cultured in RPMI-1640 with 10% fetal bovine serum, 1% chicken serum, 2 mM
L-glutamine, 0.1 mM B-mercaptoethanol and penicillin/streptomycin at 41°C with 5% CO,.
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Transfections were performed by electroporating 107 cells with 40 pg linearized plasmid
DNA at 25 wF and 700 V (Bio-Rad Gene Pulser). Stable transfectants were selected with
10-15 pg/ml blasticidin (Invitrogen) for 6-8 days and subsequently screened by duplicate
plating in 1 pg/ml puromycin (Sigma) to confirm deletion of the puromycin resistance gene
within the rearranged /gL locus. Genotypes of clones with targeted integration were
confirmed by PCR of the targeting construct and VJ intervening sequence of the
unrearranged locus as previously described (34). The IgL(-)GFP2 (yV-lgL~CFP2),
IgL(-)GFP2 W (yV-IgLW:GFP2) "and IgL(+)GFP2 AID-/- (ywV~IgL®FP2), and

vV IgL~puroR DT40 cells have been described previously (34).

Flow Cytometry

GFP levels for each targeting construct were assessed by FACS (FACS Calibur, BD
Bioscience) for at least two independent targeted transfectants. These primary targeted
transfectants were subcloned by limiting dilution and at least 12 subclones for each primary
transfectant were analyzed on day 14 post-subcloning (with the exception of subclones in
Figs. 2b, and 4, which were analyzed on day 21 post-subcloning). At least 100,000 events
were collected, and the gate for GFP low/negative cells was drawn one log below the mean
fluorescence intensity for the main population of green fluorescent cells (FlowJo software).
Subclones where more than 50% of live cell events fell into the GFP low or negative gate
were excluded from analysis due to the possibility of expansion of a precursor cell
expressing mutated GFP at the time of subcloning (34).

Chromatin Immunoprecipitation

Antibodies used for ChlP analysis were: H3K4me3 (04-745, Millipore), H4ac (06-866,
Millipore), H3K9ac (06-942, Millipore), H3K9me3 (ab8898, Abcam), Ub-H2B (05-1312,
Millipore), H3K79me (ab3594, Abcam), Pol Il (sc-899x, Santa Cruz Biotechnology), RNA
Pol 1l CTD PhosphoS2 (ab5095, Abcam), RNA Pol 1l CTD PhosphoS5 (ab5131, Abcam),
Cdk9 (sc-8338, Santa Cruz Biotechnology), and normal rabbit 1gG (12-370; Millipore). A
polyclonal rabbit anti-Spt5 antibody (39) was a generous gift from Dr. Yuki Yamaguchi,
Tokyo Institute of Technology, Japan.

ChIP was performed as described previously (40), with modifications. Briefly, cells were
cross linked with 1% formaldehyde, quenched with 0.125 M glycine, then washed and
resuspended in RIPA buffer (10 mM Tris [pH 7.4], 1 mM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate, and 0.1% SDS) containing 0.5 M NaCl. Sonication was performed
using a water bath sonicator (Diagenode), precleared with Protein G Dynabeads
(Invitrogen), and chromatin from roughly 15 x 106 cells was incubated with specific
antibody or normal rabbit IgG overnight at 4°C (an aliquot of 10% of the chromatin volume
of an IP was set aside as the input sample). Immune complexes were isolated after a 3 hour
incubation at 4°C with Protein G Dynabeads and extensive washing [twice for 10 minutes
with each of the following buffers: RIPA, 0.125 M NaCl RIPA, 0.5 M NaCl RIPA, LiCl
buffer (0.25M LiCl, 0.5% NP-40, 0.5% sodium deoxycholate), and TE (10 mM Tris-CI [pH
7.5], 1 mM EDTA)]. After crosslink reversal and DNA purification, duplicate Tagman
gPCR reactions were performed with PerfeCTa qPCR supermix with Ung (Quanta
Biosciences) using company-specified cycling parameters with a 3000 XP thermocycler
(Stratagene) (primer pairs and probes, Supplemental Table 1A). IP/Input.y, Was calculated
as [(IPsp = 1Pyg)/Input] x 1000, where 1Ps, and IPy g are the amount of DNA recovered in
IPs with specific antibody and rabbit 1gG, respectively. Normalized signal was calculated by
dividing the IP/Inputcq,, for a test PCR region by the IP/Inputce,, calculated for -y-Actin with
the same antibody. Two-tailed unpaired t tests were used in Fig. 8 to compare data for
IgL(-)GFP2 versus IgL(-)GFP2 W and IgL(+)GFP2 AID—/- at PCR regions a—f and to
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compare data for region e versus region f using the combined data for IgL(-)GFP2 W and
IgL(+)GFP2 AID—-/-.

RT-PCR Analysis

Results

Total RNA was isolated from 5 x 10% DT40 cells using the RNeasy Mini Kit (Qiagen). RNA
concentration was measured using a NanoDrop spectrophotometer (Thermo Scientific) and
1 ng RNA was treated with RNase-free DNase | (Invitrogen) and reverse transcribed using
Superscript Il (Invitrogen) primed with random hexamers. Tagman gPCR reactions were
performed in duplicate using PerfeCTa qPCR supermix with Ung (Quanta Biosciences) and
company-specified cycling parameters with 50 ng of first-strand product (primers and
probes, Supplemental Table 1B). The starting quantity of the initial cDNA sample was
calculated from primer-specific standard curves with the 3000 XP thermocycler (Stratagene)
data-analysis software. cDNA values were normalized by dividing the calculated amount of
input cDNA for GFP by the calculated input cDNA of 18S rRNA in each sample.

DIVAC Assay

To assess DNA sequences for DIVAC function, we took advantage of a previously
developed assay in which a heterologous expression cassette, flanked by the DNA sequence
of interest, is inserted into the /gL locus of DT40 cells (34). The expression cassette, termed
GFP2, consists of the strong, enhancer-independent Rous Sarcoma Virus promoter driving
expression of GFP, followed by an internal ribosome entry site, the blasticidin resistance
gene and an SV40 virus polyadenylation signal (Fig. 1A). To perform the assay, a targeting
vector containing GFP2, the test fragment, and appropriate homology arms, is transfected
into the ywV~IgL"puro” DT40 cell line, in which the entirety of the chicken /gL locus has
been deleted and replaced by a puromycin resistance gene (Fig. 1A), and which
constitutively expresses AID (34). Homologous recombinants are identified as blasticidin-
resistant, puromycin-sensitive clones, with proper insertion into the recombined /gL allele
confirmed by PCR. At least two independent primary transfectants for each targeting vector
were subcloned, and GFP expression assessed by flow cytometry in multiple subclones 14—
21 days later. The frequency of cells with decreased GFP fluorescence (hereafter, “GFP
loss”) provides a sensitive measure of the mutation frequency of GFP (34).

We confirmed that cells containingGFP2 without any flanking /gL sequences (cell line
IgL(—)GFP2) exhibit very little GFP loss, with median frequencies <0.1% 21 days after
subcloning (Figs. 1B and 2B) and <0.06% 14 days after subcloning (Fig. 2D). The data
presented here were derived from cells cultured for 14 days after subcloning except that of
Figs. 1B, 2B, and 4B, which derive from 21 day cultured cells. We observed a reproducible
approx. two-fold increase in median GFP loss frequencies between days 14 and 21 of culture
(data for 2b-2 in Figs. 2B and 3B, and data not shown). If GFP2 is flanked by the 9.8 kb
“W” fragment (spanning /gL sequences downstream of the V| promoter; Fig. 1A), or by a
subfragment of W with strong DIVAC function (e.g., the first panel of Fig. 1B), median
GFP loss is increased at least 100 fold (Fig. 2D). In the absence of AID, GFP loss is reduced
to extremely low levels (<0.005% at 14 days of culture) even when GFP2 is flanked by the
entirety of the W fragment (IgL(+)GFP2 AID-/- in Fig. 1B and Fig. 2B and D). Our data,
combined with that reported previously (34), demonstrate that in this assay system, mutation
of GFPand GFP loss are strongly dependent on DIVAC sequences and AID.

Importantly, the effects of DIVAC and AID on GFP loss and GFP mutation are not due to
changes in levels of GFPtranscription. GFP fluorescence levels of the main GFP*
population do not vary substantially depending on the presence or absence of a test fragment
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flanking GFP2, the length or nature of the test fragment, or the presence or absence of AID
((34), Fig. 1B, and data not shown). Furthermore, direct measurement of GFPtranscript
levels showed no differences between IgL(-)GFP2 cells (no test fragment), IgL(-)GFP2 W
cells (W as a test fragment), and IgL(+)GFP2 AID-/- cells (W sequences flanking GFP2
but no AID) (Fig. 1C, first three bars). GFPtranscript levels showed at most small variations
in the other transfectants examined (Fig. 1C), and these variations did not correlate with
DIVAC function or with the particular test fragment they contained. Finally, GFPtranscript
levels were previously shown to be equivalent between sorted GFP-high and GFP-low
populations, demonstrating that GFP loss is not due to down regulation of GFPtranscription
(34).

Strong DIVAC function arises from synergy between discrete DNA elements

We focused our analysis on a 4.4 kb region starting downstream of the /gL C exon and
terminating within a CR1 retrotransposon element (Fig. 2A) based on a previous low
resolution deletion analysis of the W fragment (34). The 4.4 kb region was divided into three
1.5-1.6 kb fragments with 100 bp overlaps at their ends (fragments 1, 2, and 3; Fig. 2A),
which were individually tested for DIVAC function. Fragment 1 was devoid of activity,
while fragments 2 and 3 were active (Fig. 2B) but at levels well below that seen for W (Fig.
2D). Strikingly, either the entire 4.4 kb region (DIVAC 1-3) or a combination of fragments
2 and 3 (DIVAC 2-3), yielded levels of GFP loss that were nearly equivalent to that
supported by the entire W fragment (Fig. 2D) and were substantially higher than the sum of
the activities of the individual fragments (note that the results for the individual fragments in
Fig. 2B are from day 21 while those for the combined fragments in Fig. 2D are from day
14). These results indicate that sequences in fragments 2 and 3 synergize with one another to
yield strong DIVAC function.

To confirm that the high levels of GFP loss driven by DIVAC 2-3 were accompanied by
frequent point mutations in GFP, we cultured IgL(-)GFP2 2-3 and IgL(-)GFP2 cell lines
for 21 days and sequenced a 1217 bp region spanning GFP. As expected, IgL(-)GFP2 cells
(which contain no DIVAC element) showed little evidence for mutation (5.7 x 107>
mutations/bp), while IgL(-)GFP2 2-3 cells exhibited a mutation frequency of 1.28 x 1073
mut/bp, similar to the frequency of 1.24 x 1073 mut/bp reported previously for IgL(+)GFP2
cells (which contain all W sequences) cultured for six weeks (34) (Fig. S1). The mutation
spectrum in IgL(-)GFP2 2-3 cells was similar to that of IgL(+)GFP2 cells, with almost all
mutations occurring at G and C residues and C mutations being biased toward C—G
transversions. DIVAC2-3 supported an increased frequency of G—A mutations compared
to W (Fig. S1), which might be due to the smaller sample size in our analysis and
differences in the size of the region sequenced. We conclude that DIVAC 2-3 has activity
roughly comparable to that of W as assessed by GFP loss and point mutation of GFP.

Deletion analysis to identify minimal DIVAC sequences

We then performed deletion experiments to localize DIVAC function in fragments 2 and 3.
Fragment 2 was divided into three overlapping fragments (2a, 2b, and 2c), and essentially all
GFP loss activity was found associated with 2b (Fig. 2B). This suggests that fragments 2a
and 2c lack functionally important elements, a conclusion further supported by the finding
that deletion 2a, 2c, or 2a and 2c had no effect on the activity of DIVAC 2-3 (samples 2—
3A2a, 2-3A2c, and 2-3A2a/2c, Fig. 2D). Subdivision of 2b into fragments 2b-1, 2b-2, and
2b-3 revealed that most activity resided in 2b-2, which, like fragment 2b, was as active as
the entirety of fragment 2 (Fig. 2B). Fragment 2b-2 is therefore a small (316 bp) region with
detectable DIVAC function (> 10x above background), although it contains only about 10%
as much activity as DIVAC 2-3.

J Immunol. Author manuscript; available in PMC 2013 June 01.



1dudsnueiy Joyiny [INHH

1dudsnuey Joyiny [INHH

L
L
=
>
=
=
e
<
)
S
c
*
Q
5

Kobhler et al.

Page 7

When a series of six approx. 50 bp deletions were made through the entirety of the 2b-2
element (Fig. 3A), GFP loss activity was found to be most reduced in the A101-150 and
A202-254 deletions (Fig. 3B). A 154 bp fragment spanning these two deletion intervals and
the intervening DNA (2b-2 154) was as active as 2b-2 (Fig. 3B), and therefore contains
elements with DIVAC function. This 154 bp sequence contains an E-box motif (CAGCTG),
an NF-xB binding site, and a binding site for the transcription factors PU.1 and IRF4 termed
the Ets-IRF composite element (EICE) (Fig. 3A). This NF-xB site (35) and EICE element
(37) have previously been suggested to contribute to DIVAC function, and considerable data
link E boxes to SHM (see Introduction). Further analysis of the role of these individual
motifs was difficult because of the low level of GFP loss associated with the 2b-2 fragment.
We are currently developing a more sensitive DIVAC assay with which to identify
functionally important motifs in DNA fragments with low activity. Interestingly, a 4x
multimer of the 2b-2 fragment exhibited an average of approx. 1.5% GFP loss, more than
three-fold higher than the 0.4-0.45% GFP loss seen with a single copy of 2b-2 (Fig. 3B).
This suggests that DIVAC function can be modulated in an additive fashion, with the
number of active DNA motifs, not just the presence of the motifs, being important.

Since much of 2b-2 lies within the chicken /gL enhancer, we tested mouse Igx locus
enhancers (iEx, 3"Ex)and mouse IgA locus enhancers (EA2-4, EA3-1) for DIVAC function.
These enhancers supported low levels of GFP loss, ranging from slightly above background
to similar to that of 2b-2 in the case of 3"Ex (Fig. S2). This argues that the murine enhancers
are not strong DIVAC elements in DT40 cells by themselves, but leaves open the possibility
that they can collaborate with other sequences to target SHM to Ig light chain genes.

Fragment 3 was also subjected to deletion analysis to identify regions important for DIVAC
function. Analysis of three overlapping fragments spanning all of fragment 3 except CR1
sequences (3a, 3b, and 3c; Fig. 4A) revealed that only fragment 3c exhibited substantial
activity, but at levels well below the entirety of fragment 3 (Fig. 4B). Deletion of 3a (3Aa)
or 3b (3Ab) from fragment 3yielded regions with slightly more activity than 3c, while
deletion of 3c and CR1 sequences (3a+h) resulted in loss of most activity. (Fig. 4B). Adding
CR1 sequences to 3c (3c3) did not enhance activity, and a fragment spanning all of CR1
(PG) did not have substantial activity (Fig. 4B). Together, these results indicate that
functionally relevant DNA sequences are dispersed in fragment 3, with fragment 3c
containing particularly important DNA elements that require other sequences, likely within
both fragments 3a and 3b, to attain the full DIVAC function found in fragment 3. The idea
that functionally important elements are dispersed in fragment 3 is supported by deletion
analyses carried out in the context of DIVAC 2-3, where deletion of most of fragment 3 (2—
3AN), or the 3’ portion of fragment 3 (2-3A3’N), or 5" sequences of fragment 3 (2—
3A5’N), resulted in a substantial drop in GFP loss, while deletion of only the CR1
sequences (2-3ACR1) did not (Fig. 2D).

Broad dispersion of the elements contributing to DIVAC function

The data described above indicate that DIVAC 2-3 requires sequences in both fragments 2
and 3 for strong activity, that the activity of fragment 2 resides within the central part of
fragment 2b, and that sequences from regions 3a, 3b, and 3c are important for the DIVAC
function of fragment 3. In an attempt to create a smaller fragment that retained strong
DIVAC function, the unique sequences of fragment 2b (those not contained in the overlap
with 2a or 2¢) were combined with most of fragment 3 (lacking the overlap with fragment 2
as well as CR1 sequences) to create DIVAC 1703 (Fig. 5A and Fig. S3A). In Fig. 5A and
Fig. 6A, certain transcription factor recognition motifs are depicted to serve as landmarks.
This includes E boxes, which are broken down into those conforming to the motif CASSTG
(S=G or C), which has been demonstrated to be the preferential binding site for £2a-encoded
proteins (41), and those that do not conform to this motif.

J Immunol. Author manuscript; available in PMC 2013 June 01.
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DIVAC 1703 was found to confer 3-4% GFP loss in our assay (Fig. 5B), less than the 4-7%
observed with DIVAC 2-3. A series of approx. 200 bp deletions was created across the
entirety of the 1703 bp fragment to localize important DNA motifs. Two deletions strongly
affected GFP loss: A201-400, with a 25-30 fold reduction in activity, and A1201-1400,
with an approx.8-fold reduction in activity (Fig. 5B). Intriguingly, the A201-400 deletion
spans the 2b-2 154 fragment, illustrating that this small region not only has activity on its
own, but is also critical for the function of a larger, more active element. The relatively
strong effect of the A1201-1400 deletion, which includes the 5" 150 bp of fragment 3c,
suggests that this portion of 3c contains important DNA sequences. However, decreased
activity was also seen with A1001-1200 (removing part of 3b) and A1401-1703 (removing
the 3" part of 3c), again supporting the idea that multiple elements in fragment 3 contribute
to DIVAC function. The A401-600 deletion also reduced activity somewhat. The strong
loss of activity seen with A201-400 and A1201-1400 further supports the idea that
sequences from fragments 2 and 3 work together synergistically to constitute DIVAC
function. However, the data argue that DNA motifs outside of A201-400 and A1201-1400
also contribute to DIVAC function.

In an attempt to create a fragment smaller than DIVAC 2-3 but that retained its full activity,
we joined all of fragment 2b (including the overlap with 2a and 2c) to fragment 3 (lacking
CR1 sequences), to create DIVAC 1928 (Fig. 6A and Fig. S3B). DIVAC 1928 (4.3-6.7%
GFP loss; Fig. 6B) was found to be as active DIVAC 2-3 (4.0-6.9% GFP loss; Fig. 2D). In
an attempt to identify with greater resolution the DNA motifs responsible for DIVAC
function, a series of eighteen 50 bp deletions were made across DIVAC 1928 (Fig. 6A),
focusing on the regions suggested by the data of Fig. 5B to be most important for function.
Remarkably, almost every 50 bp deletion caused at least a moderate drop in the frequency of
GFP loss (Fig. 6B), suggesting that functionally relevant sequences are distributed broadly
in DIVAC 1928. Two regions were identified in which deletions caused the greatest loss of
DIVAC function: A1-A3 and A10-A16. A1-A3 corresponds closely to2b-2 154 (Fig. 3A)
and lies within the A201-400 interval (Fig. 5A), whileA10-A16 lies within fragment 3c
(Fig. 4A) and the A1201-1400 and A1401-1703 intervals (Fig. 5A). Based on these data,
we defined functionally important “core” regions of fragments 2 and 3 as the F2 core
(A201-400) and the F3 core (350 bp spanned by A10-A16).

The analysis of DIVAC 1703 indicated that sequences from 1-200 and 601-1000
contributed little to DIVAC function in this context (Fig. 5B), while the analysis of DIVAC
1928 indicated that A17 and A18 did not reduce activity substantially (Fig. 6B). However,
deletion of all of these apparently unimportant sequences from DIVAC 1928 reduced
activity substantially, to approx. 2.1-2.7% GFP loss (data not shown). We have thus far not
been able to identify a DNA fragment substantially smaller than DIVAC 1928 that retains
high levels of activity.

A critical role for the F2 and F3 core regions

To determine the extent to which the F2 and F3 core regions contribute to the activity of
large, highly active DIVAC elements, they were deleted either individually or in
combination from DIVAC 1-3 and DIVAC 2-3 (Fig. 7A). In both contexts, deletion of
either core alone reduced activity, and deletion of both cores resulted in a nearly complete
loss of activity (Fig. 7B). Similarly, deletion of the F2 core or a critical portion of the F3
core (the 1201-1400 region) from DIVAC 1928 reduced the frequency of GFP loss (the
double core deletion was not tested in this context) (Fig. 7A, B). In all three contexts,
deletion of the F3 core caused a greater loss of activity than deletion of the F2 core. These
results demonstrate that when the core regions are removed, the remaining sequences (nearly
3.9 kb in the case of DIVAC 1-3) have no ability to support AID-mediated sequence
diversification, and hence that the core regions play essential roles in DIVAC function. To
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determine whether the core regions are sufficient for strong DIVAC function in a smaller
fragment, they were combined together with some flanking DNA sequences to yield DIVAC
751 (Fig. 7A). DIVAC 751 (2.6-3.0% GFP loss) was approximately halfas active as DIVAC
2-3 (Fig. 7B). We conclude that sequences outside of the core regions contribute to DIVAC
function.

DIVAC and epigenetic modifications

To begin to explore the mechanism by which DIVAC functions, we tested the hypothesis
that DIVAC alters levels of epigenetic modifications within the mutation cassette, taking
advantage of the availability of cell lines harboring identical GFP2 transcription units either
flanked or not flanked by W sequences. ChIP experiments were performed using three cell
lines: IgL(-)GFP2 (no DIVAC sequences), IgL(-)GFP2 W (W sequences flanking GFP2),
and IgL(+)GFP2 AID-/- (W sequences flanking GFP2, lacking AID). Six different regions
of the locus were analyzed (Fig. 8A), four in the GFP2 cassette and two within the F2 or F3
cores. (Note that in IgL(-)GFP2 cells, W sequences are assessed only on the unrearranged
IgL allele, while in IgL(-)GFP2 W and IgL(+)GFP2 AID—/- cells, W sequences are present
on both the GFP2 knockin allele and the non-rearranged IgL allele.) We analyzed six histone
modifications—H3K4me3, acetylated H4 (H4ac), acetylated H3 lysine 9 (H3K9ac), H3
lysine 9 trimethylation (H3K9me3), mono-ubiquitinated H2B (Ub-H2B), and H3 lysine 79
dimethylation (H3K79me2)—based on previous data linking them to AlD-mediated
diversification processes and transcription (29, 42—49). Values were normalized to the signal
obtained from the -y-actin gene, a well expressed gene whose modifications should be
similar in the three cell lines. Statistical analyses (see Materials and Methods) were used to
compare signals from IgL(-)GFP2 cells to both the IgL(-)GFP2 W and IgL(+)GFP2 AID-/
- cells, and to compare the signals obtained at the two core regions for cell lines containing
W sequences adjacent to GFP2.

H3K4me3, H4ac, and H3K9ac are marks of open, transcriptionally active chromatin that
have been suggested to enhance AlD-mediated diversification processes (29, 42-45). We
did not observe significant differences in the levels of these marks at any region of GFP2
between IgL(-)GFP2 cells (white bars) and IgL(-)GFP2 W (black bars) or IgL(+)GFP2
AID-/- cells (hatched bars) (Fig. 8B, C, D). Levels of H3K4me3 were, however, higher at
the F3 core than the F2 core (Fig. 8B), as were levels of H4ac (Fig. 8C). H3K9me3, a
repressive mark generally found in heterochromatin, is found in S regions undergoing CSR
(46) where it is thought to facilitate the recruitment of AID (47). No DIVAC-dependent
differences in levels of H3K9me3 were detected in GFP2, and this mark was virtually
undetectable at the F2 and F3 core regions (Fig. 8E). Ub-H2B is a consequence of
transcriptional activation (50) and affects the movement of Pol Il through a coding region by
directing di- and tri-methylation of H3K4 and H3K79 (51). Ub-H2B and Ub-H2A were
previously found associated with AlD-targeted loci in a human cell line and with S regions
in stimulated primary mouse B cells (48). Low levels of Ub-H2B were found at the
promoter and GFP coding region while higher levels were seen at the /RES and Bsr
segments of GFP2; however, none of the signals exhibited a dependence on the presence of
DIVAC (Fig. 8F). H3K79me2 marks intragenic regions of actively transcribed genes and is
associated with transcription elongation (49). Relatively low and comparable levels of
H3K79me2 were seen at the promoter and GFFcoding region in the three cell lines, with
higher levels detected at the downstream elements of the GFP2 cassette, particularly /RES
(Fig. 8G). In addition, /RES displayed significantly higher levels of H3K79me2 in the
absence of W as compared to when W was present (Fig. 9G), raising the possibility that
transcription elongation within IRES is altered by W sequences. It is unclear what feature of
the /RES element dictates its particularly high levels of Ub-H2B and H3K79me2.

J Immunol. Author manuscript; available in PMC 2013 June 01.



Kohler et al. Page 10

In summary, the analysis of six different histone marks failed to reveal any DIVAC-
dependent differences at the promoter or at the GFP gene, where DIVAC-dependent
mutagenesis occurs.

DIVAC and the transcription apparatus

Because of the tight link between transcription and the action of AID, we used ChlIP to
investigate the hypothesis that DIVAC mediates changes in Pol 1l recruitment, promoter
clearance, or transcriptional elongation. The C-terminal domain (CTD) of Pol Il is
hypophosphorylated upon initial recruitment to a promoter and undergoes phosphorylation
at serine 5 (S5P) during promoter clearance by general transcription factors (52). S5P Pol 11
complexes accumulate approx. 40 nt downstream of the transcription start site, partially due
to association with the negative-acting elongation factor complex (NELF) and the DRB-
sensitivity inducing complex (DSIF; composed of Spt4 and Spt5) (53). The release of Pol |1
pausing occurs following a second phosphorylation event on serine 2 (S2P) of the CTD that
is mediated by P-TEFb, a complex containing the kinase Cdk9 (54). P-TEFb also
phosphorylates DSIF, and the combination of S2P Pol Il and phosphorylated DSIF causes
the dissociation of NELF and activation of elongation.

1dudsnueiy Joyiny [INHH

We first used an antibody to the N-terminal portion of Pol Il to measure total Pol Il levels at
the GFP2 cassette and the F2 and F3 core regions. Total Pol Il levels were highest in GFP
and did not vary significantly between the cell lines containing (black or shaded bars) or
lacking DIVAC (white bars) at any of the regions tested (Fig. 8H), consistent with the
similar levels of GFPtranscripts detected in these lines (Fig. 1C). We also assessed levels of
S5P and S2P Pol Il and found that the ChIP signals for these two modifications differed
significantly between the cell lines only within the GFP coding region, where S5P Pol Il was
elevated about two-fold in the presence of DIVAC as compared to its absence, and S2P Pol
Il was also increased in a DIVAC-dependent manner, although only reaching statistical
significance in one of the two DIVAC-containing cell lines (Fig. 8l, J). The DSIF
component Spt5 was recently shown to facilitate interactions between AID and Pol 1l at sites
of Pol Il stalling (8), making it of particular interest in relation to the mechanism by which
DIVAC recruits SHM. There were, however, no significant DIVAC-dependent differences
in Spt5 levels in any of the regions analyzed (Fig. 8K). The P-TEFb component Cdk9 was
also analyzed, revealing a consistent trend of higher levels of Cdk9 in the presence of
DIVAC as compared to its absence, although none of the individual differences were
statistically significant (Fig. 8L).

1dudsnuey Joyiny [INHH

Overall, these experiments indicate that, in the presence of DIVAC, the GFP mutation target
region displays increased levels of the stalled (S5P) form of Pol Il but not of the Pol II-
associated factor Spt5. They also raise the possibility that the presence of DIVAC is
associated with an increase in the pause release kinase Cdk9 and its product S2P Pol II.

Discussion

Properties of DIVAC

We have performed an extensive deletion analysis of DIVAC, a region of the chicken /gL
locus previously implicated in supporting efficient AID-mediated mutation of a flanking
GFPtranscription unit (34). The findings reported here reveal a number of novel features of
DIVAC. First, the nearly 10 kb W fragment can be reduced in size to less than 2 kb (DIVAC
1928) with only modest loss of activity. Second, sequence elements that contribute to
DIVAC function are not found in one small region but instead are widely dispersed. This is
most clearly illustrated by our observation that many different 50 bp deletions in DIVAC
1928 cause a measurable drop in activity (Fig. 6), but is also apparent from deletion analyses
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in the context of relatively small fragments (Figs. 2, 3, and 4) and another large fragment
(Fig. 5). Third, despite the dispersal of functional elements, two relatively small regions of
particular functional significance exist: the 200 bp F2 core spanning the 5" half of the
canonical /gL enhancer, and the 350 bp F3 core that lies downstream of the enhancer, about
1.2 kb away. In several different contexts, deletions affecting the cores are more detrimental
to activity than comparably sized deletions in other regions. Strikingly, while removal of one
of the two cores usually has only a modest effect on activity, deletion of both cores, even in
the context of quite large fragments, virtually eliminates GFP loss activity. These
observations indicate that while other sequences in the fragments analyzed here can partially
compensate for loss of one core, they cannot compensate for the loss of both. We cannot
rule out the possibility that sequences outside of the 4.4 kb DIVAC 1-3 region could
compensate for deletion of both cores. It is also apparent that the consequences of deletion
of the F2 core are context dependent, causing a relatively mild (2—-3 fold) drop in activity in
the context of DIVAC 1-3, DIVAC 2-3, and DIVAC 1928 (Fig. 7B), but a severe (30-fold)
decrease in the context of DIVAC 1703 (Fig. 5B). This indicates that the 225 bp present in
DIVAC 1928 but missing from DIVAC 1703 play an important role in compensating for the
loss of the F2 core. The existence of sequences with redundant function with the F2 core is
further highlighted by the finding that the /gL enhancer (which spans the entirety of the F2
core) was dispensable for GCV/SHM in the context of the entire /gL locus (26).

Fourth, small fragments spanning the individual cores (e.g., 2b-2 and 3c) have quite weak
DIVAC function (about 10% that DIVAC 2-3), but considerably more when juxtaposed in
DIVAC 751 (50% of DIVAC 2-3). This suggests synergy between the F2 and F3 cores, a
notion consistent with our finding that DIVAC 2-3 has much more activity than the sum of
the activities of fragments 2 and 3 (Fig. 2). Such synergy stands in contrast to the roughly
additive increase in DIVAC function seen with a tetramer of fragment 2b-2 (Fig. 3B).
Together, our findings suggest that full DIVAC function is achieved through the additive
action of multiple DNA elements with similar function combined with the synergistic action
of elements with distinct, complementary functions.

One limitation of our study is the difficulty in distinguishing between effects of a deletion
caused by altering the spacing of flanking elements versus effects due to loss of the deleted
sequences themselves. Given the numerous different contexts in which deletion of some or
all of the F2 core or the F3 core causes a substantial drop in activity, it is unlikely that the
cores function primarily as spacers; rather, it is likely that the core sequences are themselves
important for DIVAC function. This is supported by our finding that DIVAC 751, which
contains little besides the cores, has substantial activity. This result with DIVAC 751 also
suggests that the natural spacing between the two cores is not essential for their ability to
cooperate to some extent with one another. Other data, however, are consistent with the
notion that a minimal inter-core spacing is important for maximal activity. Almost any
manipulation that reduces the intercore distance below that seen in DIVAC 1928 results in a
drop in activity, from approx. 5% GFP loss in DIVAC 1928 to 2.5-3.5% GFP loss in A5-
A9 (Fig. 6B), DIVAC 1703 (Fig. 5B), and DIVAC 751 (Fig. 7B). This raises the possibility
that DIVAC 1928 contains a favorable, minimal spacing between the core regions that is
disrupted by deletions between them.

Comparisons with other studies of the DIVAC region

Several previous studies have searched the chicken /gL locus for sequences capable of
directing AID-mediated sequence diversification (26, 33-38). The results of these previous
studies are in general agreement with those reported here in localizing DIVAC function to
the region 3" of the /gL C region. In one set of studies, the most important region was found
to span the enhancer (“Region A” in (35, 37)). Another study identified an important 3’
regulatory region (3’RR) consisting of the 4 kb 3" of the enhancer (33), while a follow up
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analysis identified mutation enhancer elements (MEEs) both 5" and 3" of the
enhancer(5"MEE and 3" MEE) (38). The relationship between these regions and the
sequences identified as important in our experiments is summarized in Fig. 7C. Our finding
that DIVAC is dispersed over many sequences helps explain the failure of previous studies
to converge on a single functional element.

Previous studies implicated NF-xB subunits, IRF4, and the NF-xB and EICE binding sites
located in the /gL enhancer as important for GCV in DT40 cells (35, 37). The results of our
deletion analysis of 2b-2 (Fig. 3) and the location of the NF-xB and EICE sites within the F2
core, are consistent with the idea that these binding sites are relevant to DIVAC function.
Numerous studies have implicated the E box sequence CANNTG and the E box binding
proteins encoded by the £2alocus in SHM/GCYV, both in mouse germinal center B cells and
chicken DT40 cells (19, 27-31). Our data are consistent with this, but also suggest that the
relationship between E boxes and DIVAC function is not a simple one. The A401-600 and
A1201-1400 deletions each remove five E boxes from DIVAC 1703, but the latter reduces
GFP loss activity almost ten fold while the former has less than a two fold effect (Fig. 5);
and in the context of DIVAC 1928, 50 bp deletions that remove one or more E boxes
typically reduce activity, but two of the deletions with the strongest deleterious effects (A2
and A13) do not contain E boxes (Fig. 6).

A recent study by Kothapalli et al. identified a 222 bp region downstream of the /gL
enhancer that substantially increased the frequency of GCV in a stop codon reversion assay
(although it had only a marginal effect on mutation frequency as assessed by DNA
sequencing) (38). This 222 bp region, located within the 3" MEE (38) (Fig. 7C), lies between
the F2 and F3 core elements and spans the junction between the A601-800 and A801-1000
deletion intervals, neither of which had a substantial effect on DIVAC function (Fig. 5B).
Hence we do not detect a major, nonredundant role for the 222 bp region in our assay. Nor
does our data lead us to assign substantial DIVAC function to DNA sequences in the area
designated as the 5" MEE (38) (Fig. 7C). While the MEEs do not correspond to either the F2
core or the F3 core, the precise degree of overlap remains to be determined since the
boundaries of the MEESs have not been mapped.

Methodological differences might help explain the apparent discrepancy between the
sequences that we assign as the DIVAC cores and those assigned as the MEEs. One
important difference is that Kothapalli et al. (38), as well as several other relevant studies in
DT40 cells (35-37), utilized a transcription unit driven by the /gL promoter. This promoter
is strongly dependent on distal sequences for its transcriptional activity (33), while the GFP2
cassette used here and previously (34) does not require other sequences to drive high level
transcription. In some experiments utilizing the /gL promoter, mutations in putative GCV/
SHM regulatory elements altered transcription levels, making effects on GCV/SHM more
complicated to interpret (35, 37, 38). We did not observe substantial differences in
transcription or expression of GFPin the different constructs analyzed, allowing us to
determine the DIVAC function of a particular DNA sequence directly from the GFP loss
activity it supported. Our approach, however, has the disadvantage that it would not detect
potential /gL promoter-specific contributions to DIVAC function. Such promoter-specific
effects might exist given the finding that the /gL promoter supports higher levels of /gL V
region diversification than two heterologous promoters when normalized for transcription
levels (26). One possibility is that the MEEs defined by Kothapalli et al. (38) have an
important function in targeting SHM/GCYV specifically in the context of the /gL promoter.
We note that test fragments in our assay are located upstream of the GFP2 promoter, while
they lie downstream of the transcription unit in /gL. However, this seems unlikely to be a
relevant parameter given that GFP loss frequencies were similar when GFP2 was inserted 15
kb upstream or 26 kb downstream of the chicken /gL locus (34).

J Immunol. Author manuscript; available in PMC 2013 June 01.



1dudsnueiy Joyiny [INHH

1dudsnuey Joyiny [INHH

L
L
=
>
=
=
e
<
)
S
c
*
Q
5

Kobhler et al.

Page 13

We observed low levels of DIVAC function associated with mouse 1g light chain enhancers
(Fig. S2). Interestingly, the mouse 3’ Ex enhancer showed activity comparable to that of
fragment 2 and small fragments derived from fragment 2 (e.g., 2b-2 and 2b-2 154), which
span or represent a portion of the chicken/gL enhancer (Figs. 2B and 3). Given that fragment
2, or portions of it, are able to synergize with other sequences to create a highly active
DIVAC element, it is possible that mouse Ig light chain enhancers also play a significant
role, in concert with other sequences, in directing SHM to mouse 1g V regions. A recent
study found that the mouse iEx and 3"Ex enhancers did not have substantial GCV/SHM
targeting activity when assessed in conjunction with the /gL V promoter in DT40 cells (55).
Our ability to detect DIVAC activity associated with theses sequences might be due to the
greater sensitivity of our assay. We have not been able to identify regions of extended
sequence similarity between chicken DIVAC sequences and mouse or human Ig loci. The
possibility that mouse light chain gene enhancers contribute to DIVAC function warrants
further investigation.

While our analysis represents by far the most extensive deletion and mutation analysis of
DIVAC sequences to date, it does not exclude the possibility that sequences outside of
DIVAC 1-3 also have DIVAC (mutation enhancer) activity. Indeed, our finding that
sequence elements that contribute to DIVAC function are broadly dispersed renders this
possibility likely.

Mechanism of action of DIVAC

DIVAC might act to increase AlD-mediated diversification of a nearby transcription unit by
multiple different mechanisms, including AID recruitment, AID activation, rendering the
transcribed DNA a better substrate for AID, and/ortilting the balance of deoxyuracil repair
in favor of pathways that have a mutagenic outcome over those that result in high-fidelity
repair. Despite extensive efforts, we have thus far been unable to detect AID binding
reproducibly within the GFP2 cassette by ChIP (in the same cell lines used for the ChIP
analyses of Fig. 8), and hence have not been able to evaluate the hypothesis that DIVAC
acts to recruit AID. A previous study detected a small (approx. 2 fold) increase in AID
recruitment to the chicken /gL locus attributable to Fragment A (Fig. 7C) using an assay
involving an AID-DAM methylase fusion protein (36). We note that IgL(-)GFP2 cells
(which express AID) exhibit GFP loss frequencies that, while very low, are consistently an
order of magnitude higher than in IgL(+)GFP2 AID-/- cells (Figs. 2, 4, 5, 6, 7). This
suggests that AID is recruited to GFP2, at least at low levels, in the absence of DIVAC, and
is consistent with the finding that AID associates at low levels with thousands of active
promoters in ex vivo activated splenic B cells (11).

How does DIVAC facilitate mutation of a nearby transcription unit? Our data indicate that
in our system it does not function by increasing transcription, as measured by steady state
RNA levels, GFP fluorescence levels, or total Pol Il association. Nor does it modulate the
levels of six different covalent histone modifications within GFPthat have previously been
linked to SHM/CSR. We also do not see DIVAC-dependent differences in the levels of Spt5
associated with GFP2, which indicates that DIVAC is unlikely to act by increasing Spt5
recruitment. While epigenetic marks and Spt5 are likely to be important for SHM/GCV, our
data indicate that an active transcription unit associated with Spt5, H3K4me3, and H3 and
H4 acetylation is not sufficient for efficient SHM. We do observe that levels of S5P Pol |1,
the form associated with transcriptional pausing, increase significantly in GFPin a DIVAC-
dependent manner. The DIVAC-mediated increase in S5P Pol Il does not appear to be a
consequence of the action of AID since it is observed equally in AlD-sufficient and AID-
deficient cells (Fig. 81). Given the growing link between the action of AID, paused or stalled
RNA Pol 11, and single stranded regions of substrate DNA (7, 8, 11, 42, 56-59), it is
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conceivable that the increase in S5P Pol 11 reflects DIVAC-dependent perturbations of
transcriptional elongation that assist in the generation of a suitable substrate for AID.

One appealing model is that DIVAC acts through the recruitment of trans-acting factors. If
this is the case, then our data suggest that there are likely multiple relevant binding sites
dispersed over the DIVAC region. There are 20 E boxes in DIVAC 1928, and as noted
above, some deletions that reduce activity contain E boxes and others do not (Fig. 6). An
important challenge for the future will be to determine to what extent E boxes, and non-E
box sequences, contribute to DIVAC function. While our data are broadly consistent with an
additive contribution of multiple DNA motifs to DIVAC function (e.g., the increase in
activity seen upon multimerization of 2b-2; Fig. 3B), they are also suggestive of regions
with distinct and synergistic activities (e.g., fragments 2 and 3; Fig. 2). In this regard, it is
noteworthy that the F2 and F3 cores were found to immunoprecipitate with distinct factors
and epigenetic marks—the F2 core with RNA Pol Il, and the F3 core with Cdk9, acetylated
H4, H3K4me3—perhaps reflecting distinct contributions to DIVAC function. An interesting
possibility raised by our findings is that DIVAC is constructed from well known
transcription factor binding sites, with Ig locus specificity achieved through the
arrangement, number, and density of these binding motifs. A corollary of this is that the
preferential mistargeting of SHM to particular non-1g loci (19) might be the result of the
presence of "degenerate” DIVAC elements in such loci.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The DT40 DIVAC experimental system

(A) Upper part: Schematic diagram of the yV/"/gL locus. Exons for /gL (leader (L), VJ, and
constant (C)) and the surrounding genes VpreBand CAXV (carbonic anhydrase XV;
predicted) are depicted as black boxes. The /gL enhancer and chicken repeat region 1(CR1)
are shown as an open circle and open square, respectively. The location of the W Fragment
(34) (GenBank accession no. FJ482234) is depicted with a line below the main diagram. The
position and size of each of these elements are drawn to scale. Lower part: Map of the
‘empty’ /gL locus in the yV~lg~puroR cell line, targeting construct including the GFP2
reporter, and /gL locus after targeted insertion of the GFP2 reporter are shown. (B) FACS
analysis of representative primary transfectants (21 days of culture) for the indicated
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targeting constructs. (C) Transcript levels of the GFP coding region assayed by Tagman
quantitative RT-PCR. Bars show average signals for GFP transcripts from two
independently derived RNA samples from each cell line, with standard error of the mean
(SEM) indicated. Transcript levels were normalized to the 18S rRNA signal for each
respective sample.
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Figure 2. Localization of DIVAC activity within the W fragment

(A,C) Schematic diagram of the region 3" of the chicken /gL locus. The constant region
exon, /gL enhancer, and CR1 element are shown. The position and length of each DNA
fragment tested are specified below the locus diagram, with dotted lines indicating missing
sequence. Position and size of the subfragments are drawn to scale. Note that fragment 1-3
was discovered to contain a small (approx. 100 bp) duplication of sequences from the 3" end
of fragment 1, inserted at the position indicated in panel (C). (B, D) Fluctuation analysis of
GFP loss in subclones. Each circle represents percent GFP loss for one subclone and the
median GFP loss value of all subclones from the same primary transfectant is indicated with
a horizontal bar and stated numerically at the top of the graph. The name of the test fragment
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adjacent to the GFP2 cassette, from which each cell line derives its name, is indicated at the
bottom of the graphs. Data in (B) and (D) derive from subclones cultured for 21 and 14
days, respectively. Note that the Y axis for (D) and all subsequent plots of % GFP loss are
depicted on a log scale. In (D), the end point for the deletion in 2-3AN corresponds to the 5’
end of fragment "N" (34), and the deletion removes a region that increased GFP loss activity
in that study.
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Figure 3. Deletion and mutation analysis of fragment 2b-2

(A) Schematic diagram of the location of fragment 2b-2 in the region 3" of the chicken /gL
locus. The 2b-2 fragment is enlarged below and the structures of the various deletion
mutants analyzed are indicated, with dotted lines indicating missing sequence. The positions
of DNA motifs of interest are indicated with symbols, as indicated in the legend to the right.
(B) Fluctuation analysis of GFP loss in subclones with data depicted as in Fig. 2D.
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Figure 4. Deletion analysis of fragment 3

(A) Schematic diagram of the location of fragments 1, 2, and 3 in the region 3" of the
chicken /gL locus. The structures and lengths of the various fragment 3 deletion mutants
analyzed are indicated, with dotted lines indicating missing sequence. (B) Fluctuation
analysis of GFP loss in subclones, with data depicted as in Fig. 2D.
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Figure5. Deletion analysisof DIVAC 1703

(A) Schematic diagram of the location of the DIVAC 1703 fragment in the region 3" of the
/gL locus. The DIVAC 1703 fragment is enlarged below to illustrate the end points of
deletions (black vertical lines) and relevant DNA motifs (see key; S=G or C). Dotted lines
indicate missing sequence. (B) Fluctuation analysis of GFP loss in subclones with data
depicted as in Fig. 2D. The cell lines and test fragments are named for the roughly 200 bp
segment that was deleted from DIVAC 1703.
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Figure 6. Deletion analysisof DIVAC 1928

(A) Schematic diagram of the DIVAC 1928 element with positions of DNA motifs
indicated. Each bar below the DIVAC 1928 line (A1-A18) shows a 50 bp DNA fragment
and associated DNA motifs deleted from the DIVAC 1928 element. (B) Fluctuation analysis
of GFP loss in subclones with data depicted as in Fig. 2D. The cell lines and test fragments
are named for the 50 bp segment that was deleted from DIVAC 1928.
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Figure 7. Analysisof F2 Core and F3 Core DIVAC elements

(A) Schematic diagram of the position of the F2 core and F3 core regions in the region 3" of
the /gLlocus (drawn to scale). The core elements were either singly (AF2 Core or AF3
Core) or doubly (AF2/F3 Core) deleted from DIVAC 1-3 or DIVAC 2-3, and individually
deleted from DIVAC 1928 (the equivalent of the DIVAC 1703 A1201-1400 deletion was
performed for DIVAC 1928 in place of the AF3 Core deletion). Deleted DIVAC core
regions are depicted with gray shading. The A1201-1400 equivalent deletion is shown
below DIVAC 1928. The end points of DIVAC 751, which is made up primarily of the two
core elements, is also shown. (B) Fluctuation analysis of GFP loss in subclones with data
depicted as in Fig. 2D. The DIVAC 1-3, 2-3 and 1928 datasets are the same as those in
Figure 2D, and 6B, respectively, and are shown for ease of comparison. (C) Schematic
diagram of the 3" portion of the /gL locus, drawn approximately to scale, indicating the
location of fragments 1, 2, and 3, the F2 and F3 cores, region A from (35, 37) and the 5°
mutational enhancer element (5" MEE) and 3" MEE from (38). The 222 bp element
identified as functionally important in (38) lies within the 3" MEE. Dashed lines are used to
indicate that the boundaries of the MEEs have not been defined.
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Figure 8. ChlP analysis of histone modifications and the transcription appar atus associated with
GFP2

(A) Schematic diagram of an allele containing the GFP2 expression cassette flanked by the
W fragment. Regions analyzed by PCR are indicated below and the DIVAC core elements
are noted above. (B-L) Levels of each modified histone or transcriptional component
(denoted at the top of each graph) were assessed by ChIP in the IgL(-)GFP2, IgL(-)GFP2
W and IgL(+)GFP2 AID-/- cell lines at the regions specified. IP/Inputq,r values have been
corrected for background and normalized to the input signal as described in Materials and
Methods, and then were divided by the IP/Inputg value obtained at y-actin in the same
ChlIP. Each bar indicates the mean value with SEM shown. Two-tailed unpaired t tests were

L
L
=
>
=1
=y
S}
=
<)
>
=
(7]
Q
2

J Immunol. Author manuscript; available in PMC 2013 June 01.



1duosnue|y Joyiny [NHH

1duosnuey Joyiny [INHH

L
L
=
>
=
=3
Q
<
o
S
c
o
Q
=

Kohler et al.

Page 28

used to compare the data for the IgL(=)GFP2 cell line to that from the IgL(-)GFP2 W and
IgL(+)GFP2 AID-/- cell lines for each PCR region, and to compare signals for PCR regions
e and f. For this latter analysis, data from the cell lines containing the W region on the
rearranged IgL allele (IgL(-)GFP2 W and IgL(+)GFP2 AID—-/-) were pooled for each
region and then compared. Data with statistically significant differences are noted (P<0.001
(***), P<0.01 (**), P<0.05 (*)). (B) H3K4me3 (n=5); (C) H4ac (n=2); (D) H3K9%ac (n=2);
(E) H3K9me3 (n=2); (F) Ub-H2B (n=2); (G) H3K79me2 (n=2); (H) Pol Il (n=3); (I) S5P
Pol Il (n=4); (J) S2P Pol Il (n=3); (K) Spt 5 (n=5); (L) Cdk9 (n=3).
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