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Attenuating homologous recombination
stimulates an AID-induced antileukemic effect
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Activation-induced cytidine deaminase (AID) is critical in normal B cells to initiate somatic
hypermutation and immunoglobulin class switch recombination. Accumulating evidence
suggests that AID is also prooncogenic, inducing cancer-promoting mutations or chromosome
rearrangements. In this context, we find that AID is expressed in >40% of primary human
chronic lymphocytic leukemia (CLL) cases, consistent with other reports. Using a combination
of human B lymphoid leukemia cells and mouse models, we now show that AID expression can
be harnessed for antileukemic effect, after inhibition of the RAD51 homologous recombina-
tion (HR) factor with 4,4’-diisothiocyanatostilbene-2-2'-disulfonic acid (DIDS). As a proof
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of principle, we show that DIDS treatment inhibits repair of AlD-initiated DNA breaks,
induces apoptosis, and promotes cytotoxicity preferentially in AID-expressing human CLL.
This reveals a novel antineoplastic role of AID that can be triggered by inhibition of HR,
suggesting a potential new paradigm to treat AID-expressing tumors. Given the growing list
of tumor types with aberrant AID expression, this novel therapeutic approach has potential

to impact a significant patient population.

In normal B lymphocytes, antigenic stimulation
induces expression of activation-induced cyti-
dine deaminase (AID), which drives somatic
hypermutation and Ig class switch recombina-
tion (CSR; Muramatsu et al., 2000; Chaudhuri
et al., 2003; McBride et al., 2006). AID generates
point mutations and initiates DNA double-strand
breaks (DSBs) in Ig genes and at widespread lo-
cations throughout the genome (McBride et al.,
2006; Robbiani et al., 2009; Staszewski et al.,
2011). Although its expression is normally re-
stricted to activated B cells, AID can also be in-
appropriately expressed in a range of different
malignancies, including lymphoid and myeloid
leukemias (Klemm et al., 2009; Robbiani et al.,
2009; Hancer et al., 2011). Ectopic or constitu-
tive expression of AID in neoplastic cells is
thought to contribute to a tumor-promoting
mutator phenotype because of its widespread
and promiscuous mutational and DNA breakage

K.R. Lamont and M.G. Hasham contributed equally to
this paper.

1021-1033

www.jem.org/cgi/doi/10.1084/jem.20121258

activities (Okazaki et al., 2003; Heintel et al.,2004;
Pasqualucci et al., 2008; Klemm et al., 2009;
Robbiani et al., 2009; Shinmura et al., 2011).
Although the functional significance of AID ex-
pression in tumors is not yet fully understood,
it appears to have prooncogenic activities relat-
ing to tumor initiation, progression, or acquisi-
tion of therapy resistance in some cancers (Kou
et al.,2007; Klemm et al., 2009; Liu et al., 2011;
Shimizu et al., 2012).

Chronic lymphocytic leukemia (CLL), small
lymphocytic lymphoma, and other related lym-
phoproliferative disorders are chronic, usually in-
curable, B lymphoid cancers that are common in
aged populations (Yee and O’Brien, 2006). CLL
and other B cell malignancies are heterogeneous
and clinically variable. Although many patients
exhibit stable disease requiring only watchful
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monitoring, others show aggressive disease, therapy resistance,
and rapid deterioration (Vasconcelos et al., 2003). For CLL
patients requiring treatment, current standard of care involves
rigorous chemotherapy, usually with purine analogues like fluda-
rabine, which can induce temporary remission but rarely achieves
cure (Yee and O’Brien, 2006; Zent and Kay, 2011). Moreover,
current chemotherapy regimens are physically taxing, especially
in elderly patients, exacerbating side effects, contributing to
adverse outcomes, and reducing compliance (Zent and Kay,
2011). In addition, some subsets of patients show poor responses
to standard first line chemotherapies, especially purine ana-
logues (Steurer et al., 2006). Finally, devastating and long-term
side effects can occur even in patients showing a favorable re-
sponse (Yee and O’Brien, 2006; Zent and Kay, 2011). For all
these reasons, new treatment paradigms that selectively target
underlying CLL mechanisms or disease-specific features are
urgently needed.

In mammalian cells, homologous recombination (HR) is a
critical DNA DSB repair pathway. RAD51 is a core HR fac-
tor that mediates DNA strand exchange to initiate the recom-
bination reaction (Shinohara et al., 1992; Sung and Robberson,
1995; Daboussi et al., 2002). RAD51 participates in multiple
subcomplexes, together with a host of paralogous proteins
(RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3)
that collectively define the RAD51 protein family (Kawabata
et al., 2005; Thacker, 2005; Suwaki et al., 2011). We previously
showed that HR is required at multiple stages of normal B cell
maturation (Caddle et al., 2008; Hasham et al., 2010, 2012).
Ablation of the RAD51 paralogue, XRCC2, leads to early
B cell developmental arrest associated with stalled or collapsed
DNA replication forks (Deans et al., 2000, 2003; Sale et al.,
2001; Caddle et al., 2008; Hasham et al., 2010, 2012). In mature
B cells, attenuation of XRCC2 by knockout or knockdown
prevents repair of AlD-initiated genome-wide DSBs and re-
sults in AID-dependent B cell cytotoxicity (Hasham et al.,2010).
These findings suggested to us the possibility that HR attenu-
ation might similarly sensitize AID-expressing neoplastic B cells
to AID-mediated cytotoxicity and thus might represent a novel
therapeutic approach.

As a proof of principle, we focused on CLL, showing that
AID can exert an antileukemic effect when HR is attenu-
ated. We demonstrate that 4,4’-diisothiocyanatostilbene-2-
2'-disulfonic acid (DIDS), an inhibitor of RAD51 complex
formation, potentiates AID-dependent human leukemia cell
cytotoxicity (Ishida et al., 2009). We find that AID is expressed
in >40% of human primary CLL cases and that its expression
may be linked with key clinical parameters such as age at di-
agnosis or likelihood of treatment. Significantly, we show that
AID-expressing primary human CLL cells are acutely and se-
lectively hypersensitized to DIDS, which inhibits the repair of
AlID-dependent DSBs and leads to CLL cell death. Collec-
tively, our findings establish a new biological principle: endog-
enously expressed AID activity can be rendered antineoplastic
by small molecule inhibition of HR. We now define a new
therapeutic paradigm based on this synergistic toxicity prin-
ciple, which is distinct from conventional chemotherapies.
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This approach has the potential to induce tumor cell self-
destruction while minimizing side effects in tissues lacking AID
expression. Given the growing body of evidence for AID ac-
tivity in a range of tumor types, including CLL and other he-
matologic malignancies, this therapeutic concept may be broadly
applicable in a significant range of cancers.

RESULTS

DIDS inhibits RAD51 nuclear import and focus formation
To determine whether the AID-dependent cytotoxicity that
we previously observed in primary mouse B cells (by genetic
knockdown of HR factors) could be mimicked by small mol-
ecules, we performed a differential sensitivity screen for com-
pounds to which AID*/* but not AID™’~ B cells were selectively
sensitive (Fig. 1, A and B). We screened a total of 470 com-
pounds and identified DIDS as a candidate (Fig. 1 B). DIDS
is a disulfonated trans-stilbene derivative that binds to RAD51
and inhibits its DNA binding and strand exchange activities
(Ishida et al., 2009).

To confirm that DIDS inhibits RAD51-mediated DNA
damage repair in B lymphocytes, we evaluated radiosensitivity
in the CH12-F3 mouse B cell lymphoma cell line, with or
without DIDS. CH12-E3 cells were cultured with 0, 50, 100,
or 150 uM DIDS and exposed to either 0 or 2.5 Gy of ionizing
radiation (IR; Fig. 2 A). 2 d after irradiation, viable cells were
quantified for each condition. This analysis revealed DIDS dose—
dependent radiosensitization, with irradiated cells exposed to
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Figure 1. Compound screening for inhibitors of HR identifies DIDS
as a candidate. (A) Schematic of compound screening for inhibitors of HR.
In total, 470 compounds were screened from the NCI Diversity Set. (B) Dif-
ferential plot showing compound screening data for AID** versus AID~/~
cells. Viable cell counts for AID~/~ (y axis) versus AID** (x axis) are plotted,
with each data point representing an individual compound. Compounds to
which AID~/~ cells are more resistant than AID** cells deviate vertically
above the diagonal and are considered “hits.” Data points representing 150 pM
DIDS are shown in red and denoted by arrows (three independent trials).
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150 uM DIDS showing <40% viability relative to DIDS-naive
cells (Fig. 2 A). This radiosensitization by DIDS is consistent
with a DNA repair inhibitory activity.

To measure the extent of HR suppression by DIDS, we
quantified HR activity using a GFP-based recombination re-
porter system in both human U20S and mouse embryonic
stem cells (mES cells; Fig. 2, B-D). In both reporter systems,
cells harbor direct, nonfunctional repeats of the GFP (DR-GFP)
in the genome (Moynahan et al.,2001; Nakanishi et al., 2005).
A DSB introduced into one GFP repeat by the I-Scel endo-
nuclease can be repaired from the second GFP gene, produc-
ing a functional GFP gene (Fig. 2 B). HR efficiency with this
system can be sensitively measured by flow cytometry to de-
tect GFP* cells (Fig. 2 B). Treatment of either U20S or mES
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cells with DIDS reduced HR, consistent with an inhibition of
RADA51 activity in vivo (Fig. 2, C and D).

To confirm that DIDS exposure disrupted RAD51, we
measured irradiation-induced RAD51 focus formation with
or without DIDS (Fig. 2, E-G). Splenic B cells were isolated
from normal adult mice and cultured in the presence of either
0 or 150 uM DIDS. Cells were then subjected to 0 or 2.5 Gy
of IR, allowed to recover for 1 d, and fixed for immunofluor-
escent imaging of RADS51. Baseline RAD51 staining in un-
treated, nonirradiated cells was dimly diffuse (Fig. 2, E-G).
Nonirradiated cells treated with 150 pM DIDS showed dif-
fuse RAD51 staining plus significant extranuclear accumula-
tion in the cytoplasm. After exposure to 2.5 Gy of irradiation,
cells without DIDS showed stereotypical punctate staining of

Figure 2. DIDS inhibits RAD51 complex
formation and sensitizes cells to IR.

(A) Viability analysis of CH12-F3 cells 24 h after
exposure to either 0 or 2.5 Gy IR in the presence
of the indicated concentrations of DIDS. Data
are normalized to the fraction of cells for each
IR dose that received O uM DIDS; error bars
represent the SEM for three independent ex-
periments. (B) Schematic of construct used for
DR-GFP assay. (C and D) Analysis of HR in U20S
(C) and mES (D) cell lines containing the DR-GFP
reporter electroporated with an I-Scel or control
expression vector in the presence or absence of
30 uM and 150 pM DIDS, respectively. Data are
from four independent experiments; error bars
represent 1 SD. Statistical analysis was per-
formed using a paired two-tail Student's t test.
(E) Immunofiuorescence detection of RAD51 in
primary mouse B cells 24 h after irradiation

(0 or 2.5 Gy) with or without 150 uM DIDS.
RADS51 staining is indicated in red, and nuclear
DNA (DAPI stained) is shown in blue. (F) Magni-
fication of cells in bottom panels of E. Manu-
ally segmented images (bottom) in which
nuclear periphery and RAD51 localization in
top images were drawn; blue outlines delineate
nuclear periphery, and red outline indicates
cytoplasmic RAD51 signal. Bars: (E) 10 pm;

*x (F) 4.4 um. (G) Quantification of cells that ex-
hibit RAD51 signal in nucleus (RAD51+) from

D and E. Error bars represent the SEM for three
independent experiments. (H and 1) Cell frac-
tionation assay of primary mouse B cells
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and B-tubulin. Values below the panels on
right represent the fraction of RAD51 in
that compartment compared with RAD51
signal in C+N, determined by densitometry.
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Student's t test p-values: ™, P < 0.001;
**, P =0.001-0.1.
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Figure 3. AID is expressed in a significant fraction of primary CLL tumor specimens. Total RNA was prepared from PBMCs from 74 patients diagnosed
with CLL and used in real-time gPCR (top) and RT-PCR analysis (bottom) of AID expression. Only the data for 35 patient samples are shown. Water (H,0) and
embryonic kidney cells (HEK293T) cells were used as negative controls for template and AID expression, respectively, and human activated B lymphocytes
(Stim B) were used as a positive control. GAPDH was used as a loading control. gPCR C; values for AID expression were normalized to GAPDH and then
normalized to Stim B, whose expression was set at 1. Error bars represent the SEM of three independent analyses for each sample. Patient WBC values are
also plotted, with axis on the right. Samples that do not express AID (within 3 SD of the negative control) are denoted by a dash (-); samples determined
to express AID (between 3 and 5 SD of the negative control) are labeled with a single asterisk (*); strongly expressing samples (>5 SD of the negative con-
trol) are labeled with a double asterisk (**). Black lines indicate that intervening lanes were spliced out.

RADA51 foci in cell nuclei, indicating recruitment of RAD51
complexes to DSBs (Fig. 2, E-G). Approximately 30% of
irradiated, DIDS-naive cells retained RAD51 foci 24 h after
irradiation (Fig. 2 G). In contrast, irradiated B cells that were
treated with 150 uM DIDS showed cytoplasmic accumulation
of RAD51 and lacked the characteristic nuclear foci (Fig. 2,
E—G). This finding was further supported by subcellular frac-
tionation analysis to measure RAD51 nucleocytoplasmic parti-
tioning. Cytoplasmic and nuclear protein fractions were prepared
from irradiated (or untreated control) mouse B cells exposed
to either 0 or 150 uM DIDS and analyzed by Western blot-
ting for RAD51 protein. We observed increased RADS51 in
the cytoplasmic fractions of irradiated cells that were treated
with DIDS, consistent with immunofluorescence data show-
ing defective nuclear localization (Fig. 2 H). Collectively, these
data demonstrate a DSB repair inhibitory activity for DIDS
in primary B cells associated with direct disruption of RAD51
complex formation.

AID expression is common in primary CLL cells

To test whether DIDS could, in principle, trigger an AID-
dependent antitumor effect, as predicted, we focused our
proof of principle experiments on human CLL, a B cell neo-
plasm which often expresses AID (Table S1; Palacios et al., 2010).
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We designed an iterative research strategy combining analy-
ses of human primary leukemia samples with mechanistic
testing in genetically defined mouse models. Because mouse
B lymphocytes represent the closest experimental counter-
part to human primary CLL lymphocytes, this experimental
design enabled us to measure the combined effects of AID
plus DIDS in patient-derived clinical samples while concur-
rently testing molecular mechanisms using the mouse system.
Comparative analysis of dose sensitivity showed primary human
cells to be sensitive to DIDS at doses of 10-30 pM, whereas
primary mouse B cells showed significant sensitivity at doses
of 50—150 uM (see Figs. 4 A and 5 A; and not depicted).
Although the basis for this difference is not known, it may
relate to interspecies differences in expression or activity of
HR factors.

To identify patient samples for analysis, primary PBMCs
were collected from 74 CLL patients (Table S1). Quantitative
PCR (qPCR) and RT-PCR analyses revealed detectable AID
mRNA in 46% (34/74) of the CLLs analyzed, with high levels
in 20% (15/74) of the cases (Fig. 3 and Table S1). Expres-
sion of AID did not correlate with circulating CLL burden in
these patients, as represented by white blood cell (WBC) count
(Fig. 3). We selected eight AID-expressing (AID*) and eight
AlD-negative (AID™) CLL samples for further analysis, matching

HR inhibition and AID-induced cell death | Lamont et al.
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Table 1. CLLs used for in vitro assays
CLL ID# AID expression WBCs % lymph Sex Age at diagnosis Treatment
yr

JE10152 — 20.4 58.1 M 86 none
JE101920c — 102.5 95.8 M 76 none
JE10312 — 32.6 80.7 F 47 none
JE1056°¢ — 68.1 91.1 M 70 none
JE10572 — 31.3 81.3 F 64 none
JE10690¢ — 441 91.7 F 74 none
JE10880< — 135.4 93.5 M 67 none
JE1095b¢ - 80.7 90.0 M 81 none
JE1010? + 43.6 83.2 F 51 none
JE1036? + 22.6 65 M 63 none
JE1044b¢ + 55.3 93.7 F 57 iv. lg
JE1045b¢ + 171 68.7 M 62 fludarabine
JE1046°¢ + 47.8 89.5 M 79 none
JE107025¢ + 78.3 91.0 M 53 chlorambucil
JE1075?2 + 39.3 87.6 F 72 none
JE10980¢ + 41.2 86.0 F 73 chlorambucil

aUsed in in vitro viability assays (Fig. 4 A).
Used in y-H2AX immunofluorescence assays (Fig. 7, A-C; and Fig. 8).
Used in AC3 immunofluorescence assays (Fig. 4, B and C).

as closely as possible all other available clinical parameters, in-
cluding age at diagnosis, total WBC counts, and the percentage
of circulating lymphocytes (Table 1).

DIDS triggers AID-dependent cytotoxicity

in human malignant B cells

To test whether DIDS could trigger AID-dependent cytotox-
icity in primary, patient-derived CLL cells, PBMCs from AID™*
and AID™ subsets were cultured for 8 d in the presence of
30 uM DIDS and assessed for cellular viability at 2-d intervals
(Fig. 4 A). By 6 d in the presence of DIDS,AID* CLL speci-
mens showed a roughly twofold greater reduction in viability
than AID™ specimens (40% reduction in AID* versus a 20%
reduction in AID™ cells; Fig. 4 A). Immunostaining of DIDS-
treated CLL cells for activated caspase-3 (AC3"), a marker of
apoptosis, showed that DIDS-triggered cytotoxicity in AID* CLL
cells was associated with apoptotic cell death.(Fig. 4, B and C).

DIDS-induced cytotoxicity in B cells is AID dependent

To directly and definitively assess the AID dependency, we mea-
sured DIDS-stimulated cytotoxicity in AID™'* versus AID™/~
mouse B cells. Purified B cells were activated by a-CD40 plus
IL-4, exposed to DIDS ranging from 0 to 150 uM, and analyzed
for cell viability at 2-d intervals up to 6 d. B cell cultures from
both AID*'* and AID~/~ mice that were unactivated (a-CD40
only) remained viable in all doses of DIDS (not depicted). As
with the CLL cells, we observed AID-dependent, dose-related
cytotoxicity in mouse B cells (Fig. 5 A). There was no significant
difference between 0 and 50 pM DIDS treatment in either
AIDY* or AID™’~ B cells. In contrast, 100 uM DIDS produced
an intermediate effect, and 150 uM DIDS elicited a significant

JEM Vol. 210, No. 5

reduction in cell viability, specifically in AID** B cells. Impor-
tantly, AID~'~ B cell cultures survived all DIDS doses similarly
to untreated controls, showing that activation-induced B cell
death in the presence of DIDS is AID dependent (Fig. 5 A). We
obtained similar results for the mouse B lymphoid leukemia cell
line CH12-F3 (Fig. 5, B and C). To verify AID dependency in
human leukemia cells, we measured DIDS sensitivity in the
AlD-expressing human acute lymphoblastic leukemia line
CCREF-SB, with or without shRNA-mediated knockdown of
AID (Fig. 6, A and B). After 5 d in culture with 150 uM DIDS,
viability of CCRF-SB cells harboring a scrambled control
shRINA showed ~40% viability relative to vehicle-treated cells,
whereas knockdown of AID by shRINA exhibited significantly
enhanced resistance to DIDS (Fig. 6 B).

Ig CSR in normal B cells involves uracil-DNA glycosylase
(UNG) activity, downstream of AID-initiated cytidine de-
amination (Zan and Casali, 2008). To test whether the AID-
mediated antileukemic effect similarly involves UNG, and thus
might reflect a CSR-like molecular mechanism, we tested DIDS
sensitivity in WT versus UNG1-deficient (Ung1~/") mouse
B cells. Whereas loss of AID renders B cells resistant to DIDS-
triggered cytotoxicity, UNG1-deficient B cells were as sensitive
to DIDS as WT controls (Fig. 6, C and D). This shows that the
antileukemic effect triggered by HR inhibition is, at least par-
tially, independent of UNG and likely reflects a molecular path-
way that is distinct from the canonical CSR pathway.

DIDS inhibits repair of AlD-initiated DSBs

in malignant and nontransformed B cells

HR is required to repair DNA DSBs resulting from endoge-
nous or exogenous insult (Moynahan and Jasin, 2010). To test
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Figure 4. DIDS stimulates AID-dependent cytotoxicity in human CLL
cells. (A) Viability of patient-derived CLL PBMCs cultured with 30 uM DIDS
for up to 8 d. Viability was determined by counting of Trypan blue dye ex-
cluding cells via hemocytometer. DIDS-treated cells were normalized to un-
treated (0 uM DIDS) counterparts, and the plot represents the mean relative
cell viability. Error bars represent the SEM for n = 4 tumors in each category.
(B) Representative immunofluorescence microscopy images of AC3 staining in
CD5* CD19* sorted CLL cells from an AID~ patient sample (JE1019) and an
AID* patient sample (JE1070). Cells were imaged on day 3 after treatment
with or without 30 uM DIDS. Bars, 10 um. (C) Percentage of AC3* cells repre-
sented in B, counting ~~100 cells per treatment. Error bars represent the SEM
for n=4and n= 5 tumors for AID~ (open bars) and AID* (gray bars), respec-
tively. Unpaired Student's t test p-value: *, P = 0.01-0.05.

whether DIDS-mediated cytotoxicity affects repair, we mea-
sured y-H2AX foci formation, a known marker of DSBs
(Rogakou et al., 1998), in human CLL and primary mouse
B cells (Figs. 7 and 8). Untreated AID* and AID™ purified
CLL (CD5* CD19") samples were indistinguishable, showing
equivalent fractions with low (1-2 foci/nucleus), moderate
(3—10 foci/nucleus), and high (>10 foci/nucleus) levels of un-
repaired DSBs (Fig. 7, A=C). In contrast, exposure to 30 pM
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Figure 5. DIDS stimulates AID-dependent cytotoxicity in normal and
malignant mouse B cells. (A) Measurement of cell proliferation of primary
AID*+ splenocytes, activated to induce CSR via a-CD40/IL-4 treatment on
days 0 and 2, in the presence of the indicated concentrations of DIDS. Mea-
surement of cell proliferation was determined by Trypan blue staining and
counting of viable cells via hemocytometer. Data are represented as the mean
cell count for each condition. (B and C) Proliferation of activated (B) or non-
activated (C) CH12-F3 cells after treatment with the indicated concentrations
of DIDS. CH12-F3 cells in B were activated on day 0 and restimulated on day 2
with a-CD40, IL-4, and TGF-B. CH12-F3 cells in C were only administered
«-CD40 on days 0 and 2. Viability was determined by Trypan blue exclusion
test. (A-C) Error bars represent the SEM for three independent experiments.
Unpaired Student's t test p-values: ** P < 0.001; ™, P = 0.001-0.1.

DIDS induced a threefold increase in cells with moderate
DNA damage (3—10 foci/nucleus) and a 6.5-fold increase in
cells with high DNA damage (>10 foci/nucleus) in AID*
samples relative to AID ™ samples (Fig. 7 C), notwithstanding
patient to patient variability in response to DIDS treatment
(Fig. 8). This experiment confirms that HR inhibition via DIDS

HR inhibition and AID-induced cell death | Lamont et al.
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treatment leads to unrepaired DSBs that cause cytotoxicity in
AID-expressing CLL cells.

To definitively test AID dependency, parallel assays were
performed in primary mouse B cells from either AID*/* or
AID™’~ mice. B cell cultures were activated for 3 d with
a-CD40 and IL-4 in the presence or absence of DIDS and
analyzed for y-H2AX foci. Confirming the data from pri-
mary human CLL cells, AID*'* B cell cultures harbored signif-
icantly more cells with a high level of unrepaired DSBs (>10
foci/nucleus) than the counterpart AID™/~ control cultures
(Fig. 7, D and E). Cell cycle analysis showed a negligible
effect of DIDS on the cell cycle distribution of activated
B lymphocytes from either AID** or AID™/~ animals (not
depicted). From these results, we conclude that DIDS inhibits
the repair of AID-mediated DSBs, leading to accumulation
of y-H2AX foci at sites of unrepaired DNA breakage in
AID-expressing cells.

In vivo DIDS treatment selectively targets

AID-positive lymphocytes

To test whether DIDS could selectively induce cytotoxicity
in AID-expressing cells in vivo, either AID** or AID™/~ mice
were administered 50 mg/kg DIDS at weekly intervals, im-
munized at weeks 1 and 4 with dinitrophenol-conjugated
keyhole limpet hemocyanin (DNP-KLH) to stimulate lym-
phocyte activation, and analyzed after a total of 7 wk (Fig. 9 A).
No animals in either the control or DIDS-treated groups
showed overt signs of toxicity, relative to the untreated control
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Figure 6. AID is required to induce DIDS
cytotoxicity in malignant B cells. (A) RT-PCR
analysis of AID expression 72 h after shRNA trans-
duction in CCRF-SB cells. Water (H,0) and RNA from
human embryonic kidney cells (HEK293T) cells were
used as negative controls for template and AID
expression, respectively, and human activated

B lymphocyte RNA (Stim B) was used as a positive
control. GAPDH was used as a loading control. Val-
ues below images represent densitometry analysis
and were normalized to GAPDH, and the expression
of AID in Scr was set at 1. (B) Viability of ShRNA-
transduced CCRF-SB cells after treatment with

150 uM DIDS for 5 d. Viability was determined by
Trypan blue staining and counting of cells via hemo-
cytometer. Data are normalized to vehicle-treated
(DMSOQ) cells in each transduction group. Error bars
represent the SEM for n = 6 samples. (C) Genotyping
reaction for Ung 1 (UNG) knockdown from the
spleen of the indicated mice. "+" denotes the ex-
pected PCR product size produced from the WT
allele of Ung, whereas "A" denotes the expected size
of the deleted Ung allele. (D) Viability assay of sorted
B cells that were activated with a-CD40 and IL-4
and treated with either 150 uM DIDS or DMSO ve-
hicle for 4 d. Data are normalized to DMSO-treated
cells in each genotype. Error bars represent the
SEM for n = 6 samples from each of two mice for
WT and AID=/~ and n = 3 samples for Ung1~/~.
Unpaired Student's t test p-values: **, P < 0.001.

Ung1-/-

groups. After 5 wk, the AID*/* mice showed slightly greater
weight gain than the AID™/~ mice, but this effect was inde-
pendent of DIDS exposure, affecting the 0-mg/kg control
and 50-mg/kg experimental cohorts equally (Fig. 9 B). After
the 7-wk trial window, tissues from treated and control ani-
mals were fixed, sectioned, and analyzed after hematoxylin
and eosin (H&E) staining. Analysis of spleen sections revealed
no gross anatomical defects or differences in germinal cen-
ter (GC) architecture between untreated and DIDS-treated
animals, as well as no differences between AID™* mice and
AID~/~ controls (Fig. 9 C).These data suggest that DIDS, at
least up to 50 mg/kg, does not induce significant toxicity or
general defects in splenic physiology in either AID*/* or
AID™’~ mice.To determine whether DIDS induced a B cell-
specific phenotype related to AID, we next analyzed bone
marrow, spleen, and peripheral blood from DIDS-treated
AID** versus AID™/~ mice for the presence of B220*
CD19" B cells by flow cytometry. We observed a small (25%)
reduction in B220* CD19* B cells in the bone marrow of
both 10 mg/kg— and 50 mg/kg—treated AID*/* mice, but
no consistent differences in the percentages of splenic B cells
in either AID*'* or AID™/~ were observed (Fig. 9 D). In con-
trast, both 10 mg/kg and 50 mg/kg DIDS induced a signifi-
cant (9—11-fold) reduction in circulating B lymphoid cells
specifically in AID*/* but not AID™/~ mice (Fig. 9 D).These
data suggest that in vivo, systemic DIDS treatment selec-
tively affected mature, post-GC B cells but had a negligible
effect on early or pre-GC B cells. This is consistent with our
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Figure 7. DIDS prevents repair of AlD-induced DNA DSBs in

malignant and nontransformed B cells. (A) Representative immunofluor-
escence images of phosphorylated y-H2AX in purified CD5* CD19* CLL
cells from an AID~ (JE1019) and an AID* (JE1070) patient sample. Cells
were treated for 0-2 d with or without 30 uM DIDS. (B and C) Quantita-
tion of foci observed in CLL cells after 2 d of culture in the absence (B) or
presence (C) of 30 uM DIDS. Data were grouped into binds of cells with
low (1-2 foci per nucleus), moderate (3-10 foci per nucleus), or high
(>10 foci per nucleus) DNA damage. Error bars represent the SEM for
n=4and n="5tumors for AID~ (open bars) and AID* (gray bars), respec-
tively. (D) Representative immunofluorescence microscopy images of
phosphorylated y-H2AX foci in activated mouse splenic B cells after 3 d
in the presence of 150 uM DIDS. (E) Percentage of AID** (gray bars) or
AID~/~ (open bars) cells with low (1-2 foci per nucleus), moderate (3-10
foci per nucleus), or high (>10 foci per nucleus) DNA damage. Error bars
represent the SEM for n = 4 (AID~ CLLs), n = 5 (AID* CLLs), and n = 3
(AID~/=, AID** mouse B cells) experiments. Bars, 10 um.

cell culture data demonstrating a synergistic cytotoxicity in-
duced by the combined effects of AID and DIDS. Significantly,
none of the DIDS-treated animals, in either the AID*/* or
AID™’~ cohort, showed evidence of overt non—B cell toxicity.
Collectively, these data clearly demonstrate that in vivo ad-
ministration of DIDS specifically affects AID-expressing
B cells. Also, at the concentrations tested, DIDS is well tol-
erated by mice and has negligible toxicity on other, non—
AlID-expressing, tissues.
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DISCUSSION
Here we describe a potential new synthetic lethal therapeutic
approach for the treatment of AID-expressing B cell malig-
nancies: attenuation of RAD51-mediated HR to inhibit repair
of endogenous AID-generated DSBs, culminating in cytotox-
icity. This approach uses inherent recombinase activity, rather
than systemically administered genotoxic agents, to induce cell-
lethal genomic damage. As such, this strategy represents a spe-
cial case of synthetic lethal therapy. We establish the proof of
principle, showing that AID-expressing human CLL cells are
hypersensitive to DIDS, a RAD51 inhibitor. Using a combi-
nation of primary patient-derived CLLs and genetic mouse
models, we establish that DIDS treatment inhibits repair of
AlID-mediated DSBs in AID-expressing, patient-derived CLL
cells. These findings establish that HR attenuation may be a
therapeutically viable approach to selectively targeted treatment
of cancers (and other pathologies) involving AID-expressing
cells. Because AID mRNA expression is found in a high per-
centage of primary CLLs, as well as other cancers, this therapeu-
tic concept has potential to benefit a large number of patients.
Although CLL is manageable in many cases, up to half of
CLL patients will require therapy at some point in their disease
course (Yee and O’Brien, 2006; Zent and Kay, 2011). Conven-
tional first-line therapy for CLL involves treatment with purine
analogues such as fludarabine with or without other agents, es-
pecially chlorambucil and/or rituximab (Dighiero and Hamblin,
2008).These combinations are reported to achieve complete re-
mission in <40% of patients and usually for a duration of <3 yr
before relapse with treatment refractory disease (Hallek, 2005).
Major side effects of purine analogues like fludarabine include
severe hematologic events such as profound neutropenia or
fatal pancytopenia; life-threatening autoimmune reactions; seri-
ous, opportunistic infections; widespread neurological effects,
including peripheral neuropathy; and induction of secondary
tumors, especially of the skin (Cheson et al., 1999; Molica, 2005;
Robak and Robak, 2007). Given that current chemotherapies
for CLL and other indolent lymphoproliferative disorders are
immunosuppressive and can cause devastating, long-term side
effects without the promise of long-term durable remission,
new treatment paradigms that target underlying mechanisms
or disease-specific features are a clinical oncology imperative
(Hallek, 2005; Yee and O’Brien, 2006; Dighiero and Hamblin,
2008). Though our data suggest that AID-mediated cytotoxic-
ity could result in reduction of the post-GC B cell pool, and
thus a mild, transient immunosuppression, we postulate that this
would be more tolerable than the widespread suppression of
adaptive and innate immunity after treatment with conven-
tional chemotherapeutics such as fludarabine. Future testing in
preclinical models is needed to examine this paradigm.
Accumulating evidence has implicated AID as a functionally
significant mutator enzyme in a range of human cancers, in-
cluding CLL (Kou et al., 2007; Klemm et al., 2009; Palacios
et al., 2010; Shimizu et al., 2012). Aberrant AID activity leads to
point mutations or DSBs in cellular proto-oncogenes or tumor
suppressor genes that can drive tumor formation (Okazaki et al.,
2003). The underlying cause of aberrant activation of AID in

HR inhibition and AID-induced cell death | Lamont et al.



Article

AID - AID + Figure 8. y-H2AX foci distributions
0pM 30 uM 0uM 30 uM for CLLs cultured with 30 uM DIDS.
150 1 150 100 - CD5* CD19* sorted cells from primary CLL
B2 JE1044 patient PBMC samples were cultured in
50 50 50 media with 0 or 30 uM DIDS for 2 d before
I fixation on coverslips and immunostaining
-
0 o = 0 T 0 e for phosphorylated y-H2AX. Approximately
100 cells were counted for each sample.
JE1069 100 JE1045  Foci distributions for AID~ CLLs (left) and
AID* CLLs (right) are represented as the
50 percentage of cells (y axis) with the number
] B of y-H2AX foci plotted on the x axis. CLL
tumor IDs are provided next to their indi-
50 100 JE1088 10 JE1046 vidual distributions.
50 50 50
0 L R — 0 0 A 0
100 15 40 JE1070
100 JE1095
10
50 50 s 20
0 - & 0 e 0 . 0
2
8 100 40 JE1098
5
<4 50
g
- 16+ .
number foci 0 2

tumor cells is not yet understood, but some evidence suggests
that persistent inflammatory signaling, perhaps caused by infec-
tion (Matsumoto et al.,2007) or other stimuli (Morita et al.,2011),
can contribute to ectopic AID expression (Mechtcheriakova
et al., 2012; Shimizu et al., 2012). We speculate that in nor-
mal cells and untreated tumor cells, efficient DNA repair sys-
tems mitigate the majority of AID-induced damage, allowing
cellular survival while permitting accumulation of mutations
over numerous cell divisions. Our data now indicate that in-
hibition of HR via DIDS treatment renders aberrant AID
activity cytotoxic, owing to intolerable levels of unrepaired
chromosomal breakage. Thus, AID expression may be con-
verted from a proneoplastic role to an antineoplastic one by
DNA repair inhibition.

As a putative treatment modality for AID-expressing ma-
lignancies, RAD51 inhibition is somewhat similar to, but con-
ceptually distinct from, synthetic lethal strategies based on PARP
inhibition. Synthetic lethality is defined genetically as an inter-
action in which two (or more) mutations that are individually
tolerable result in cell lethality when combined. Clinically,
this can be exploited for therapy when underlying mutations,
such as BRCA1 or BRCA?2 deficiency, render cancer cells
susceptible to inhibition of additional pathways, such as PARP-
mediated single-strand break repair, inducing conditional syn-
thetic lethality selectively in the aberrant cells (Ashworth, 2008).
In BRCA1- or BRCA2-deficient breast and ovarian cancer,
PARP inhibition results in loss of both DSB and single-strand
break repair, preventing repair of replication-associated DNA
lesions, culminating in cell cycle arrest or death. In contrast,
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the approach described here exploits the concept of synergis-
tic toxicity, defined as an interaction in which a mutation in
one pathway renders the activity of a second pathway (either
of which is individually tolerable) acutely damaging when
combined. Whereas PARP-based synthetic lethality aims to
minimize DNA repair efficiency leading to proliferation fail-
ure, our modality aims to maximize recombinase-mediated
DNA damage leading to direct cytotoxicity. As such, these
represent fundamentally distinct but possibly complementary
therapeutic paradigms.

Here we begin to elucidate the mechanism of a new ther-
apeutic concept. We show that DIDS inhibits RAD51, and
by extension HR, which sensitizes cells to AID-generated
DSBs, leading to cell death. Whether DIDS inhibits RAD51
through preventing complex formation or nuclear localiza-
tion is not understood. In this context, RAD51 lacks a known
nuclear localization sequence (NLS) and is thought to be
imported into the nucleus via interactions with other NLS-
containing proteins (Gildemeister et al., 2009). Thus, cyto-
plasmic accumulation of RAD51 caused by DIDS is likely a
result of disrupted binding of RAD51 to one or more NLS-
containing cofactors (Davies et al., 2001; Tarsounas et al.,
2004; Thorslund et al., 2010). Furthermore, AID-generated
genomic deoxyuridines are processed by UNG, culminating
in CSR initiation to DSBs (Schrader et al., 2005). However,
our data suggest that UNG is dispensable for the AID-dependent
antileukemic effect triggered by DIDS treatment, as Ung1~/~
cells respond as WT to DIDS treatment (Fig. 6 D). This re-
sult is not surprising as UNG has been demonstrated to be
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dispensable for the DNA cleavage step (Begum et al., 2007).
Therefore, DSBs in collateral damage may require other gly-
cosylases to form.

In summary, we have now established that small mole-
cule inhibition of RAD51-mediated DSB repair sensitizes
both primary and leukemic B cells to AID-initiated DSBs,
culminating in growth suppression and apoptotic cell death.
This suggests that pharmacologic attenuation of RAD51,
and possibly other key HR factors, could be a useful therapeu-
tic strategy to target AID-expressing tumors. Although our
proof of principle experiments have focused on AID-expressing
human CLL, AID expression has been noted in a wide range
of other tumor types, including myeloid leukemias and a
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host of solid tumors. In this context, targeting HR in AID-
positive acute myeloid leukemia may be especially promising,
as AID has been implicated in aggressive disease associated with
therapy resistance.

MATERIALS AND METHODS

Mice. Aicda™’~ (AID~'7) and C57BL6/] (WT; AID*/*) mice were main-
tained in pressurized, individually ventilated caging and fed standard laboratory
diet; colony maintenance was performed as described elsewhere (Muramatsu
etal., 2000). The AID™/~ strain was originally derived as described previously
(Muramatsu etal.,2000), backcrossed to C57BL6/J for >20 generations. Ung1~/~
mouse was a gift from M. Strout (Yale University, New Haven, CT). All animal
protocols were approved by the Jackson Laboratory Institutional Animal Care
and Use Committee, protocol #04007.
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Cell lines and cell culture. CH12-F3 cells were a gift from T. Honjo (Kyoto
University, Kyoto, Japan). CH12-F3 cells were maintained in RPMI media
with 1-glutamine (Gibco), supplemented with 10% heat-inactivated FBS
(Omega Scientific) and 5% NCTC 109 media (Gibco). CCRF-SB cells were
purchased from the American Type Culture Collection and cultured accord-
ing to manufacturer recommendations. Primary mouse splenocytes were
obtained from 8—12-wk-old AID~/~ or C57BL6/] mice and then either di-
rectly cultured or enriched for B220* IgM" B cells through depletion of
CD43" cells via magnetic bead cell sorting (MACS; Miltenyi Biotec). Total
splenocytes or purified B cells were maintained in RPMI medium contain-
ing L-glutamine and supplemented with 10% heat-inactivated FBS (Atlanta
Biologicals). Cells were induced to activate AID and initiate Ig class switch-
ing as previously described (Hasham et al., 2010). Cell viability was determined
through 0.2% Trypan blue (Lonza) staining and counting of dye-excluding
(live) cells via a hemocytometer (Neubauer).

DR-GFP assay. The I-Scel expression vector pPCBASce or a control vector
pCAGGS (25 pg for U20S DR-GFP cells and 40 pg for mES DR-GFP
cells) was added to 5 X 10° cells in 800 pl Opti-MEM in a 0.4-cm gap cu-
vette and electroporated by pulsing at 250 V, 950 pF. After electroporation,
cells were placed in a 10-cm tissue culture dish with tissue culture media in the
absence or presence of DIDS (30 uM for U20S DR-GFP cells and 150 uM
for mES DR-GFP cells). After 48 h, GFP* cells were quantified by flow
cytometry using a FACScan (BD).

CLL tumor specimens. Before sample collection, patients consented ac-
cording to HIPAA (Health Insurance Portability and Accountability Act of
1996) standards by individuals at CancerCare of Maine and the Maine Cen-
ter for Cancer Medicine (Institutional Review Board Protocol #HS11-01).
Patients were approached to be a part of this study as they came in for routine
blood work or treatment and were considered eligible if they have ever had
a prior diagnosis of CLL, regardless of treatment status. 8—16-ml blood sam-
ples from patients were collected via peripheral bleed into Vacutainer CPT
tubes (BD), centrifuged to sequester red blood cells below the separation gel
according to manufacturer instructions, and transported within 24 h to the
Jackson Laboratory. Upon receipt, PBMCs were isolated from samples ac-
cording to manufacturer specifications. Approximately 2 X 107 cells were
used for RNA preparation (below), and any remaining PBMCs were resus-
pended in RPMI media containing 50% FCS at a concentration of 0.5—1 X
10% cells/ml and frozen for long-term storage in liquid nitrogen.

Immunofluorescence microscopy. After culture, cells were incubated for
2 h on poly-r-lysine—coated coverslips. Cells were then fixed in a 3% NBF, 2%
sucrose solution, washed in DPBS, and permeabilized in 0.1% Triton X-100.
Cells were incubated with primary antibodies (y-H2AX, 1:400 [Bethyl Labo-
ratories, Inc.]; active caspase-3, 1:100 [Abcam]|; and Rad51, 1:100 [Abcam]).
Secondary antibodies were either goat anti—rabbit I[gG-TRITC (1:1,000;
Jackson ImmunoResearch Laboratories, Inc.) or goat anti-—rabbit IgG—Alexa
Fluor 488 (1:500; Life Technologies). Coverslips were mounted on slides and
imaged as previously described (Caddle et al., 2008).

RT-PCR. Total RNA was prepared from 2 X 107 CLL patient PBMCs ac-
cording to the RNeasy kit (QIAGEN). 250 ng RNA from each sample was
used in RT-PCR reactions using the One-Step RT-PCR kit (QIAGEN)
according to the manufacturer’s instructions. Primers for AID were hAID
forward, 5'-TCCTTTTCACTGGACTTTGG-3"; and hAID reverse,
5'-GACTGAGGTTGGGGTTCC-3'. Primers for GAPDH were hGAPDH
forward, 5'-GAGTCAACGGATTTGGTCGT-3"; and hGAPDH reverse,
5'-TTGATTTTGGAGGGATCTCG-3". RT-PCR reactions were elec-
trophoresed on a 1.5% agarose TAE gel and visualized and imaged on a Gel-
Doc System (Bio-Rad Laboratories). Expected band sizes were 196 bp for
AID and 238 bp for GAPDH.

Real-time qPCR. 500 ng of total RNA was reverse transcribed to cDNA
according to the MessageSensor RT kit (Ambion). Real-time qPCR was
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performed using SYBR green PCR master mix (Applied Biosystems) accord-
ing to the manufacturer’s instructions on an ABI 7500 instrument (Applied
Biosystems). AID and GAPDH primers were as described for RT-PCR.
The fold change in expression levels was determined by a comparative
Cr method using the formula 2742C, where Cy is the threshold cycle of ampli-
fication. All samples were analyzed in triplicate and normalized to internal
GAPDH controls.

Ungl genotyping. Primers were as follows: Ung forward, 5'-GTGAAT-
GCAGGGCTCACTTAAGTC-3"; Ung R2, 5'-CAGTGCCTATAACT-
TCAGCTCC-3'; and Neo forward, 5'-GCCGGTCTTGTCGATCAG-
GATGATC-3'. Cycling parameters were as follows: 94°C for 3 min, 94°C
for 45 s, 57°C for 1 min, and 72°C for 1 min for 30 cycles; 72°C for 10 min.
Ung R2 is the common primer; Ung*/* yields a 493-bp band, Ung~/~
yields 600 bp, and Ung™~ yields both.

Lentiviral transduction and shRNA. CCRF-SB cells were transduced with
lentivirus containing shRINA constructs targeting AID, TRCN0000412426
(AIDKD26) and TRCNO0000050347 (AIDKD47; Sigma-Aldrich), as previ-
ously described (Hasham et al., 2010).

DNP-KLH mouse immunizations. Mice were immunized and chal-
lenged with 100 pg DNP-KLH (EMD Millipore) as described previously
(Christianson et al., 1997).

Online supplemental material. Table S1, included as a separate Excel file,
shows clinical annotations of CLL patient samples. Online supplemental material
is available at http://www,jem.org/cgi/content/full/jem.20121258/DCI1.
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