'.) Check for updates

Regular Article

LYMPHOID NEOPLASIA

Distinct roles for PARP-1 and PARP-2 in c-Myc-driven
B-cell lymphoma in mice
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Dysregulation of the c-Myc oncogene occurs in a wide variety of hematologic malignan-
® PARP-2 deficiency cies, and its overexpression has been linked with aggressive tumor progression. Here, we
prevents c-Myc—driven show that poly (ADP-ribose) polymerase 1 (PARP-1) and PARP-2 exert opposing influences

B-cell'lymphoma pro- on progression of c-Myc—driven B-cell ymphoma. PARP-1 and PARP-2 catalyze the synthe-
gression, whereas

PARP-1 deficiency
accelerates
lymphomagenesis.

sis and transfer of ADP-ribose units onto amino acid residues of acceptor proteins in
response to DNA strand breaks, playing a central role in the response to DNA damage.
Accordingly, PARP inhibitors have emerged as promising new cancer therapeutics. How-
ever, the inhibitors currently available for clinical use are not able to discriminate between
individual PARP proteins. We found that genetic deletion of PARP-2 prevents
c-Myc-driven B-cell lymphoma, whereas PARP-1 deficiency accelerates lymphomagenesis
cell survival, whereas in the Ep-Myc mouse model of aggressive B-cell lymphoma. Loss of PARP-2 aggravates
PARP-1 affects regula- replication stress in preleukemic Ep-Myc B cells, resulting in accumulation of DNA damage
tory T cells. . and concomitant cell death that restricts the c-Myc-driven expansion of B cells, thereby

providing protection against B-cell lymphoma. In contrast, PARP-1 deficiency induces a
proinflammatory response and an increase in regulatory T cells, likely contributing to immune escape of B-cell lym-
phoma, resulting in an acceleration of lymphomagenesis. These findings pinpoint specific functions for PARP-1 and
PARP-2 in c-Myc-driven lymphomagenesis with antagonistic consequences that may help inform the design of new
PARP-centered therapeutic strategies, with selective PARP-2 inhibition potentially representing a new therapeutic
approach for the treatment of c-Myc-driven tumors.

©® PARP-2 limits
replication stress of
c-Myc-overexpressing
B cells and promotes
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Introduction However, PARP inhibitors currently in clinical trials or approved

Poly (ADP-ribose) polymerase 1 (PARP-1) and PARP-2 catalyti-
cally cleave B-NAD™ to transfer ADP-ribose moieties onto amino
acid residues of proteins, creating long chains of poly (ADP-
ribose) (PARylation)."? PARP-1, PARP-2, and PARylation play a
central role in DNA repair, particularly in single-strand breaks,
and mice lacking either enzyme display disturbances in the DNA
damage response (DDR).3#4 Considering the critical role of DDR
in tumor development and progression, PARP inhibitors have
emerged as an important new class of therapeutics in cancer.>®
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for clinical use® are still unable to discriminate between individ-
ual PARP proteins, despite increasing evidence suggesting that
PARP-1 and PARP-2 have discrete biologic roles. For instance,
PARP-2, but not PARP-1, has been implicated in processes char-
acterized by rapid proliferation, including spermatogenesis,”
T-cell development,®’ and hematopoiesis.”® Furthermore,
PARP-2, but not PARP-1, limits replication stress during erythro-
poiesis."" A similar bias toward pathologies associated with tis-
sues exhibiting a high rate of proliferation has also been
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reported in other mouse models, with a compromised response
to replication stress.'?

Replication stress, characterized by slowing or stalling of replica-
tion fork progression,’ initiates a signaling cascade that pro-
tects the arrested replication forks from breakage while
simultaneously activating cytostatic or cytotoxic responses,
which limit the expansion of the damaged cells.”® Dysregulated
expression of oncogenes, such as c-Myc, is a key source of repli-
cation stress leading to tumor development.' c-Myc dysregula-
tion occurs in a wide variety of hematologic malignances,
including large B-cell lymphoma, lymphoblastic lymphoma, and
multiple myeloma, and its overexpression has been linked to
aggressiveness and poor prognosis.’'® We examined how spe-
cific PARP-1 or PARP-2 deficiencies affect c-Myc—driven B-cell
lymphoma development. We used the En-Myc mouse model, in
which the c¢-Myc gene driven by the immunoglobulin H
enhancer results in tumor development that mimics human Bur-
kitt lymphoma.' c-Myc overexpression in the Eu-Myc mouse
model results in high proliferation of bone marrow (BM) pre-B
cells associated with activation of cell death pathways to control
homeostasis."” However, the appearance of replication
stress—associated mutations that block cell death leads to the
development of B-cell lymphoma, a process that occurs
between 4 to 7 months of age.'®"?

In this study, we found that PARP-1 and PARP-2 exert distinct
and opposing effects on the development of c-Myc—driven B-
cell lymphoma in mice. Loss of PARP-2, but not loss of PARP-1,
exacerbates Ep-Myc—driven replication stress in preleukemic
pre-B cells, resulting in the accumulation of DNA damage and
concomitant cell death, thereby providing protection against
B-cell lymphoma. In contrast, PARP-1 deficiency induces a proin-
flammatory response and an increase in regulatory T cells
(Tregs) that may contribute to an acceleration of tumorigenesis.
By elucidating the specific role of PARP-1 and PARP-2 in
c-Myc—driven B-cell lymphoma, our results provide crucial infor-
mation that has implications for the development of PARP
inhibition—based therapies, highlighting the need to use selec-
tive PARP-2 inhibitors in the treatment of c-Myc—driven tumors.

Methods

Mice

Parp-1"/", Parp-2~/~, Cd19-creParp-2”, and En-Myc transgenic
mice have been described elsewhere.?>%® p53~/~ mice were
from The Jackson Laboratory. B6.SJL-ptprcPep3 mice were from
Charles River Laboratories. Mice breeding strategies, genotyp-
ing, treatments, and generation of a acute T-cell acute lympho-
blastic leukemia (T-ALL) mouse model are detailed in the data
supplement. All mice had a C57BL/6J background and were
reared under pathogen-free conditions. The Barcelona Biomedi-
cal Research Park Institutional Animal Care and Use Committee
approved the studies, and all experiments were performed in
accordance with relevant guidelines and regulations.

Cell lines and viability assay

Cell lines, selective PARP-2 inhibitor treatment, and viability
assay are described in the supplemental Data (available on the
Blood Web site).

PARP-1 AND PARP-2 IN c-Myc-DRIVEN LYMPHOMA

Whole-blood analysis and histology

Peripheral blood was collected in EDTA and analyzed using a
CVM Procell Vet Haematology Blood Analyzer. Histology details
are indicated in the data supplement.

Flow cytometry and cell sorting

BM, lymph node, and spleen cell suspensions were washed in
phosphate-buffered saline and resuspended in phosphate-
buffered saline containing 0.5% bovine serum albumin. Immu-
nostaining, cell acquisition, and analysis details of flow cytometry
and cell sorting are available in the data supplement.

Immunofluorescence microscopy and comet assay
Immunofluorescence microscopy and alkaline comet assay on
sorted BM pre-B cells was performed as indicated in the data
supplement.

BrdU incorporation

Mice received a single intraperitoneal injection of 5-bromo-2'-
deoxyuridine (BrdU; BD Biosciences; 1 mg/é6 g mouse weight) at
2 hours before euthanasia. Cells were surface stained, fixed, per-
meabilized, and intracellularly stained using a BrdU Flow Kit (BD
Biosciences).

Western blot

Western blot was performed as described in the supplemental
Data.

Gene expression

Total RNA isolation, RNA sequencing (RNAseq), and quantitative
reverse transcription polymerase chain reaction were performed
as indicated in the data supplement. RNAseq data have been
deposited into the Gene Expression Omnibus under accession
#GSE144050.

Statistical analysis

Data are presented as mean * standard error of the mean
(SEM). The log-rank test was used to determine the significance
of animal survival. All other statistical analyses used a Mann-
Whitney test. Values of P <.05 were considered significant. Bio-
informatic statistical analysis of RNAseq data is indicated in the
supplemental Data.

Results

Loss of PARP-2 prevents c-Myc-induced B-cell
lymphoma, whereas loss of PARP-1 accelerates
tumorigenesis in mice

To evaluate the specific functions of PARP-1 and PARP-2 in
c-Myc—driven B-cell lymphoma, we crossed either Parp-2~/~ or
Parp-1~'" mice with Eu-Myc transgenic mice and followed spon-
taneous tumor development for 500 days. Only mice with the
c-Myc transgene, inherited paternally, in heterozygous configura-
tion (Eu-Myc”*) were used in these studies. Comparison of
Kaplan-Meier tumor-free survival curves showed that loss of both
alleles of Parp-2 in Ep-Myc mice significantly reduced the inci-
dence of B-cell lymphoma (35% remained lymphoma free vs 6%
tumor-free control mice) and enhanced the latency compared
with control Epn-Myc mice (median survival age, 326 vs 127 days;
Figure 1A-B). Meanwhile, loss of only 1 allele of Parp-2 did not
affect the tumor latency of Ep-Myc mice (data not shown). PARP-2
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Figure 1. Opposing roles of PARP-1 and PARP-2 in c-Myc-driven B-cell lymphoma. (A) Kaplan-Meier curves comparing B-cell lymphoma-free survival of En-Myc

T/+

Ep-Myc” " Parp-17"", and Ep-Myc" " Parp-27/~ mice. Survival was monitored for 500 days. (B) Representation of the median and 25th and 75th percentile survival peri-
ods of Eu-Myc”", Ep-Myc"”*Parp-17/", and Ep-Myc"*Parp-2~/~ mice. (C) Quantitative reverse transcription polymerase chain reaction analysis of c-Myc gene expres-
sion in BM pre-B cells. Samples were normalized according to B-actin expression levels. Results are expressed as log,-fold expression compared with levels measured
in wild-type (WT) cells. Values represent mean * SEM obtained from 3 independent experiments. (D) Representative flow cytometric dot plots showing pre-B, imma-
ture, and mixed B-cell lymphomas. (E) Bar plot showing the percentage of pre-B, immature, and mixed B-cell lymphoma tumors in each genotype. (F-G) Representation
of terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling-positive (TUNEL™) (F) and Ki67* (G) cells in tumors from the indicated genotypes. Values rep-
resent mean + SEM for 10 randomly selected fields. *P < .05, **P < .01, ***P < .001. lg, immunoglobulin.

deficiency only in B cells?® also delayed lymphoma development
in Ep-Myc mice, suggesting that the lymphoma-promoting role of
PARP-2 is due to an intrinsic effect on B cells (supplemental Figure
1). Interestingly, the protection conferred by loss of PARP-2 on
Ep-Myc—driven tumor formation was not observed after deletion
of PARP-1. Rather, Ep-Myc"*Parp-1~'~ mice developed terminal
lymphoma earlier (median survival age, 90 days) than control Ep-
Myc mice (Figure 1A-B). As expected, we did not detect B-cell
lymphoma in either PARP-2- or PARP-1—deficient mice in the
absence of c-Myc overexpression (data not shown). Importantly,
the absence of either PARP-2 or PARP-1 did not modify the
expression of c-Myc in Ep-Myc BM pre-B cells (Figure 1C).

Flow cytometric characterization of PARP-2-deficient tumors
revealed that there were no differences in the frequency of pre-
B lymphoma or B lymphoma (immature plus mixed) compared
with those observed in Ep-Myc control and Ep-Myc”* Parp-17"~
mice (Figure 1D-E). Hematoxylin and eosin staining also revealed
similar infiltration of malignant B cells in nonlymphoid organs
such as liver, lung, and kidney in Epn-Myc mice in the presence
or absence of either PARP-1 or PARP-2 (supplemental Figure
2A). However, B-cell lymphoma in Ep,—MycT/*Parp—Zf/* mice
showed statistically significant higher levels of cell death,
detected by TUNEL assay (Figure 1F; supplemental Figure 2B),
and lower proliferation, detected by Kié7 staining, than tumors
from Ep-Myc"”*Parp-1""" and Ep-Myc control mice (Figure 1G;
supplemental Figure 2C).

To determine whether loss of PARP-2 or PARP-1 has an effect on
other models of leukemia, we studied their impact on survival in a
T-ALL model. Our results indicate that neither PARP-1 deficiency
nor PARP-2 deficiency influenced the survival in a mouse model of
Notch-1-mediated T-ALL (supplemental Figure 3), suggesting the
effect may be specific to c-Myc—driven B-cell lymphoma.
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PARP-2 is required for c-Myc—driven expansion of
preleukemic pre-B cells

To further determine the mechanisms underlying the protective
effect of PARP-2 deficiency on c-Myc—driven lymphomagenesis,
we analyzed preleukemic B cells in BM from tumor-free 4-week-
old mice. Overall, BM cellularity was not altered in Ep.-Myc mice
compared with wild-type mice as previously described.?* How-
ever, in Ep-Myc mice, a significant decrease in total BM cells
was observed in the absence of PARP-2, whereas PARP-1 defi-
ciency significantly increased total BM cell number (Figure 2). As
expected, at this pretumoral stage, the BM of Ep-Myc”*
displayed a significant expansion of the pre-B cell compartment
and a concomitant reduction of immature B cell numbers com-
pared with nontransgenic control mice. Interestingly, PARP-2
deficiency significantly reduced the expansion of the pre-B cell
compartment induced by c-Myc overexpression, whereas PARP-
1 deficiency increased the expansion of pre-B cells (Figure 2A-
B). A slight reduction in pre-B cells was also observed in the
spleen of Ep-Myc"”*Parp-2~/~ compared with Ep-Myc”* con-
trol and Ep-Myc”*Parp-1"'" mice. Neither PARP-1 nor PARP-2
deficiency modified the marginal zone or follicular B-cell popula-
tion in Ep-Myc mice (Figure 2C-D).

mice

Peripheral blood analysis also revealed that PARP-2 defi-
ciency, but not loss of PARP-1, mitigated the expansion of
the white blood cell compartment in young preleukemic
Ep-Myc mice (supplemental Figure 4A), mainly at the level of
preventing the expansion of pre-B cells (supplemental Figure
4B).

Altogether, these results suggest that PARP-2 favors the earliest

stages of transformation initiated by c-Myc overexpression in
pre-B cells.

GALINDO-CAMPOS et al
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Figure 2. PARP-2 is required for c-Myc-driven expansion of preleukemic pre-B cells. (A) Representative flow cytometric density plots showing pre-B
(CD19"B220" c-kit " IgD " IgM ™), immature (CD19"B220" c-kit IgD "IgM™), and mature (CD19*B220" c-kit IgD*IgM™*) BM B cells from mice of the indicated genotypes.
Percentage of cells in the individual subpopulations with regard to each gate is indicated in each quadrant. Values represent the mean of = 8 mice of each genotype.
(B) Bar plot displaying total number of BM cells and absolute number of pre-B, immature (ImmB), and mature (MatB) BM B cells. The number of cells in each popula-
tion was calculated by multiplying the percentage of each population by the total number of BM cells. (C) Representative flow cytometric density plots showing pre-B
(CD197B220" c-kit~IgD " IgM ™), marginal zone (MZ; CD197B220" c-kit~ CD21"9"CD23'*), and follicular (FO) B cells (CD19*B220" c-kit” CD21'°*CD23"9") from spleens of
mice of the indicated genotypes. Percentage of cells in the individual subpopulations with regard to each gate is indicated in each quadrant. Values represent the
mean of = 8 mice of each genotype. (D) Bar plot showing total number of spleen cells and the absolute number of pre-B, MZ, and FO B cells. The number of cells in
each population was calculated by multiplying the percentage of each population by the total number of splenocytes. Values represent mean = SEM of = 8 mice of
each genotype. Only P values between groups either containing or not the EuMyc transgene are represented in the graph for clarity. *P < .05, **P < .01. |g, immuno-
globulin; WT, wild type.

PARP-1 AND PARP-2 IN c-Myc-DRIVEN LYMPHOMA € blood® 13 JANUARY 2022 | VOLUME 139, NUMBER 2 231

20z aunr g0 uo senb Aq ypd'508Z1.01Z0ZPIAPO0Iq/L068581/822/2/6€ | /1Pd-ajolie/poojqeu-suoneoligndyse//:djy woly papeojumoq



A B x» .
Eu-MycT/* Eu-Myc/*Parp-2-/~ Eu-Myc*Parp-1-/~ . W En-Myc”
i i | = “MycT/+ -/~
T { [corGT s [Gam | [corGT s [Gm G2/M =< B EpMycT Parp-2
23 |23] 51 | 51 7.6 118 ] 7.7 S M Eu-Myc+Parp-1--
: 1 § T
é 1 2 i E { i : I
g1 : o e | kel g
| > i ) o d | N 3
] (/"WJ s | O =
| I I | - | I VN ;| B SRR GO/G1 s G2/M
DNA content
F
WT Parp2-/- Parp1-/-
E Myc
E,Myc
—_— *
< * *
S 20 —_— 5 15 * . 40
2= % - 3 T
RGN e S 30
N - 3= 10 e
=3 &= =
580 2% £ 20
32 s ERS T 10
3 o =2 °
ST o ' S o = 0
= WT  Parp2-/~ Parp1-/~ WT  Parp2-/~ Parp1-/- WT  Parp2~~ Parp1~/~
EuMyc EuMyc EuMyc

Figure 3. PARP-2 mitigates DNA damage accumulation in preleukemic Ep-Myc pre-B cells. (A) Representative flow cytometric staining profiles of yH2AX in BM pre-B
cells derived from mice of the indicated genotypes. (B) Graph depicting the percentage of positive YyH2AX cells. Bars represent mean = SEM obtained from = 5 mice per
genotype. (C) Representative microscopic images depicting immunofluorescence staining of yH2AX in fixed BM pre-B cells. Microscopy was performed by using a Leica
TCS SP5 confocal microscope. Red indicates yH2AX; blue indicates DAPI. Original magnification: x63. (D) High-throughput microscopy of yH2AX levels per individual
nucleus. At least 2000 nuclei were quantified per condition. Horizontal lines represent median values for each genotype. (E) Graph depicting the percentage of cells show-

ing a pannuclear distribution of yH2AX. (F) Representative images showing DNA damage in BM pre-B cells, visualized by alkaline comet assay, from mice of the indicated
genotypes. Original magnification: x10. (G) Graph showing the percentage of pre-B cells with comet. An average of 100 cells was scored for each genotype. Bars repre-
sent mean = SEM obtained from 3 mice per genotype from independent experiments. *P < .05, **P < .01. a.u., arbritary units; WT, wild type.

Transcriptome analysis of preleukemic Ep-Myc
BM pre-B cells

To gain further insights into the distinct roles of PARP-1 and
PARP-2 in the development of Myc-driven B-cell lymphoma, we
performed transcriptomic analysis of purified BM pre-B cells
from 4-week-old tumor-free Ep-Myc”* wild-type, Ep-Myc”™*
Parp-17'", and Ep-Myc"”*Parp-2~/~ mice. Bioinformatic analy-
ses showed that, with a false discovery rate cutoff of 1%, 53
genes were upregulated and 72 genes were downregulated in
Ep-Myc"”*Parp-2~/~ compared with Ep-Myc”" control pre-B
cells. In contrast, as many as 1191 genes were upregulated and
1334 genes were downregulated in Ep-Myc"”*Parp-1~/~
compared with Ep-Myc™™* control pre-B cells (supplemental
Tables 1-4).

Gene set enrichment analysis (GSEA) showed that PARP-2
deficiency resulted in an enrichment of pathways involved
in the DDR, including DNA replication, ATR pathway, DNA
repair, G2/M checkpoints, cell cycle mitotic and intrinsic
apoptotic signaling pathways (supplemental Figure 5). In
contrast, PARP-1 deficiency led to an enrichment of
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chemotaxis, inflammatory response, and transforming
growth factor B (Tgfb1) receptor binding pathways (supple-
mental Figures 5 and 6).

PARP-2 mitigates DNA damage accumulation in
preleukemic Epn-Myc BM pre-B cells

The enrichment of pathways involved in the DDR in preleukemic
BM pre-B cells observed in Ep-Myc"”*Parp-27/~ mice suggests
an accumulation of DNA damage. Accordingly, we monitored
the phosphorylation of histone H2AX (yH2AX), a sensitive indica-
tor of DNA injury.?® Preleukemic BM pre-B cells from Ep-Myc™™*
Parp-2~/~ mice exhibited increased phosphorylation of H2AX
compared with control Ep-Myc and Ep-Myc"”*Parp-17'~ pre-B
cells (Figure 3A-B). The increase in yH2AX was mainly localized in
S/G2 cells, suggesting replication stress.?**’ These results were
confirmed by immunostaining of yH2AX and immunofluores-
cence microscopy (Figure 3C-D). Notably, pre-B cells from Ep-
Myc" " Parp-2~'~ mice displayed a significantly higher percent-
age of cells with pannuclear yH2AX staining, characteristic of rep-
lication stress,?® than control Eu-Myc and Ep-Myc"*Parp-17/~
pre-B cells (Figure 3C,E). We next subjected BM pre-B cells to an

GALINDO-CAMPOS et al
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Figure 4. DNA break repair in preleukemic BM pre-B cells. (A) Kinetics of H2AX phosphorylation after irradiation (1 Gy) in BM pre-B cells from preleukemic
Ep-Myc"™, Ep-Myc*Parp-17/", and Ep-Myc" "Parp-27/~ mice. (B-D) Representative microscopic images showing immunofluorescence staining of Rad51 (B), 53BP1
(C), and phospho-RPA (pRPA) (D) foci in BM pre-B cells derived from mice of the indicated genotype (left) and high-throughput microscopy of Rad51 (B), 53BP1 (C),
and pRPA (D) fluorescence levels per individual nucleus (right). Red indicates Rad51 or 53BP1 or pRPA; blue indicates 4',6-diamidino-2-phenylindole. At least 2000 nuclei
were quantified per condition. Horizontal lines represent median values for each genotype. Original magnification: x63. (E) Representative flow cytometric dot plots of
phosphorylated Chk-1 (pChk-1) in BM pre-B cells of each genotype. (F) Graph showing the percentage of pChk-1" cells in different cell cycle phases. Bars represent
mean * SEM obtained from at least 6 mice per genotype. (G-H) Large-scale gene expression and GSEA showed a significant enrichment for DNA replication (G) and

ATR (H) pathways in pre-B cells from Ep-Myc"*Parp-27/~ mice compared with Epn-Myc

/% wild-type (WT) control cells. At the top is the GSEA enrichment plot; at the

bottom, the normalized gene expression heatmap of genes involved in those pathways. *P < .05, **P < .01, ***P < .001. a.u., arbritary units.

alkaline comet assay to assess induction and repair of DNA
breaks independently of their signaling and processing markers.
We observed a significant increase in En-Myc'"/* Parp-2~/~ pre-B
cells displaying a comet shape compared with control Ep-Myc
and Ep-Myc"*Parp-1~'" pre-B cells (Figure 3F-G).

The accumulation of DNA damage in PARP-2-deficient Ep-Myc
B cells could stem from impaired DNA strand break repair,
increased generation of intrinsic DNA damage, or both. Accord-
ingly, to measure DNA break repair, we monitored the kinetics
of H2AX phosphorylation after irradiation (1 Gy) in pre-B cells
from preleukemic mice cultured on MS-5 stromal cells in the
presence of recombinant interleukin-7. Although both
Ep-Myc"”*Parp-2~'~ and control Eu-Myc cells displayed a simi-
lar decay of yH2AX signal over time, deficiency of PARP-1
delayed loss of yH2AX (Figure 4A), consistent with ineffective
DNA strand break repair in the absence of PARP-1 but not in

PARP-1 AND PARP-2 IN c-Myc-DRIVEN LYMPHOMA

the absence of PARP-2. Furthermore, we analyzed the total
nuclear fluorescence intensity of RAD51 and 53BP1 foci in pre-
leukemic BM pre-B cells as markers of homologous recombina-
tion and nonhomologous end joining pathways, respectively. A
slight RAD51 staining was
Ew-Myc”*Parp-27/~ with respect to control Ew-Myc cells,
whereas RAD51 staining was decreased in Eu-Myc”*Parp-1~"~
pre-B cells (Figure 4B). We also observed an increase in 53BP1
staining in Ep-Myc pre-B cells deficient in PARP-2 with respect
to control cells and those deficient in PARP-1 (Figure 4C).

increase in observed in

Of note, we also observed an increased level of replication pro-
tein A (RPA) phosphorylation on S4/S8 (Figure 4D), triggered by
ATM and DNA-PK kinases in response to replication stress,?? in
PARP-2—deficient En-Myc pre-B cells compared with the other 2
genotypes. In addition, we monitored the phosphorylation sta-
tus of Chk1 on S345, a target of ATR, that coordinates the
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Figure 5. Effect of PARP-2 and PARP-1 deficiency on Ep-Myc BM pre-B cell proliferation, cell cycle, and apoptosis. (A-B) In vivo BM pre-B cell proliferation was
determined by intraperitoneal injection of 5-week-old mice of the indicated genotypes with BrdU (1 mg/6 g mouse weight). BM cells were harvested at 2 hours after
the onset of injection, and BrdU incorporation on pre-B cells was analyzed by flow cytometry. Representative histograms (A) from 2 independent experiments including
= 2 mice from each genotype are shown. Numbers indicate percentage of proliferating (BrdU™) cells. (B) Bars represent mean = SEM (SEM) values of the percentage
of BrdU™ cells. (C) Representative flow cytometric dot plots showing the cell cycle status of BM pre-B cells in mice from the indicated genotypes. BM pre-B cells were
stained with Kié7 to identify cycling cells and 4',6-diamidino-2-phenylindole to measure DNA content. The percentage of cells in each quadrant represents the mean
from = 6 mice in each group. (D) Graph showing the percentage of BM pre-B cells for each genotype that are in Go, G1, S, and G,/M phases of the cell cycle. (E-F)
Large-scale gene expression and GSEA showed a significant enrichment for Go/M checkpoint (E) and intrinsic apoptotic signaling (F) pathways in pre-B cells from Ep.-
Myc”*Parp-2~/~ mice compared with Ep-Myc™* wild-type (WT) control cells. At the left is the GSEA enrichment plot; at the right, the normalized gene expression
heatmap of genes involved in that pathways. (G) Representative dot plots showing active caspase-3 staining in BM pre-B cells for each genotype. (H) Bars represent
the percentage of cells positive for active caspase-3. Values represent mean + SEM obtained from = 6 mice per genotype. (I) Quantitative reverse transcription poly-
merase chain reaction analysis in BM pre-B cells of genes involved in cell cycle and apoptosis. Samples were normalized according to B-actin expression levels. Results
are expressed as fold expression compared with levels measured in WT cells. Values represent mean + SEM obtained from 3 independent experiments. *P < .05, **P
< .01, ***P < .001.

response to replication stress.*® This revealed an increased per- | PARP-2 attenuates the death of preleukemic B
centage of pChk1" pre-B cells, mainly at the S/G2/M phase of | cells overexpressing c-Myc

the cell cycle, from PARP-2-deficient Ep-Myc mice compared DNA damage activates cytostatic and cytotoxic responses,
with Ep-Myc control and Ep-Myc'*Parp-17/" pre-B cells (Fig- | which limit the expansion of the damaged cells. One or both of
ure 4E-F). Accordingly, GSEA showed an enrichment of DNA these responses may be responsible for the reduced
replication and ATR pathways in the absence of PARP-2 (Figure c-Myc—driven expansion of the BM pre-B cell compartment
4G-H). observed in the absence of PARP-2. To evaluate cell prolifera-
tion, mice were treated with a single intraperitoneal injection of
Together, our data indicate that DNA strand break repair BrdU for 2 hours. Proliferating BrdU™ pre-B cells from the BM of

pathways are not significantly compromised in the absence of Ep-Myc™*Parp-2~/~ mice were slightly increased, whereas con-
PARP-2 in Ep-Myc pre-B cells. Most likely, the PARP-2 deficiency trol Eu-Myc and Ep-Myc”*Parp-1~'" mice exhibited compara-
leads to elevated single-strand breaks, which are rapidly con- ble frequencies of BrdU™ pre-B cells (Figure 5A-B). We also
verted to double-strand breaks (DSB) in the S phase instead of a evaluated the cell cycle status in BM pre-B cells by Kié7 staining
decrease in DSB repair per se. to identify cycling cells and 4',6-diamidino-2-phenylindole to
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Figure 6. p53 haploinsufficiency abolishes the protective effect of PARP-2 deficiency in the development of B lymphomas in Ep-Myc™

* mice. (A) Kaplan-Meier

curves comparing B-cell lymphoma—free survival of Ep-Myc™/"Parp-2+/p53"~ and Ep-Myc" "Parp-2~/"p53*/~ mice. (B) Bar graph displaying absolute number of total,
pre-B, immature (ImmB), and mature (MatB) BM B cells in Eu-Myc" "Parp-2*/"p53*/~ and Ep-Myc" "Parp-2~/"p53™~ mice. (C) Graph showing the percentage of BM
pre-B cells for each genotype in Go, G1, S, and G,/M phases of the cell cycle. (D) Bar graph showing the percentage of cells positive for active caspase-3 for each geno-

type. Values represent mean = SEM obtained from at least 6 mice per genotype.

measure the amount of DNA content, which distinguishes Go,
G1, S, and Gp/M phases of the cell cycle. A significant increase
of Ep-Myc"*Parp-2~'~ pre-B cells were found in S phase of the
cell cycle as compared with control Ep-Myc and Ep-Myc™™*
Parp-1~'~ pre-B cells (Figure 5C-D). Of note, GSEA on purified
En-Myc”*Parp-27/~ BM pre-B cells showed enrichment for
G2/M checkpoint pathway compared with Ep-Myc'®™ control
pre-B cells (Figure 5E). Together, these data reveal an S/Gy/M
arrest in Ep-Myc” " Parp-27/~ compared with control Ep-Myc
pre-B cells, which may be reminiscent of increased replication
stress in the absence of PARP-2.

In addition, GSEA showed an enrichment of the intrinsic apopto-
tic signaling pathway in the absence of PARP-2 (Figure SF).
Accordingly, Ep.-Myc™*Parp-2~/~ BM pre-B cells exhibited a sig-
nificantly higher percentage of active caspase-3" cells than pre-B
cells from either Ep-Myc”* control or En-Myc™ ™ Parp-17'" mice,
indicating increased apoptosis (Figure 5G-H). Quantitative reverse
transcription polymerase chain reaction showed expression level
changes in genes involved in cell cycle and apoptosis, including
p53-dependent genes (Cenblip1, p21, Ro1, Bel2, Puma), on puri-
fied Ep-Myc"”*Parp-27/~ preleukemic BM pre-B cells compared
with Ep-Myc'™®* control pre-B cells (Figure 5).

c-Myc—driven B-cell lymphoma arises once other mutations,
often affecting p53, overcome the ability of c-Myc to induce
apoptosis. Of note, mutations in Trp53, indicated by high
P53 expression, were observed in B-cell lymphoma from
Ep-Myc™* control and Eu-Myc™*Parp2™/~ mice (supple-

mental Figure 7).

PARP-1 AND PARP-2 IN c-Myc-DRIVEN LYMPHOMA

p53 haploinsufficiency overcomes the delay in
c-Myc-driven B-cell lymphoma development
caused by loss of PARP-2

The involvement of p53-mediated pathways in c-Myc—driven
lymphoma is well established as deficiency of 1 allele of p53
accelerates the development of B-cell lymphoma in the Ep-
Myc"”* model.®" To address whether the delay in c-Myc—driven
lymphoma in PARP-2-deficient mice was p53 dependent, we
incorporated p53 haploinsufficiency into the crosses to address
the epistatic relationship between p53 haploinsufficiency and
PARP-2 deficiency. The median survival of 37 days observed in
Ep-Myc” " Parp-2*/"p53*/~ mice was similar to the median sur-
vival of 39 days found in Ep-Myc” " Parp-2~/"p53™/~ mice (Fig-
ure 6A), suggesting that protection against B-cell lymphoma
development mediated by PARP-2 deficiency takes place in a
p53-dependent manner. Of note, p53 haploinsufficiency in
Ep-Myc”*Parp-2~/~ mice restored BM B cell number, avoided
S/G2/M arrest, and reduced apoptosis to similar levels found in
Ep-Myc*Parp-2*/*p53*/~ control mice (Figure 6B-D). Simi-
larly, the changes of cell cycle- and apoptosis-related genes
observed in pre-B cells from Eu-Myc”*Parp-2/~ mice relative
to Ep-Myc™* control mice were no longer observed between
pre-B cells from En-Myc™”*Parp-2~/"p53"/~ mice and Ep-Myc™™*
Parp-2*/*p53*/~ mice (supplemental Figure 8).

Together, our data suggest that PARP-2 deficiency triggers, in
response to DNA damage accumulation, a p53-dependent DNA
damage response, resulting in cell cycle arrest and impaired sur-
vival of c-Myc—overexpressing pre-B cells as the major intrinsic
tumor-suppressor mechanism in Ep.-Myc™ *Parp-2~/ mice.
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Figure 7. Increased Tregs in preleukemic and tumor-bearing Ep-Myc”*Parp-17/~ mice. (A) Representative flow cytometric density plots showing Tregs
(CD3*CD4*CD25*FoxP3™). (B) Bar plot displaying the frequency of Tregs in preleukemic and lymphoma-infiltrated spleens and lymph nodes of mice of the indicated
genotype. Values represent mean = SEM of at least 6 mice of each genotype. (C) Immunohistochemical staining for FoxP3 of lymphoma-infiltrated lymph nodes of the
indicated genotypes. (D) Quantification of FoxP3" infiltrating cells determined by microscopic analysis. (E) Quantitative reverse transcription polymerase chain reaction
analysis of Tgfb1 gene expression in BM pre-B cells. Samples were normalized according to B-actin expression levels. *P < .05, **P < .01, ***P < .001.

PARP-2 inhibition impairs the proliferation of
established human B-cell lymphoma cell lines

To determine whether the growth of established
c-Myc—driven B-cell lymphoma is dependent on PARP-2
function, we treated a panel of 4 established human B-cell
lymphoma cell lines (SU-DHL-10, SU-DHL-5, DoHH-2, and
OCI-Ly3) with increasing doses of a selective PARP-2 inhibi-
tor (UPF-1069).32 We found that this compound inhibited the
proliferation of the 4 tested cell lines in a dose-dependent
manner (supplemental Figure 9A). This indicates that the
growth of frank human B-cell lymphoma with rearranged
Myc gene is in fact dependent on PARP-2 function, demon-
strating the effectiveness of selective PARP-2 inhibitors for
therapeutic purposes in c-Myc—driven B-cell lymphoma. In
addition, we found that genetic loss of PARP-2, but not
PARP-1 (supplemental Figure 9B), led to reduces prolifera-
tion of SU-DHL-10 cells (supplemental Figure 9C).
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Increased Tregs in lymphoma-infiltrated spleen
and lymph node of diseased Ep-Myc" *Parp-1~/~
mice

Previous work has demonstrated that Tregs suppress antitumor
response in endogenous B-cell lymphoma.®* Accordingly, we
analyzed the frequency of Tregs in preleukemic and tumor-
infiltrated spleens and lymph nodes of diseased En-Myc™*, Ep.-
Myc”*Parp-2~/~, and Ep-Myc”*Parp-17/~ mice. In
preleukemic spleens, we observed an increased frequency of
Tregs in Eu-Myc”*Parp-17/" mice compared with Ep-Myc™™*
mice, in agreement with previous results found in Parp-1~""
mice.>**° Flow cytometric analysis revealed an even greater
increase in frequency of Tregs in lymphoma-infiltrated spleens
and lymph nodes from Ep-Myc™*Parp-17/~ mice compared
with Ep-Myc™* control and Ep-Myc”*Parp-27/~ mice (Figure
7A-B). These results were confirmed by immunostaining of
FoxP3* and microscopic analysis in tumor-infiltrated lymph
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nodes of diseased mice (Figure 7C-D). Interestingly, we observed
an increased expression of Tgfb1, which has been demonstrated
to promote the induction of Tregs,* in En-Myc"*Parp-17/~
compared with control and Ep.-Myc™*Parp-2~/~ B cells (Figure
7E; supplemental Figure 6). Our results suggest that increased
levels of Tregs in Ep-Myc™"Parp-1"'" mice could block the
immune response to B-cell lymphoma and thus contribute, at
least in part, to the acceleration of tumorigenesis.

Discussion

We have shown an opposite role for PARP-1 and PARP-2 in
c-Myc—driven B-cell lymphoma, providing the first evidence for a
specific role of PARP-2 in supporting c-Myc—driven tumorigene-
sis. A key finding of our study is that loss of PARP-2 delays
tumor onset and prolongs survival in En-Myc transgenic mice,
whereas loss of PARP-1 accelerates tumorigenesis. In the Ep-
Myc mouse model, overexpression of c-Myc in the B-cell lineage
leads to a rapid expansion of BM pre-B cells associated with
additional mutations that prevent cell death, such as inactivation
of ARF and p53, leading to tumor development.'”""? Our data
indicate that PARP-2 deficiency, but not loss of PARP-1, prevents
the expansion of the pre-B cell compartment in Epn-Myc mice
without affecting their proliferation rate. On the contrary, pre-B
cells deficient in PARP-2 show increased cell death, which might
explain the protection to develop B-cell lymphoma.

Ep-Myc"”*Parp-2~'~ mice are more sensitive to alkylating agent
treatment than Ep.-Myc™* control mice (supplemental Figure 10),
in agreement with the role of PARP-2 in maintaining genome sta-
bility."?! Accordingly, we found that PARP-2 limits c-Myc—driven
genomic instability.3*® Of note, PARP-2 deficiency in Myc-
overexpressing B cells results in DNA damage accumulation,
mainly in replicating cells, as indicated by the accumulation of
YH2AX in S phase®*? and the increased phosphorylation of
Chk1, indicative of an active replication stress-driven ATR
response.® This signaling cascade is linked with a transcriptional
activation of p53-dependent cytostatic and apoptotic signals to
prevent tumourigeneis. Indeed, loss of proapoptotic genes
directly (Puma)*® or indirectly (Bim)** regulated by p53 has been
show to increase survival of B cells*®*® and accelerate cMyc-
driven lymphomagenesis.*’*? The expression of p53-dependent
apoptotic genes was modified in pre-B cells from Ep-Myc™™"
Parp-2~/~ mice compared with control cells, with upregulation of
proapoptotic genes (Puma and Bim) and downregulation of anti-
apoptotic genes (Bcl2), tipping the balance toward a proapop-
totic state, which may be critical for preventing tumorigenesis. In
fact, we found that the prevention of Myc-induced B-cell lym-
phoma by loss of PARP-2 was dependent on the presence of
P53, in agreement with previous data showing a synergistic inter-
action between PARP-2 and p53 in tumor suppression.” How-
ever, we cannot rule out a direct role of PARP-2 in transcription
regulation.®® Indeed, PARP-2, but not PARP-1, has been shown
to be a critical component in the androgen receptor transcrip-
tional complex by interacting with FOXAT1 favoring prostate can-
cer development, suggesting that selective inhibition of PARP-2
could be a therapeutic approach to treat prostate cancer.*?

Replication stress, a major driver of genomic instability mediated
by c-Myc,®' is exacerbated by PARP-2 deficiency, but not by

PARP-1 AND PARP-2 IN c-Myc-DRIVEN LYMPHOMA

loss of PARP-1. Of note, a critical role of PARP-2, but not
PARP-1, in limiting replication stress has previously been noted
in another model of high proliferative index as erythropoiesis.’’
Stalled replication forks, the major source of genome instability
in proliferating cells,®® contain extensive single-strand DNA
(ssDNA), which needs to be protected by the binding of RPA.>
Interestingly, it has been reported that ssDNA breaks trigger the
recruitment of PARP-2, and its specific activation leads to the
subsequent recruitment of RPA>*  Accordingly, PARP-2
deficiency in highly proliferating Ep-Myc cells might impair
RPA-mediated ssDNA protection required for replication fork
stabilization.>® Moreover, PARP-2 is also required for stabilizing
replication forks through stabilization of RAD51,® which is
required for replication fork reversal to facilitate fork repair.>

Inflammation has been associated with initiation of tumor devel-
opment, and increased levels of inflammatory mediators have
been linked to poor prognosis.>® Remarkably, PARP-1 deficiency
accelerates c-Myc—driven tumorigenesis associated with enrich-
ment in inflammatory response pathways, including upregulation
of cytokine and chemokine genes. This finding was somewhat
unexpected, because previous work has shown that PARP-1 con-
tributes to inflammation mainly through its modulatory function
on the proinflammatory transcription factor NF-kB.>” However,
PARP-1 does not always correlate with upregulation of NF-«xB
target genes. Indeed, silencing and enhancing transcription of
NF-kB target inflammatory genes by PARP-1 have been previ-
ously described,®® suggesting that the effect of PARP-1 on the
NF-kB-dependent inflammatory gene expression may be
dependent on the tissue and development stage.>” Moreover, a
recent report showed that PARP-1 promotes inflammation-
driven colorectal tumor progression.>

Additional events associated with the acceleration of tumorigen-
esis in PARP-1-deficient Ep-Myc mice could involve immuno-
suppressive mechanisms, including upregulation of the
suppressive cytokine Tgfb1%? and increased levels of Tregs. Of
note, Tregs impaired immune response to tumors®' and have
been demonstrated to play a critical role in suppressing antitu-
mor response in endogenous B-cell lymphoma.®® Altogether,
our data suggest that PARP-1 affects cross-talk between the
tumor cells and their microenvironment, with the net effect of
suppressing tumorigenesis.

Currently, there is great interest in the use of PARP inhibitors for
the treatment of different types of cancer, including diffuse large
B-cell lymphoma.®? However, none of these inhibitors is specific,
and all of them inhibit both PARP-1 and PARP-2. However, our
data indicate opposing roles of these 2 proteins in the progres-
sion of tumors driven by the c-Myc oncogene, with the inactiva-
tion of PARP-2 having a clear protective effect and PARP-1
ablation benefiting tumor progression. Collectively, these find-
ings have potentially significant therapeutic implications,
highlighting the importance of developing selective PARP-2
inhibitors to treat c-Myc—driven tumors.
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