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Abstract

Diffuse large B cell lymphoma (DLBCL) is the most common form of lymphoma in the United
States. DLBCL comprises biologically distinct subtypes including germinal center-like (GCB) and
activated-B-cell-like DLBCL (ABC). The most aggressive type, ABC-DLBCL, displays
dysregulation of both canonical and noncanonical NF-xB pathway as well as genomic instability.
Although, much is known about the tumorigenic roles of the canonical NF-kB pathway, the
precise role of the noncanonical NF-kB pathway remains unknown. Here we show that activation
of the noncanonical NF-xB pathway regulates chromosome stability, DNA damage response and
centrosome duplication in DLBCL. Analysis of 92 DLBCL samples revealed that activation of the
noncanonical NF-kB pathway is associated with low levels of DNA damage and centrosome
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amplification. Inhibiting the noncanonical pathway in lymphoma cells uncovered baseline DNA
damage and prevented doxorubicin-induced DNA damage repair. In addition, it triggered
centrosome amplification and chromosome instability, indicated by anaphase bridges, multipolar
spindles and chromosome missegregation. We determined that the noncanonical NF-xB pathway
execute these functions through the regulation of GADD45a and REDDL in a p53-independent
manner, while it collaborates with p53 to regulate cyclin G2 expression. Furthermore, this pathway
regulates GADD45a, REDD1 and cyclin G2 through direct binding of NF-«xB sites to their
promoter region. Overall, these results indicate that the noncanonical NF-xB pathway plays a
central role in maintaining genome integrity in DLBCL. Our data suggests that inhibition of the
noncanonical NF-kB pathway should be considered as an important component in DLBCL
therapeutic approach.
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Diffuse large B cell lymphoma (DLBCL) is the most common lymphoma subtype in the
United States, accounting for approximately 25,000 cases per year.1:2 Genomic studies have
identified two DLBCL subtypes that resemble normal cells from distinct stages of B cell
differentiation, namely germinal center-like (GCB) and activated B-cell-like (ABC)
DLBCL.34 ABC DLBCL is characterized by aggressive clinical course and inferior overall
survival.34 These unfavorable clinical characteristics are strongly associated with
dysregulation of signals such as the nuclear factor kB (NF-xB) pathway.>~’ Both canonical
and noncanonical NF-xB pathways are involved in DLBCL, either concomitantly or
independent of one another. Although, advances have been made in understanding the role
of the canonical NF-xB pathway in DLBCL, the precise role of its noncanonical counterpart
remains to be established.

Mutations in NF-xB regulatory proteins are found in a significant number of ABC-DLBCL,
indicating a substantial role for this signal in lymphomagenesis.”® Signals generated from
NF-kB activating mutations in A20, CARD11, RANK and other genes results in
phosphorylation of upstream activators, IKKy and NIK.10 These subunits subsequently
triggers the canonical and/or noncanonical NF-xB pathways by promoting processing of
precursor proteins p105/NF-xB1 and p100/NF-xB2 to their corresponding mature forms,
p50 and p52.11 Both mature proteins heterodimerize with other NF-xB members (p65/Rel-
A, c-Rel or Rel-B) and translocate to the nucleus where they regulate the expression of
genes that influence B cell survival, proliferation, differentiation and immunoglobulin gene
(1g) editing.12-14

Controlled genetic instability is inherent to the physiologic processes responsible for
producing g diversity in B cells. Two members of the noncanonical NF-xB pathway, Rel B
and NF-xB2, directly influence g editing by altering class switch recombination.14 For
example, Rel-B is directly implicated in interleukin 4 (1L4)-mediated immunoglobulin IgG1
isotype production. In addition, NF-xB2 inactivating mutations lead to deficiencies in late B
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cell differentiation and reduced immunoglobulin levels in common variable
immunodeficiency patients and in transgenic mouse models.15:16

Unlike its normal counterpart, DLBCL undergo inappropriate editing of the Ig and targets
non-lg genes.® The resulting genomic instability increases cells susceptibility to acquire
oncogenic mutations and chromosomal translocations in multiple genes such as MYC,
BCL6, PIMI1 and BCL251718 Given the role of noncanonical NF-kB pathway in class
switch recombination (CSR), it is likely that this pathway regulates signals involved in
controlling DLBCL genome integrity. Here, we demonstrate that activation of the
noncanonical NF-kB pathway impacts chromosome stability in DLBCL by regulating genes
involved in DNA repair, generation of reactive oxygen species and cell cycle control such as
GADD45a, REDD1 and cyclin G2.

Material and Methods

Cell lines

The Burkitt lymphoma cell line Daudi as well as the germinal center (BJAB) and activated
(RCK8) DLBCL cell lines were grown in RPMI medium supplemented with 10% fetal
bovine serum, 1% L-glutamine, 1 mM sodium pyruvate and 50 pg/mL penicillin-
streptomycin. The activated B cell DLBCL cell line OCI-LY3 was cultured in Iscove's
medium supplemented with 20% fresh human plasma (Innovative Research, MI), 1% -
glutamine, 1 mM sodium pyruvate and 50 pg/mL penicillin-streptomycin.

Apoptosis studies and DNA content measurement

For apoptosis studies, 10° cells were treated with 2 pg/mL doxorubicin (Sigma-Aldrich,
MO) for 1 h. Ten hours later, 1 x 10° cells were stained with Annexin V-Alexa Fluor 488
(Molecular Probes, NY). Live cells were measured with a FACScan flow cytometer (Becton
Dickinson, NJ), quantitating Annexin V (=) cells.

Immunoblotting and super shift assay

Immunoblotting was performed as previously described.1® The following antibodies were
used: p100 (sc-7386), p105 (sc-7178), Rel-B (sc-226), Rel-A (sc-372), p53 (2876) and
GAPDH (sc-137179), all from Santa Cruz Biotechnology, TX. Histone H3 (9715) antibody
was purchased from Cell Signaling Technology, MA. Nuclear and cytoplasmic fractions
were obtained following the nuclear extraction protocol (Active Motif, CA).

DNA-binding activity of NF-xB in the OCI-LY3 cell line was assessed using a supershift
assay. Double-stranded consensus oligonucleotide sequences representing the NF-xB
response element (5-AGTTGAGGGGACTTTCCCAGGC-3 and 3'-
TCAACTCCCCTGAAAGGGT CCG-%’) were purchased from Promega, WI. Primers were
labeled with y32P-ATP using T4 kinase. After the labeling reaction, the mixtures were
cleared with G-50 minicolumns. Ten micrograms of OCI-LY3 nuclear extract was incubated
overnight with the radiolabeled probes and 2 uL Rel-A or Rel-B antibody and
electrophoresed at 4°C (150 V) for 90 min on a 5% polyacrylamide gel containing 50 mM
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Tris, pH 7.5, 0.38 M glycine and 2 mM EDTA. The gels were then processed for
autoradiography.

Neutral Comet Assay

Plasmids

For DNA damage repair studies, 1 x 10° cells were treated with 2 pg/mL doxorubicin
(Sigma-Aldrich, MO)) for 1 h. After washing in phosphate-buffered saline (PBS), cells were
cultured in media and 20,000 cells were harvested at the indicated time points. Cells were
suspended in 250 pl PBS at 4°C and mixed with 250 pl 1% low melting agarose (Lonza),
then loaded onto a slide precoated with 1% agarose. The slides were immersed in lysis
buffer (pH 9.5) containing 2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCI, 1% A-
lauroylsarcosine, 0.5% Triton X-100 and 10% DMSO (freshly added), for overnight at 4°C.
TBE (90 mM Tris, 90 mM boric acid, 2 mM Na,EDTA [pH 8.5]) was used as rinse and
electrophoresis buffer. After electrophoresis, slides were dried overnight at RT. The slides
were then stained in a solution containing 50 mg/mL RNAse A and 40 mg/mL propidium
iodide in PBS. Comets were analyzed using Kinetic Imaging analysis software (Andor
Technology, UK). Olive tail moment (OTM) was used as an end point of DNA damage.
OTM equals the tail length times the fraction of total DNA in the tail. Each bar represents
the mean tail moment from at least 50 individual cells per time point of three independent
experiments.

Sequences of p100-, p105- and p53-short hairpin RNA (shRNA) are published
elsewhere.1920 The sense shRNA oligonucleotide probes were: Rel-B,
5AGCCCGTCTATGACAAGAAATZ; p105, 5CCTTCCGCAAACTCAGCTTTA3 and
p100, 5’GCTGCTAAA TGCTGCTCAGAAZ and 5GGACATGACTGCCCAATT TAAY'.
p53-shRNA was acquired from Addgene plasmid repository. Luciferase (Luc) sShRNA
plasmid was a kind gift of Dr. S.A. Stewart (Washington University in St. Louis, MO).
Hairpins were expressed under U6 human promoter and were generated using pLKo
carrying a puromycin cassette. Recombinant lentiviruses for infection of lymphoma cells
were generated in 293T cells. Stable cell lines expressing sShRNAs were obtained after
selecting cells with 2 pg/mL puromycin.

In vitro immunofluorescence studies

Cells were placed onto slide using a cytospin techniques, and immunofluorescence was
performed. Slides were fixed in cold 4% paraformaldehyde, permeabilized in 1% NP40/PBS
solution for 10-15 min and blocked in 5% bovine serum albumin/PBS for 30 min.
Chromosome breaks were detected using y-H2AX antibody (1:250, ab22551, Abcam, MA).
Centrosomes were detected using a y-tubulin antibody at a 1:250 dilution (ab11317, Abcam,
MA) and phospho-Aurora (2914, Cell signaling, MA) A. Anti Rel-A (sc-372) or Rel-B
(sc-226) antibodies were purchased from Santa Cruz Biotechnology, TX. Primary antibodies
were detected with the appropriate Alexa-488-conjugated secondary antibody (1:500,
Molecular Probes, NY). Cells were also counterstained with 4, 6-diamidino-2-phenylindole
(DAPI). For each experiment, 200 cells were counted per slide.
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For analysis of chromosome migration, cells were harvested without metaphase arrest,
stained with DAPI and analyzed in a blinded fashion. One hundred mitotic cells were
included in each analysis. Anaphase bridges were defined as clear strings of chromatin
connecting the two poles or stretching from one pole in the direction of the other pole and
spanning more than two-thirds of the interpolar space. Spindles were scored as multipolar if
they contained more than two foci of y-tubulin staining. The frequency of anaphase bridges
or multipolar spindles was calculated as the ratio between cells exhibiting such bridges and
the total number of cells in anaphase.

Image acquisition, nuclear localization quantification and analysis in primary tissues

Images were acquired using a Zeiss LSM 510 META point scanning laser confocal
microscope and captured by Zeiss Image LSM Browser (Integrated Cellular Imaging Core,
Winship Cancer Institute of Emory University). Four images per sample were acquired in
fields with a minimum of 200 cells. Quantification of the nuclear localization of Rel-A, Rel-
B and y-H2AX was performed using Metamorph software (Molecular Devices, CA)

Rel-A, Rel-B and y-H2AX nuclear localization was quantified after performing a z-
projection from the confocal images and transforming them into gray scale. The resulting
images were processed using Metamorph software (Universal Imaging Corporation). Briefly,
image processing started with sharpening and selecting the nuclear image (DAPI) based on
size, avoiding large clumps and small debris. Each nucleus was used to create an object
mask image, that later was dilated twice (x2 dilated). The twice-dilated image was
subtracted from the original nuclear mask leaving a nuclear mask and a cytoplasmic mask.
Subsequently, both masks were applied to the image containing the staining for the protein
of interest. The threshold for the image was selected for each staining (Rel-A, Rel-B and vy-
H2AX) to identify non-zero pixels. Measurements were then performed by obtaining the
average intensity (Al, Supporting Information Figs. 1A and 1B).

Statistical analysis for correlation between Rel-A or Rel-B with y-H2AX was performed
using the following defined measurement of the overall average (among individual images)
of the Al for each tissue:

4
2 UjixCjé
__=
AT==—
2. ¢cjyi

i=1

where Al is the average of the average intensity per tissue, fis the sample, 7is the image, vis
the Al value and cis cell count. The correlation between Rel-A or Rel-B and y-H2AX Al
was estimated according to Spearman ranks correlation coefficient.

To assess the correlation between the number of centrosomes with Rel-A or Rel-B Al in
primary tissues and in vitro experiments, we first quantified the number of centrosomes in
>200 cells per tissue and calculated the percent of cells with >3 centrosomes per sample.
Spearman's rank correlation coefficient was then evaluated between the percent of cells with
>3 centrosomes and the Al for both NF-kB stains. To measure the number of y-H2AX
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positive cells in vitro, cells were stained with y-H2AX as described above. The percent of
cells with five or more y-H2AX-positive nuclear foci were counted from 10 fields at each
time point from three independent experiments. Statistically significant differences were
calculated by analysis of variance.

Karyotype analysis

Metaphase chromosome preparation was performed by Empire Genomics, LLC, NY using
standard cytogenetic techniques. Chromosome analysis was performed using Cytovision
v7.3.2 (Leica Biosystems, IL) and up to 20 G-banded cells were karyotyped for each cell
line. The results were reported according to International System for Human Cytogenetic
Nomenclature 2013 guidelines.

Statistical analysis of microarray data

Triplicate samples of OCI-LY3 or Daudi shRNA-expressing cells were used for comparative
gene expression analysis. RNA was extracted from 50 x 108 cells using an RNeasy Mini kit
(Qiagen, CA). Microarray hybridization was prepared by Cogenics, using an Agilent 4X44
platform. Scanning and image analysis were performed using an Agilent 2100 Bioanalyzer
and Agilent MR-2 DNA Microarray Scanner (Agilent Technologies). Raw data were
processed using the statistical software R and BioConductor packages. First, raw data were
log2-transformed and normalized using quantile normalization.2! Second, we assessed for
differential expression between cells expressing p100- or p105- and Luciferase-shRNA by
implementing linear model and empirical Bayes statistics (Limma packageZ2:23). pvalues
were adjusted for multiple testing using the Benjamini-Hochberg method. Using a false
discovery rate of 0.001, we selected a set of genes highly affected by the expression of p100-
or p105-shRNA, generating a pathway-specific gene list.2 Third, genes with inconsistent
expression between OCI-LY3 and Daudi shRNA-expressing cells were filtered out.
Subsequently, to account for the potential overlap between pathways, the remaining p100- or
p105-regulated genes were compared and genes exclusively regulated by p100 were selected
for confirmation by quantitative polymerase chain reaction (qPCR). A subsequent analysis
performed by Cogenics company using GeneSpring GX software (Agilent Technologies,
CA) identified an additional four genes exclusively regulated by p100. The gene lists
obtained from both analyses were used for complete linkage hierarchical clustering analysis
of the p100- and p105-shRNA microarray data using correlation as the distance metric
(Made4 package2®). The microarray data generated in our study have been deposited in the
NIH Gene Expression Omnibus database under accession number GSE24020.

gPCR and mRNA analysis

Single strand cDNA was synthesized using 5 ug of total RNA, random hexamers and 7ag
Man reverse transcription reagents (Applied Biosystems, NY). Relative gene expression
levels were measured using power SYBR green master mix (Bio-Rad, CA) and ABI PRISM
7000 sequence detection system. Primers were obtained from Integrated DNA Technologies,
IA (Supporting Information Table 1A). Amplification efficiency of individual primers was
determined before performing qPCR. The relative expression level of each gene was
measured by QPCR as described by Pfaffl.2® GAPDH was used as the reference gene.
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Quantitative chromatin immunoprecipitation

Results

Fifty million OCI-LY3 cells were harvested after 60 min of doxorubicin treatment, fixed
with 1% formaldehyde and quenched with 0.125 M glycine. Chromatin was isolated by
adding lysis buffer, followed by disruption with dounce homogenizer. Lysates were
sonicated and DNA was sheared to an average length of 300-500 bp. Genomic DNA (Input)
was prepared by treating aliquots of chromatin with RNase, proteinase K and heat for de-
crosslinking, followed by ethanol precipitation.

Thirty micrograms of chromatin was precleared with protein A agarose beads (Invitrogen,
NY). Genomic DNA regions were isolated using a p100 antibody (Abcam, ab7972, MA) or
nonimmune 1gG from the same species as the p100 antibody. The resulting signals were
normalized for each primer efficiency (Supporting Information Table 1C).25:27 Results are
expressed as ratios of the real-time PCR signals obtained for IP with p100 antibody to those
obtained from 1gG. The relative occupancy of the immunoprecipitated factor at each locus
was measured using the following equation: 2*(G; mock [19G] = G specific [P100 antibody]),
where G mock and G specific are mean threshold cycles of PCR done in triplicate on DNA
samples from mock and specific immunoprecipitation. Results are presented as mean values
with corresponding standard deviations.

Rel-B nuclear localization inversely correlates with DNA damage and centrosome
amplification in DLBCL tissues

To examine an association between the NF-kB pathways and genome stability, we examined
the activation status of the canonical and noncanonical NF-kxB pathways, levels of DNA
damage and centrosome numbers in 92 primary DLBCL diagnostic specimens. To this end,
we measured nuclear levels of Rel-A and Rel-B as indicators of canonical and noncanonical
NF-kB activation, phosphorylation levels of the H2AX-carboxy-terminus (serine 139, -
H2AX) as a measure of DNA damage and y-tubulin as a centrosome marker to quantify the
number of centrosomes (centrosomal amplification was defined as cells with =3
centrosomes). An inverse correlation was detected between Rel-B nuclear Al and either -
H2AX Al or the proportion of cells with =3 centrosomes in the DLBCL tumor samples (p <
0.0001, Figures 1aand 1bright panels and Supporting Information Fig. 1A). In contrast, no
significant correlation was detected between Rel-A and y-H2AX Al, while a small but
significant positive correlation was found between Rel-A Al and the proportion of cells with
>3 centrosomes (Figs. 1aand 16 left panels). Furthermore, none of the four cases that
concomitantly demonstrated high levels of Rel-A and Rel-B displayed high levels of -
H2AX Al or an increase in the proportion of cells with =3 centrosomes (data not shown),
suggesting the absence of a cooperative effect between these pathways. Finally, we evaluated
the association between DLBCL subtypes (ABC vs. GCB cell-like) and DNA damage levels,
centrosome numbers and Rel A and Rel B Al in 44 cases with previously established
DLBCL subclassification (data not shown).28 Our analysis was unable to detect any
relationship between tumor subtype and these categories.
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In view of the inverse correlation between activation of the noncanonical NF-xB pathway
(Rel-B levels) and DNA damage and centrosome amplification in primary tumor samples,
we investigated whether these results were reproducible in vitro. Three cell lines with
documented NF-kB activation (ABC cell lines OCI-LY3 and RCK8 and Burkitt lymphoma
cell line Daudi) and two cell lines without NF-kB activation (GCB DLBCL cell lines OCI-
LY2 and SUDHL10)19:2% were used to evaluate the effect of noncanonical NF-kB inhibition
on DNA damage and centrosome numbers. First, we assessed the effect of silencing p100
expression (a member of the noncanonical NF-xB pathway) on DNA double strand breaks
by measuring the number of cells positive for y-H2AX and OTM in neutral comet assay. In
NF-xB-activated cells, silencing of p100 not only reduced Rel-B binding to y32-P-labeled
double stranded oligonucleotides (Supporting Information Fig. 2A),19 demonstrating an
inhibitory effect on the noncanonical NF-xB pathway but also increased the number of +-
H2AX (+) cells and OTM compared to cells expressing a control shRNA (Figs. 2a-2cand
Supporting Information Fig. 2A4-C, p < 0.005). A similar phenotype of DNA damage was
observed in cells without activation of NF-kxB; however, this effect was not as pronounced.
Next, the impact of p100 silencing on centrosome duplication was determined by counting
centrosomes, using y-tubulin as a centrosome marker. Cells expressing control ShRNA
displayed centrosome amplification (=3 centrosomes) in fewer than 5% of cells (Fig. 2d'and
Supporting Information Figs. 3A and 3B). In contrast, p100 silencing resulted in an increase
in the proportion of cells with centrosome amplification (OCI-LY3: 9-15%, RCK8: 23—
39%, Daudi: 34-44%, SUDHL10: 7-9% and OCI-LY?2:10-17%). More importantly, p100
silencing did not affect the colocalization of phospho-Aurora and y-tubulin in cells
undergoing mitosis, an important regulatory mechanism for the centrosome cycle
(Supporting Information Fig. 3B.1-2).30 The effect on DNA damage and centrosome
duplication observed in p100-silenced cells was reproduced when Rel B, another member of
the noncanonical NF-xB pathway, was silenced in OCI-LY3 cells (Supporting Information
Fig. 3C). Overall, these results establish the relationship between the noncanonical NF-xB
pathway, DNA damage and centrosome amplification in primary DLBCL tumors and cell
lines.

Inhibition of the noncanonical NF-xB pathway reduce DNA damage repair

To elucidate whether the noncanonical NF-kB pathway is engaged during DNA damage, we
measured the nuclear localization of Rel-B during DNA damage induced by doxorubicin, a
key agent in DLBCL's treatment. Following 1 h treatment with doxorubicin, Rel-B nuclear
localization increased in OCI-LY3, RCK8 and Daudi cells (Fig. 34), while in SUDHL10 or
OCI-LY?2 cells Rel B nuclear localization remained unchanged (Supporting Information Fig.
3D). These results indicate that in NF-kB activated cells, the noncanonical pathway is
engaged during the DNA damage response. Next, we determined whether activation of this
NF-xB pathway influenced the levels of DNA damage by regulating DNA repair. To achieve
this goal, we measured the ability of p100-silenced cells to recover from doxorubicin-
induced DNA damage. In OCI-LY3, RCK8 and Daudi cells expressing control-shRNA,
baseline low DNA damage levels rapidly increased, peaked after 4—6 h and then declined to
baseline levels (Fig. 36). In contrast, in p100-silenced cells, doxorubicin increased or
maintained the initially high levels of DNA damage observed at baseline (Fig. 36 and
Supporting Information Figs. 3A and 3B). These results were reproduced when shRNA
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expressing Daudi and OCI-LY3 cells were treated with irradiation (3 Gy) (Supporting
Information Fig. 4C). The differences in DNA damage levels observed between p100- and
control-shRNA expressing cells likely reflect a difference in their DNA repair capacity, since
apoptosis was not observed even after 10 h of doxorubicin treatment in all ShRNA-
expressing cells (Supporting Information Fig. 4D).

The response to DNA damage of cells without activation of NF-kB contrasted significantly
to those with NF-kB activation. Specifically, p100-silencing in OCILY-2 and SUDHL10
cells led to earlier increases of doxorubicin-induced DNA damage as measured by phospho-
vH2AX than controls (1-2 h vs. 4-6 h, respectively). However, this difference dissipated at
10 h when both control and p100 silenced cells reach peak DNA damage levels. In contrast,
neutral comet assay showed little to no difference in tail moment among shRNA expressing
cells. In both control and p100-silenced cells, tail moment peaked at 4 h and decreased at 10
h (Supporting Information Fig. 4E). Similar to previous reports describing that the contrast
between these methods of DNA damage detection can result from the chromatin
condensation observed during apoptosis,3! we observed in SUDHL10 and OCI-LY?2 higher
rates of apoptosis compared to NF-kB activated cell lines (Supporting Information Fig. 4E).

Silencing of p100 is associated with cytokinesis failure

We hypothesized that the presence of DNA damage and centrosome amplification resulting
from p100 silencing may predispose cells to cytokinesis failure and accumulation of genetic
alterations in the form of mutations, aneuploidy and hyperdiploidy. We therefore evaluated
the presence of chromosomal segregation defects in OCI-LY3, RCK8 and Daudi cells after
silencing p100. Consistent with the presence of centrosome amplification, p100 silencing
was more frequently associated with anaphase bridges and multipolar spindles (Figs. 4a and
4p). Furthermore, karyotype analysis and chromosome banding revealed that p100 silencing
led to nondis-junction of chromatids. p100 silencing substantially increased the rate of
chromosome misdivision in OCI-LY3, RCK8 and Daudi cells compared to controls (Figs.
4c-4eand Supporting Information Table 1C). In addition, p100-silenced OCI-LY3 and
Daudi cells gained new translocations such as t(14;18) and t(8;14), respectively. This variety
of structural and numerical chromosome abnormalities generated by silencing p100 validates
the effect of the noncanonical NF-xB pathway on genome stability.

p100 regulates GADD45a, CCNG2 and REDD1 expression

Since the inactivation of the noncanonical NF-xB pathway increased DNA damage,
centrosome amplification and aneuploidy, we examined potential mechanisms by which the
noncanonical NF-xB pathway executes these functions. To this end we compared gene
expression profiles of p100- or p105-silenced cells with their respective controls, to identify
DNA repair and centrosome duplication genes regulated by the noncanonical NF-xB
pathway. First, we documented the NF-xB inhibitory specificity of p100- and p105-shRNA
by gel retardation assay and demonstrated that the binding of y32P-labeled oligonucleotides
by Rel-B was reduced primarily by p100 silencing, while Rel-A binding was primarily
reduced by p105 silencing (Supporting Information Fig. 2A).1° Next, we performed gene
expression analysis and identified genes differently expressed when p100 or p105 were
silenced in OCI-LY3 and Daudi cells (Fig. 58). Among the genes regulated in both OCI-LY3
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and Daudi cell lines, eight genes affected by p100-shRNA are associated with DNA repair
and centrosome duplication. Changes in expression of five of these genes were validated by
gPCR (see Supporting Information Table 1D).

In an effort to identify which of these genes participate in the NF-xB-mediated DNA
damage response, we measured their mMRNA levels in control or p100-silenced OCI-LY3
cells following treatment with doxorubicin. Of these five genes, only expression levels of
growth arrest and DNA-damage-inducible 45 alpha (GADD45a), cyclin G2 (CCNGZ2) and
DNA-damage-inducible transcript 4 (REDDI) were induced (=2-fold) by doxorubicin in
control cells. However, when p100 was silenced, doxorubicin's induction of GADD45a,
CCNGZand REDDI mRNA expression was prevented (Fig. 55).

p100 regulates GADD45a and REDDL1 in a p53-independent manner

Since all three p100-regulated genes identified can also be regulated by p53, it is possible
that p100 induces these genes through p53. To differentiate whether these genes are directly
regulated by p100/p52 or indirectly through p53, we measured the mRNA levels of these
genes in p53 wild type cells (OCI-LY3) expressing p53-shRNA during doxorubicin
treatment. GADD45a and REDD1 expression increased following 60 min of treatment
despite p53 silencing (Fig. 5¢and Supporting Information Fig. 5A). On the other hand,
CCNGZ expression levels at 60 min were reduced compared to that seen in control cells,
suggesting that both p100 and p53 regulate CCNGZ expression (Fig. 5¢). The effect of p53
silencing was validated by the lack of doxorubicin-induced expression of p21 (Supporting
Information Fig. 5B). Furthermore, similar increases in the mRNA levels of GADD45q,
REDDI and CCNGZ2were observed after doxorubicin treatment of a p53-mutant BJAB
DLBCL cell line (Supporting Information Fig. 5C).32 Taken together, these data suggest that
p100 directly and independent of p53 regulates GADD45a and REDD1 expression, while
CCNGZ2 appears to be regulated by both p100 and p53. This possibility was further
evaluated by quantitative chromatin immunoprecipitation (qCHIP)2” in OCI-LY3 cells
following a 60-minute treatment with doxorubicin. Our data demonstrate that p100/p52
binds to the NF-xB cis-elements in the promoter regions of REDDI1, GADD45a and
CCNGZ2 (Fig. 54). Binding of NF-xB2 subunits to unrelated sequences in chromosome 4
(untranscribed region) and IP without p100/p52 antibody were indistinct from background
levels. These results confirm that p100 directly regulates the expression of GADD45a,
REDD1 and CCNGZ.

Based on p100's specific regulation of GADD45a and REDDJ, we individually silenced
GADD45a and REDD1 to determine if either of these genes is the primary mediator of
p100's DNA damage response. Accordingly, we measured the number of y-H2AX (+) cells
and centrosomes in GADD45a- or REDDI-silenced OCI-LY 3 cells. Figures 6aand 66 show
that silencing of either GADD45a or REDD1 led to a higher number of y-H2AX (+) cells.
In addition, silencing of GADD45q but not REDD1 was associated with an increased
number of centrosomes (Figs. 6aand 60).
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Discussion

In our study, we provide evidence that activation of the noncanonical NF-xB pathway
participates in maintaining DLBCL genome integrity by enhancing DNA repair and
suppressing centrosome amplification. We have demonstrated that the noncanonical NF-xB
pathway performs these functions by directly regulating the transcription of genes involved
in cell cycle regulation and DNA repair, such as GADD45a, REDD1 and CCNGZ. This
novel observation improves our understanding of DLBCL biology and has direct implication
for therapeutic applications targeting DLBCL's dependency on noncanonical NF-xB
pathway to control genomic instability (Fig. 6¢).

We have provided three independent lines of evidence demonstrating the involvement of the
noncanonical NF-kB pathway in suppressing DLBCL genomic instability. First, studies in
primary tissues displayed an inverse correlation between activation of the noncanonical NF-
kB pathway (assayed by Rel-B nuclear localization) and DNA damage and centrosome
amplification. Second, NF-kB inhibition through p100- or Rel-B-silencing uncovered the
presence of tonic DNA damage as well as promoted centrosome amplification in lymphoma
cell lines. Third, NF-xB inhibition through p100 silencing led to increased rates of
aneuploidy.

We propose a potential mechanism by which the noncanonical NF-xB pathway suppresses
genomic instability. We found that the noncanonical NF-xB pathway regulated transcription
of genes involved in maintaining genome integrity (GADD45a, CCNGZ2 and REDDI)
through direct interaction with their promoter regions. The regulation of GADD45a and
REDDI in a p53-independent manner was unexpected, since p100-dependent transcriptional
regulation of GADD45a has been proposed to require p53 as a coactivator.3334 However,
our findings of reduced GADD45a and REDD1 expression in p100-silenced lymphoma
cells during DNA damage, preserved expression of these genes in cells with silenced or
mutated p53, and p100 promoter binding analyses allow us to place these genes directly
downstream of the noncanonical NF-xB pathway (Fig. 6¢).

The fact that we could not demonstrate that GADD45qa and REDDI individually mediate the
effect of NF-kB on DNA repair response is potentially due to their collaborative function in
preserving genome integrity. GADD45q regulates G2/M checkpoints and the entry to
mitosis by dissociating the Cdk1/cyclin B kinase complex.3> Moreover, GADD45a
participates in DNA repair by binding and activating the proliferating cell nuclear antigen, a
key element in excision base repair.38 In contrast, CCNGZ2is directly involved in
coordinating G1-S progression by altering RB activation.3”-38 Thus, by controlling these two
genes, the noncanonical NF-xB pathway may affect the duration of DNA synthesis and the
centrosome duplication process. In addition, REDDI controls the generation of reactive
oxygen species and therefore prevents further DNA damage.39:40

Our findings in DLBCL shed light on a dual function of the noncanonical NF-xB pathway in
tumor prevention and maintenance. The inverse correlation between the activation status of
the noncanonical NF-xB pathway (Rel-B nuclear localization) and genome instability
observed in primary DLBCL tissues is consistent with the high risk of lymphoma in ataxia
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telangectasia patients.*142 As a consequence, this patient population demonstrates increased
levels of DNA damage, accumulation of ROS and consistent with our results, NF-xB
activation.4344 These findings are consistent with the idea that a dysregulated noncanonical
NF-xB pathway-mediated DNA damage response can facilitate the selection of genetic
alterations with tumorigenic capacity in normal lymphocytes. In established DLBCL, on the
other hand, the noncanonical NF-xB pathway's suppressive effect on DNA damage response
and centrosome duplication could be essential for maintaining tumor genome integrity and
growth. The increase in DNA breaks associated with an overactive adenosine deaminase
activity and the high frequency of mutations in DNA damage repair enzymes predispose
DLBCL cells to chromosomal instability and cell death.4>46 Hence, maintaining genome
integrity prevents DLBCL from surrendering to the apoptotic effect of endogenous or
chemotherapy-induced DNA damage.*® In addition, activation of this pathway promotes
growth by recruiting other NF-xB protumorigenic effects on survival, growth and invasion.1®
These observations make plausible the idea that pharmacological inhibition or genetic
suppression of several G2 checkpoint genes such as poly ADP ribose polymerase, ATM,
ATR, checkpoint kinase (Chk) 1, Chk2 and polo-like kinases, could promote DNA-damage-
induced cell death in DLBCL.47-50

In summary, our study provides evidence that the noncanonical NF-xB pathway plays a
pivotal role in guarding the genome. This finding provides a rationale for the design of
therapies targeting DLBCL dependency on the noncanonical NF-kB to enhance response to
DNA damaging agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What's new?

Diffuse large B cell lymphoma (DLBCL) is a common malignancy that involves genomic
instability and dysregulation of NF-xB signaling. Both canonical and noncanonical NF-
kB signaling pathways play a role in DLBCL, acting either independently or
concomitantly, though little is known about the noncanonical pathway. This study shows
that noncanonical NF-kxB signaling suppresses chromosome instability in DLBCL
through the regulation of DNA damage and centrosome duplication. Those effects
occurred via direct modulation of GADD45a, REDD1 and cyclin G2 expression. The
data suggest that targeting noncanonical NF-kB activation could be an effective
therapeutic strategy in DLBCL.
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Figure 1.

Rel-B nuclear localization inversely correlates with DNA damage and centrosome
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amplification in DLBCL. Dot plots showing results of 92 lymph node samples from patients

with DLBCL. (&) The correlation between the nuclear Al of Rel-A and Rel-B were
compared to y-H2AX Al using Spearman ranks correlation coefficient. (4) Correlation

between the number of cells with centrosome amplification (=3 centrosomes) and the Al
signal of Rel-A and Rel-B. Centrosome counts were determined by manual count of at least
200 cells per image (four images per tissue).
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Figure2.
Inhibition of the noncanonical NF-xB pathway results in DNA damage and centrosome

amplification. (&) Protein levels of p100 in Daudi and OCI-LY3 cells expressing p100 (1 and
2)- and luciferase-shRNAs (Luc-shRNA). (6) Staining and quantification of y-H2AX foci
positive OCI-LY3 and Daudi cells expressing p100- and Luc-shRNA. Staining was
performed after 2 weeks of growing cells in selection medium. Quantification was
performed manually by counting a minimum of 200 cells in three different experiments. (¢)
Neutral comet assay of OCI-LY3 and Daudi expressing p100- and Luc-shRNA. The figure is
representative of three independent experiments. OTM was used as an end point of DNA
damage was measured in 100 cells. (d) Centrosome staining and quantification. Cells
expressing p100- and Luc-shRNA were stained with anti-y-tubulin and phospho-Aurora A.
One way ANOVA was used for statistical analysis (*p < 0.01).
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Figure 3.
Inhibition of the noncanonical pathway reduces DNA damage repair. (&) Effect of

doxorubicin treatment on Rel-B nuclear localization. Nuclear and cytoplasmic fractions
were extracted from OCI-LY3, RCK8 and Daudi cells at indicated time points after
treatment with doxorubicin, followed by immunoblotting for Rel-B, Actin and histone 3. ()
Measurement of y-H2AX (+) and OTM of OCI-LY3, RCK8 and Daudi cells expressing
p100- or Luc-shRNA after doxorubicin treatment. Error bars represent the standard
deviation obtained from three independent experiments. In () cells were harvested at
different time points following 1 h treatment with doxorubicin (2 pg/mL). * p< 0.01.
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Figure 4.

L 4
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Silencing of p100 is associated with cleavage furrow defects and cytokinesis failure. (a)
Table summarizing the number of abnormal anaphases and multipolar spindles observed in
cells expressing p100- and Luc-shRNA. Centrosomes and mitosis were detected by
costaining with anti-y-tubulin and phospho-Aurora A. Anaphase bridges and multipolar
spindles were quantified manually in 100 cells. (6) Index cases exemplifying: (£.2) anaphase
bridge formation; (6.2) delay cleavage furrow and (6.3and b.4) multipolar anaphases (*p <
0.01). (c-e): Representative picture of metaphase spreads of control or silenced p100
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expressing OCI-LY3, RCK8 and Daudi cells. Full karyotype analysis is shown in Supporting
Information Table 1C.
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Figureb5.
The noncanonical NF-xB pathways directly regulate GADD45a, REDDI1 and CCNG2.

Daudi and OCI-LY3 cells expressing p100-, p105- and luciferase-shRNA (Luc-shRNA)
were grown in triplicate and RNA was extracted as described in the Materials and Methods
section. (&) Heatmap illustrating the expression level of the top 300 genes distinguishing
p100 from p105-regulated genes. (6) Changes in gene expression after doxorubicin
treatment were measured by QPCR. Three independent experiments were used to extract
RNA from OCI-LY3 cells expressing p100- (dashed line) or Luc-shRNA (solid line)
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following a doxorubicin time course (2 pg/mL). (¢) Changes in GADD45qa, REDD1 and
CCNGZ2mRNA levels in luciferase (Luc)- or p53-shRNA expressing OCI-LY3 cells after 1
h of doxorubicin treatment. Each error bar is representative of the standard deviation of three
independent experiments. (d) QCHIP assay of p100 targets. OCI-LY3 cells (50 x 10%) were
untreated or treated with doxorubicin for 60 min prior to fixation. Cells were prepared as
described in the Materials and Methods section. Genomic QPCR was carried out in triplicate
after DNA regions (numbered from 1-4) were immunoprecipitated (IP) with 1gG or
p100/p52 antibodies. Results are presented as a mean value with corresponding standard
deviations. P100Ab = p100 antibody. All comparisons in this graph have p < 0.001. Control
1 = untranscribed region (UT), Control 2 = no antibody and Luc = Luciferase.
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Figure 6.
(&) Protein levels of GADD45a and REDDL1 in OCI-LY3 cells expressing GADD45a and

REDD1-shRNA. Cells were fixed, processed and immunostained with anti-y-H2AX (6.1)
and y-tubulin (£.2). Quantification was performed in 200 cells in three different experiments.
(¢) Schematic diagram of the NF-xB DNA damage response. Dashed line represents
alternative unknown mechanisms of NF-xB activation induced by DNA damage.
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