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Poly(ADP-ribose) polymerases (PARPs) synthesize and bind
branched polymers of ADP-ribose to acceptor proteins using
NAD as a substrate and participate in the control of gene tran-
scription and DNA repair. PARP1, the most abundant isoform,
regulates the expression of proinflammatory mediator cyto-
kines, chemokines, and adhesion molecules, and inhibition of
PARP1 enzymatic activity reduced or ameliorated autoim-
mune diseases in several experimental models, including
colitis. However, the mechanism(s) underlying the protective
effects of PARP1 inhibition in colitis and the cell types in
which Parpl deletion has the most significant impact are
unknown. The objective of the current study was to deter-
mine the impact of Parpl deletion on the innate immune
response to mucosal injury and on the gut microbiome com-
position. Parpl deficiency was evaluated in DSS-induced
colitis in WT, Parpl~'~, Rag2~'~, and Rag2™'~ X Parpl~'~
double knock-out mice. Genome-wide analysis of the colonic
transcriptome and fecal 16S amplicon profiling was per-
formed. Compared with WT, we demonstrated that Parpl ™'~
were protected from dextran-sulfate sodium-induced colitis
and that this protection was associated with a dramatic tran-
scriptional reprogramming in the colon. PARP1 deficiency
was also associated with a modulation of the colonic micro-
biota (increases relative abundance of Clostridia clusters IV
and XIVa) and a concomitant increase in the frequency of
mucosal CD47CD25"* Foxp3* regulatory T cells. The protec-
tive effects conferred by Parpl deletion were lost in Rag2~/~
X Parpl~'~ mice, highlighting the role of the adaptive
immune system for full protection.
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Poly(ADP-ribose) polymerases (PARPs)* represent a family
of 18 cell-signaling enzymes involved in the regulation of mul-
tiple nuclear proteins and participate in the complex regulatory
networks involved in mucosal immunity. PARP-mediated post-
translational modifications include the transfer of polymers of
ADP-ribose (parylation) from NAD™ donor molecules to glu-
tamic acid, aspartic acid, or lysine on target proteins (1). Among
PARPs, PARPI1 plays essential roles in the maintenance of
genomic integrity (DNA-damage sensing), facilitation of cell
survival, and the relaxation of chromatin structure, which fos-
ters protein/protein interactions and protein-DNA binding (2).
PARP1 targets include core histones and diverse transcrip-
tional factors (3). PARP1 activity can be regulated by several
endogenous and exogenous factors, such as estrogen and
1,25(OH),, vitamin D (4).

PARP1 inhibition mitigates morbidity and mortality in mul-
tiple inflammatory and autoimmune diseases such as diabetes
mellitus, rheumatoid arthritis, septic shock, ischemic stroke,
acute pancreatitis, asthma, and inflammatory bowel disease-
like colitis (5). Genetic ablation or pharmacological inhibition
of PARP1 reduces the biological and physical manifestations of
experimental colitis; Il-10~/~ mice treated with a PARP1 inhib-
itor (3-aminobenzamide) show a significant reduction in pro-
inflammatory cytokine production associated with reduced
intestinal permeability (6). Other PARP1 inhibitors have also
been used successfully to prevent hapten-induced colitis in rats
(7-11) and in mice (12, 13). However, the mechanism(s) under-
lying PARP-mediated promotion of immune dysregulation in
colitis remains unknown, although depletion of cellular ener-
getic pools, which could culminate in cell dysfunction and
necrosis as well as the promotion of the transcription of proin-
flammatory genes, has been postulated (2).

PARPI has been shown to enhance inflammatory responses
by promoting the expression of inflammation-associated genes,
such as proinflammatory cytokines, inducible nitric-oxide syn-
thase, intracellular adhesion molecule 1 (ICAM-1), cyclooxyge-
nase 2 (COX-2), and NADPH oxidase as well as major histo-
compatibility complex class II (MHC-II). PARP1 potentiates
NEF-«B activity and AP-1 expression, fostering the expression of
major NF-«B and AP-1-depandant proinflammatory mediators

“The abbreviations used are: PARP, poly(ADP-ribose) polymerase; DSS, dex-
tran-sulfate sodium; DKO, double knockout; ANOVA, analysis of variance;
TF, transcription factor.
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(12). In intestinal epithelial cells iz vitro, inhibition of PARP-1
with PJ-34 is protective during invasive Salmonella spp. infec-
tion by up-regulating IL-6 production through ERK and NF-«B
signaling pathways (14), suggesting an enhanced innate
immune response to pathogenic bacteria. It is, therefore, plau-
sible that PARP1 inhibition in vivo could modulate the inflam-
matory tone in the colonic mucosa, which might prove protec-
tive in the face of epithelial barrier breach and translocation of
commensal bacteria. To test this, we utilized a model of dex-
tran-sulfate sodium (DSS)-mediated mucosal injury, which
leads to bacterial translocation and transient ulcerative colitis-
like inflammation in Parpl '~ mice and their wild-type litter-
mates. We performed genome-wide analysis of the colonic
transcriptome profile in combination with 16S amplicon
library profiling to test the potential effect of PARP1 deficiency
on the colonic microbiome. We also tested the effects of Parp1
deletion in T-and B-cell-deficient Rag2~/~ mice in the DSS
model of colitis. We show that Parp1 deficiency offers signifi-
cant protection from mucosal injury in Parpl '~ mice and that
deletion of the Parpl gene leads to dramatic transcriptional
reprogramming in the colonic mucosa. This effect is accompa-
nied by modulation of the composition of colonic microbiota
and an increased relative abundance of Firmicutes, including
Clostridia clusters IV and XIVa. Consistent with this, colonic
lamina propria CD4"CD25" Foxp3™ iTreg were present at a
higher frequency in Parpl ™'~ mice. Protective effects related
to Parpl deletion were lost in DSS-treated Parp1/Ragl double
knock-out mice, thus suggesting the requirement for elements
of the adaptive immune system for full protection.

Experimental Procedures
Experimental Animals

Specific pathogen-free wild-type (WT) 129/SvEv mice,
Parpl~'~ and Rag2~’~ mice on the same genetic background,
were originally obtained from Taconic (Germantown, NY).
Rag2~'~ were crossed with Parpl '~ mice to develop double
knockouts (DKOs). All mice were maintained in a conventional
animal facility at the University of Arizona Health Sciences Center.
Sentinel mice were routinely monitored and determined as free
from common murine pathogens (MHV, MPV, MVM, TMEV,
Mycoplasma pulmonis, Sendai, EDIM, MNV, and ecto- and
endoparasites). All animal protocols and procedures were
approved by the University of Arizona Animal Care and Use
Committee.

Experimental Model of Colitis

Colitis was induced by DSS treatment (Affymetrix, Santa
Clara, CA), administrated in drinking water. 6 —8-Week-old
Parpl~'~ mice or their genetically matched WT mice were left
untreated or given drinking water with DSS for up to 7 days.
Mortality and body weight were monitored daily. In the initial
experiment, 4% DSS was used for 7 days followed by H,O for
another week. The DSS lot used was determined to be too toxic
at this concentration, as it led to 70% mortality during the
recovery period (Fig. 1A4). In all subsequent experiments, 3%
DSS was used for 7 days only to determine the effects of Parp1
status on acute mucosal injury and immune response. A sepa-
rate study aimed at microarray analysis of colonic gene expres-
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sion was performed with a new lot of DSS, empirically deter-
mined to result in no mortality, at a dose of 4% in drinking water
for 7 days.

Colonic Histology

Proximal and distal colons were harvested and fixed in 10%
neutral buffered formalin (Fisher Scientific, Tustin, CA). Fixed
tissues were then embedded in paraffin, and 5-um-thick tissue
cuts were stained with hematoxylin and eosin (H&E) for light
microscopic examination.

Colonic Explant Culture, ELISA, and xMAP Assays

Colon segments were flushed with phosphate-buffered saline
(PBS) to remove fecal contents, opened lengthwise, and shaken
vigorously for 10 min in PBS. Tissue was then apportioned to
the wells (50-100 mg of tissue per well) of a 24-well tissue
culture plate (Corning Costar, Lowell, MA) and cultured in 1 ml
of complete RPMI 1640 medium containing 5% heat-inacti-
vated fetal bovine serum, penicillin, streptomycin, and ampho-
tericin B (all from Invitrogen). Tissues were incubated at 37 °C
for 18 h, and supernatants were collected and stored at —80 °C
until being assayed. Selected cytokine concentrations were
evaluated by an xMAP assay (Millipore, Billerica, MA) and
Luminex 100 platform (Millipore, Danvers, MA).

Real-time RT-PCR

Real-time RT-PCR was used to evaluate mucosal expression
of IL-17, IL-12p40, TNFq, IL-183, IFNy, and MMP-8 mRNA
(the latter as a surrogate marker of neutrophil infiltration).
Total RNA was isolated from mouse proximal and distal colon
using the Qiagen RN Aeasy kit (Qiagen, Valencia, CA). 250 ng of
total RNA was reverse-transcribed using the iScript cDNA syn-
thesis kit (Bio-Rad). Subsequently, 20 ul of the PCR reactions
were set up in 96-well plates containing 10 ul of 2X IQ Super-
mix (Bio-Rad), 1 ul of TagMan® primer/probe set (ABI, Foster
City, CA), 2 ul of the cDNA synthesis reaction (10% of the
reverse transcription reaction), and 7 ul of nuclease-free water.
Reactions were run and analyzed on a Bio-Rad CFX real-time
PCR detection system. Data were analyzed by using the com-
parative C, method as the means of relative quantification, nor-
malized to an endogenous reference (TATA box-bonding pro-
tein (TBP) or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)) and relative to a calibrator (normalized C, value
obtained from control mice) and expressed as 2~ *** (Applied
Biosystems User Bulletin #2: Rev B “Relative Quantification of
Gene Expression”).

Microarray Analysis of Colonic Gene Expression Profile

Amplified and biotinylated sense-stranded DNA targets
were generated from total RNA isolated from WT and
Parpl~’~ mice treated with water or DSS (1 = 3 in each geno-
type/treatment group) using GeneChip® WT PLUS Reagent kit
(Affymetrix) and hybridized to GeneChip® Mouse Gene 2.0 ST
Arrays (Affymetrix). Gene expression analysis was performed
using GeneSpring 13.0 software (Agilent Technologies, Santa
Clara, CA). Data were processed using the RMA16 summariza-
tion algorithm and normalized against the median of all sam-
ples or, in some instances, to the median of control samples
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(WT + H,O). Statistical analysis was performed using built-in
tools, including normalized ¢ test or two-way ANOVA, in both
cases with Benjamini-Hochberg multiple testing correction.
Gene ontology (GO) functional annotation analysis was per-
formed either with GeneSpring or using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID)
v6.7 online tool (15). Single-site analysis to detect over-repre-
sented conserved transcription factor binding sites in a set of
genes regulated in Parpl deficiency was performed using the
oPOSSUM 3.0 online tool (16). More detailed results of the
analyses, including raw and normalized expression values, can
be viewed at the National Center for Biotechnology Informa-
tion Gene Expression Omnibus microarray depository web site
(www.ncbi.nlm.nih.gov; GEO accession no. GSE76658).

Preparation of Single Cell Suspension from Lamina Propria

WT and Parpl '~ mouse colons were harvested and cleaned
of luminal contents using 1X PBS. The colons were cut open
longitudinally and into ~5-mm pieces. Colonic pieces were
washed extensively in Ca®>"/Mg®"-free Hanks’ balanced salt
solution containing 5% FBS and 10 mm HEPES (HHF) (Life
Technologies) and incubated for 20 min at 37 °C in the pre-
digestion solution: 5 mm EDTA and 1 mm DTT in HHF to
remove epithelial cells. Free of intestinal epithelial cells, colonic
pieces were further digested with a solution containing 100
units/ml collagenase (Worthington, NJ) and 40 pg/ml DNase
(Roche Diagnostics) in HHF at 37°C for two consecutive
15-min incubations. After each incubation, cells passing
through a 100-um strainer were collected in RPMI with 10%
FBS. After centrifugation at 400 X g at 4 °C, cells were resus-
pended in 5 ml of RPMI 1640 medium and counted with a
Beckman Coulter viability counter (Vi-Cell XR).

Flow Cytometry

Colonic lamina propria single cell suspensions were stained
for Live-Dead cells (Zombie Aqua, Biolegend, San Diego, CA)
followed by anti-mouse CD16/CD32 blocking for 15 min
(2.4G2 antibody). Cells were labeled with different conjugated
antibodies in the dark for 30 min at 4 °C: anti-mouse CD4-
FITC, CD25-Brilliant Violet 421, FoxP3-APC, and CCR9-PE
(BD Biosciences or eBioscience Inc., San Diego, CA). After
washing in FACS stain buffer (BD Biosciences), cells were fixed
and permeabilized at 4 °C overnight using fixation/permeabili-
zation buffer following the manufacturer’s instructions (eBio-
science). Intracellular staining for Foxp3 was performed follow-
ing the manufacturer’s recommendation for the Treg staining
kit (ebioscience). Data were acquired using an LSR Fortessa
flow cytometer (Becton Dickinson) and analyzed using Flow]o
Software (Tree Star Inc, Ashland, OR).

Microbiome Analysis

Fecal DNA Extraction and Quantification of Bacterial
DNA—Fecal pellets were collected from mice and stored at
—80 °C. Fecal DNA was extracted using the FAST DNA SPIN
Kit (MP Biomedicals, Santa Ana, CA) according to the manufa-
cturer’s instructions. Purified DNA was resuspended in 200 ul
of Tris-EDTA buffer and quantified on a Nanodrop ND-1000.
DNA samples were stored at —80 °C.
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Analysis of Bacterial 16S Genes and Gut Community
Profiling—The hypervariable region V4 of the 16S rRNA gene
was amplified from each sample using barcoded 806R primers
and 515F primer (17) and 5 Prime Hot MasterMix (5 Prime,
Hilden, Germany) in triplicate. The quality of the amplicons
and potential contaminants was checked on a 1.5% agarose gel.
Replicates were pooled and quantified using Picogreen (Invit-
rogen) according to the manufacturer’s protocol. Equal
amounts of 240 ng of DNA from each sample were pooled into
one multiplexed library and cleaned using an UltraClean PCR
Clean-Up kit (MoBio). Pooled amplicons were diluted, dena-
tured (0.2 N NaOH), and sequenced on the MiSeq platform
(Illumina) using custom primers (17). Due to the limited
sequence diversity among 16S rRNA amplicons, 10% of the
PhiX control library (Illumina) made from phiX174 was added
to the run. At a final concentration of 6.75 pMm, the pooled 16S
rRNA library was subjected to paired-end sequencing using the
2 X 150bp MiSeq Reagent Kit V2 (Illumina). Sequencing was
performed in our laboratories on the Illumina MiSeq (serial
#MO03190, with the MiSeq Control Software v 2.5.0.5). The run
of 105 pooled samples generated 12,491,854 sequences. After
de-multiplexing and quality filtering 11,371,676 reads
remained. Of 105 samples, only 20 pertained to the experiment
with a total number of 4,227,058 reads. The reads had a median
length of 253 bases.

De-multiplexing and filtering were done using the QIIME
1.9.1 software package (18). Sequences were assigned to opera-
tional taxonomic units (OTU) with a 97% similarity threshold
using QIIME’s uclust-based open-reference OTU picking pro-
tocol against the SILVA reference database (release 119). The
average number of sequences per sample was 203,918.6 *
21,727.4 (mean *+ S.D.). The threshold for the minimum num-
ber of sequences in a given sample was set to 24,000. The min-
imum number of reads per sample in this experiment was
173,086; therefore, all samples were included in our analysis.

Clostridia clusters IV and XIVa were amplified from 10 ng of
fecal DNA using PerfeCTa SYBR Green Fastmix (Quanta Bio-
sciences) at primer annealing temperatures optimized by gra-
dient PCR and melting curve analysis. Quantification cycle (Cq)
values were used to calculate relative abundance. All samples
were normalized to all bacteria/archaea detectable with univer-
sal 16S primers 926F and 1062R. The following PCR protocol
was run: 95 °C (30 s), then 95 °C (5 s), variable annealing tem-
perature (15 s), and 72 °C (10 s) for 30 cycles. Each sample was
run in duplicate, and the mean Ct value was used to calculate
27 24C yalues. p values were calculated using the two-tailed
Student’s ¢ test. Selected primers (19 —21), their sequences, and
annealing temperatures can be found in Table 1.

Statistical Analysis

Statistical significance of non-array data was determined by
ANOVA followed by Fisher protected least significant differ-
ence post hoc test or by unpaired two-tailed Student’s ¢ test, as
appropriate, using the StatView software package v.4.53 (SAS
Institute, Cary, NC). Data are expressed as the means = S.E. of
mean.
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TABLE 1
Primer sequences for targeted real-time PCR analysis of gut microbiota (19-21)
Annealing
Target group Primer name Forward primer temperature
°C
Universal 926F AAACTCAAAKGAATTGACGG 59
1062R CTCACRRCACGAGCTGAC
C. leptum (IV) CL-IV-F CCTTCCGTGCCGSAGTTA 52.8
CL-IV-R GAATTAAACCACATACTCCACTGCTT
C. coccoides (XIVa) CL-XIVa-F AAATGACGGTACCTGACTAA 57.0
CL-XIVa-R CTTTGAGTTTCATTCTTGCGAA

Results

PARP1 Deficiency Protects against DSS-induced Colitis—At
baseline, Parpl ™'~ mice were phenotypically indistinguishable
from their WT littermates, with normal colonic histology and
no evidence of mucosal inflammation (not shown). To deter-
mine the influence of Parpl in the modulation of the mucosal
immune response during epithelial injury (acute colitis), colitis
was initially induced in WT or Parpl '~ mice with 4% DSS in
drinking water for 7 days followed by 7 days of H,O alone. In
this initial study, the DSS lot used resulted in 70% mortality
during the recovery period. However, Parpl '~ mice had a
100% survival rate (Fig. 1A4). All subsequent experiments
focused on the development of acute colitis 7 days into the
administration of reduced-dose DSS (3%). WT mice had bloody
stools and extensive changes primarily in distal colonic tissue
architecture with hyperplasia, immune cell infiltration, loss of
goblet cells, extensive mucosal destruction, and loss of the sur-
face epithelium (Fig. 1B). In contrast, Parpl '~ mice displayed
no overt pathology (no blood in stools or diarrhea) and showed
significantly milder histopathologic changes (Fig. 1B). In the
colonic mucosa, TNFa and IL-17 mRNA and protein expres-
sion were significantly lower in DSS-treated Parpl '~ mice
compared with DSS-treated WT mice (Fig. 1, C and D). Poten-
tial anti-inflammatory effects of IL-10 and IL-22, both protec-
tive cytokines in the DSS model, were unlikely to account for
colitis resistance in Parpl '~ mice as their mucosal expression
pattern closely followed that of other cytokines, i.e. no signifi-
cant difference between genotypes at baseline and blunted
response to DSS in Parpl /" mice (supplemental Fig. S1). In
DSS-treated Parpl ™'~ mice, although not statistically signifi-
cant, a clear trend toward decreased IFNvy mRNA, IFNy pro-
tein, and IL12p40 mRNA production in colonic explant culture
was observed (Fig. 1D).

Transcriptional Reprogramming in the Colon of Parpl '~
Mice—To better understand the PARP1-mediated effects on
inflammation, we performed a comprehensive microarray
analysis of gene expression patterns in WT and Parpl /™ mice
with and without DSS treatment. Hierarchical clustering of all
samples with Euclidean similarity measure indicated that the
gene expression pattern in Parpl '~ mice was dramatically
different from WT mice at baseline. Limited changes in the
gene expression profiles of Parpl '~ mice treated with water
or DSS were reflected by close clustering of those two experi-
mental groups (Fig. 2). Interestingly, Parpl '~ status, irrespec-
tive of treatment, was closely related to DSS-treated WT mice
(Fig. 2). The same clustering algorithm was applied to non-
averaged data to demonstrate uniformity of gene expression
within each experimental group (supplemental Fig. S2).
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Dramatic Difference in Gene Expression Pattern in Parpl "~
at Baseline—When WT and Parpl '~ colonic transcriptomes
were compared at baseline (no DSS), 10,787 transcript cluster
IDs were identified as significantly different (p < 0.05, moder-
ated ¢ test with Benjamini-Hochberg multiple testing correc-
tion), of which 4,785 transcripts were affected 2-fold or more.
The magnitude of this difference is depicted in Fig. 3 as subsets
of this list with increasing -fold change (up- or down-regulated
transcript cluster IDs) between 2- and 10-fold. The emerging
pattern, which favored up-regulated genes, strongly implied a
transcriptional de-repression in Parpl /" mice and suggests
that the primary role of PARP1 is to suppress the transcription
of a significant proportion of the genes. We further performed
gene ontology analysis to identify the most overrepresented
categories (biological process) among genes differentially
expressed between the genotypes at baseline. The 4785 tran-
script cluster IDs were converted into 3587 unique annotated
genes that were analyzed with the DAVID functional annota-
tion tool under high stringency (minimum 10 genes per cate-
gory, EASE score <0.01). As shown in Fig. 4 (limited to catego-
ries with >100 genes each), the Parpl-regulated genes were
greatly enriched in the categories related to proteolysis, protein
localization, metabolic processes, cell cycle and cell death, and
RNA metabolism and translation.

Prediction of Transcription Factors Affected by Parpl Defi-
ciency in the Mouse Colon—To gain insight into putative
colonic transcriptional regulators affected by Parpl deletion,
we performed the single-site analysis of over- and under-repre-
sented conserved transcription factor (TF) binding sites in a
defined subset of the genes differentially expressed between the
two genotypes. We used oPOSSUM v.3.0 online tool, which
compares an a priori defined gene list against a database of
29,347 mouse genes, 5,000 bp upstream and 5,000 bp down-
stream of the transcription start site. Because this tool limits the
query list to 2,000 genes, we used a sliding scale of moderated ¢
test p value to reduce the number of transcript cluster IDs to
this number and arrived at p = 0.00365. From this set, oPOS-
SUM algorithm selected 1600 known genes for analysis. 53 TFs
were found as overrepresented (Z-score >1.0), and 53 were
underrepresented (Z score <—1.0). When these two lists was
grouped into TF classes, the emerging picture indicated that the
majority of overrepresented TF binding sites belonged to helix-
turn-helix and other a-helix classes, whereas underrepresented
cis elements were dominated by binding sites for zinc-coordi-
nating and Ig-fold TFs (Fig. 5). The latter is particularly inter-
esting, as it implies that normally, PARP1 positively regulates
the Ig-fold TF class, which includes several key transcriptional
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FIGURE 1. Reduced mortality and mucosal inflammation in DSS-treated Parp7~/~ mice. A, no mortality was observed in Parp1 ™/~ mice treated with 4%
DSS for 7 days. B, representative H&E staining of the proximal and distal colon of WT and Parp1~/~ mice treated with 3% DSS for 7 days. C, colonic mucosal
cytokine mRNA expression in WT and Parp1~/~ mice treated with 3% DSS for 7 days evaluated by real-time RT-PCR (n = 3-7; asterisks indicate statistical
significance at p < 0.05 between DSS-treated WT and WT and Parp7 ™/~ mice; ANOVA followed by Fisher protected least significant difference post hoc test).
D, secretion of IFNy and TNF« in colonic explant culture from 3% DSS-treated WT and Parp1~/~ mice.

regulators of the inflammatory response, such as NF k-B family
members and STATSs.

Effects of DSS on Colonic Transcriptome in WT and Parpl ™"~
Mice—In WT mice, stringent statistical analysis resulted in
identification of 755 transcript cluster IDs significantly altered
(down- or up-regulated) by DSS treatment (p < 0.05, moder-
ated ¢ test with Benjamini-Hochberg multiple testing correc-
tion, =2-fold change). The same comparison applied to
Parpl~'~ mice yielded only three transcript cluster IDs. These
included 8.3-fold up-regulation of TNF-inducible metallore-
ductase Steap4, 6.2-fold up-regulation of tissue plasminogen
activator Plat, and 3.4-fold reduction of nuclear- encoded
rRNA n-RSs176. The difference in transcriptional response to
DSS between WT and Parpl '~ mice is shown in Fig. 6, which
depicts the 755 transcript cluster IDs altered in WT mice (panel
A) next to the same IDs plotted for Parpl '~ mice (panel B).
Interestingly, the vast majority of transcript cluster IDs that
were up-regulated or down-regulated by DSS treatment in WT
mice were already up- or down-regulated in Parpl ™'~ mice, in
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whom DSS treatment did not result in further changes (supple-
mental Fig. S3). When all genotype/treatment groups were
compared by 2-way ANOVA, 959 differentially expressed tran-
script cluster IDs mapped primarily to metabolic and not
immune pathways (supplemental Fig. S44) with the exception
of the Jak-Stat cascade, represented by JAK2, Nemo-like kinase
NIk, protein inhibitor of activated Stat1 Pias, and interleukin 23
receptor IL23R (supplemental Fig. S4B). To increase the power
of analysis, we performed gene set enrichment analysis, where a
predefined GO gene set of 316 entities described as Immune-
_System_Process was selected and analyzed by 2-way ANOVA.
The analysis with genotype as the variable resulted in identifi-
cation of 54 unique genes (supplemental Table S1 and Fig. S5)
involved in cytokine and chemokine signaling, T- and B-cell
receptor signaling, and MAPK signaling pathways, among
other functions.

Colonic Microbiome Composition Is Altered in Parpl-defi-
cient Mice—In light of the dramatic differences in gene expres-
sion patterns observed between WT and Parpl '~ mice under
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FIGURE 2. Gene expression patterns in control and 3% DSS-treated WT and Parp1~'~ mice; hierarchical condition tree. A, data were normalized to the
median of all samples, filtered on expression levels (raw data >20.0 in at least one of 12 analyzed samples) and without statistical analysis or pre-selection
selection, were subjected to hierarchical clustering. B, analogous clustering analysis but with a preselected gene list from 2-way ANOVA analysis with the
corrected p value for genotype-treatment of <0.05, with Benjamini-Hochberg test used as the multiple testing correction.
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FIGURE 3. The magnitude of transcriptional reprogramming in the colon of Parp1~/~ mice at baseline. Data were normalized and filtered as in Fig. 2 and
statistically analyzed for transcript IDs that statistically differed between WT and Parp1~/~ mice at baseline (without DSS) (moderated t test with Benjamini-
Hochberg test used as the multiple testing correction). The transcript IDs identified as significantly different (p < 0.05) were plotted as the number of
up-regulated (blue line) or down-regulated (red line) transcripts with -fold change increasing from 2- to 10-fold over WT controls.

steady-state conditions, we hypothesized this may translate
into baseline differences in the composition of the gut micro-
biota. We observed a trend toward increased microbial alpha
diversity in Parpl~'~ mouse fecal samples, although this did

APRIL 22,2016-VOLUME 291-NUMBER 17 SASBMB

not reach statistical significance (data not shown). Taxonomic
analysis at the phylum level also did not indicate significant
differences (not shown). To look for more subtle changes, we
compared relative microbial abundance at the order level,
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FIGURE 4. Gene ontology (GO) analysis of genes differentially expressed in WT and Parp1~/~ mice at baseline. 4,785 transcript cluster IDs (WT versus
Parp1~'~;-fold change =2, p < 0.05) were converted into 3,587 uniquely annotated proteins and analyzed with the DAVID functional annotation tool with the
following options: minimum 10 per category, Ease score <0.01. To reduce the results for presentation, biological process categories with =100 genes/proteins
in each were selected. Black bars represent the number of genes in a given category (upper horizontal axis), and orange dots represent EASE score for each

category (lower horizontal axis).

where we observed significant reduction of Lactobacillales in
Parpl™'~ mice (3.9% versus 12.51% in WT mice, p < 0.05; Fig.
7A). This decrease was compensated by the relative expansion
of the order Clostridiales (32.01% in WT and 45.27% in
Parpl~'~ mice), although this was not statistically significant.
Breakdown of Clostridiales at the family level showed a similar
pattern in both mouse strains, thus suggesting that the
expansion of this order is not specific to any particular
family. Because butyrate-producing Clostridium clusters IV
and XIVa (Clostridium leptum and Clostridium coccoides
groups, respectively) represent dominant Firmicutes span-
ning multiple families and are known for their beneficial
effects on epithelial integrity and the regulatory T cell com-
partment (22), we analyzed their abundance in WT and
Parpl~’~ mice by qPCR. Relative abundance of both clos-
tridial clusters were significantly increased in Parpl '~
mice compared with WT (Fig. 7B). Members of these two
clusters have been shown to provide antigens and a local
microenvironment facilitating expansion and differentia-
tion of regulatory T cells (Treg; Ref. 23). Consistent with

8924 JOURNAL OF BIOLOGICAL CHEMISTRY

this, Parpl '~ mice showed increased frequencies of
CD4"CD25%FoxP3™ Tregs in the colonic lamina propria
(Fig. 7C).

Protective Effects of Parp1 Deficiency in DSS-mediated Muco-
sal Injury Model Require the Adaptive Immune System—To
address the role of the adaptive immune system cells, including
Tregs, in the protective effects of Parpl deficiency, we crossed
Parpl™'~ mice with Rag2™'~ mice on the same 129/SvEv back-
ground. Parpl '~ X Rag2~'~ DKO mice were viable, bred well
as homozygotes, and showed no symptoms. Considering the
observed increase in mucosal Tregs in Parpl '~ mice and the
protective role of these cells in the DSS model (24), we com-
pared the response to DSS in Rag2 /" and DKO mice. Initial
experiments with 4% DSS resulted in similar body weight loss in
the two strains and a trend to decreased survival in DKO mice
(Fig. 84), thus suggesting a lack of protective effects of Parp1l
deletion in the latter strain. As with the WT and Parpl /~
mice, we altered the protocol for the subsequent studies to
lower the concentration of DSS to 3%. We did not observe any
difference between DSS-treated Rag2™’~ and DKO mice in
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FIGURE 5.0POSSUM analysis of transcription factors binding sites over-represented or under-represented in genes regulated in the colon of Parp 1=/~
mice at baseline. To limit the query to the allowed list to 2,000 genes, we used a sliding scale of moderated t test p value (untreated WT versus Parp1~/~ mice)
and arrived at p = 0.00365. From this set, o0POSSUM algorithm selected 1600 known genes for analysis. 53 TFs were found as overrepresented (Z-score >1.0;
range 33.54to 1.12), and 53 were underrepresented (Z score < —1.0;l range —35.92 to —1.21). The relative contribution of the under- and over-represented cis

elements grouped into respective transcription factor classes is depicted.

'

Normalized intensity values

FIGURE 6. Differential effect of genotype (WT versus Parp1~'~) and treatment (H,0) versus 3% DSS on colonic gene expression. A, data were normalized
and filtered as in Fig. 2 and statistically analyzed for transcript IDs that statistically differed between H,0- and DSS-treated WT mice (moderated t test p < 0.05,
-fold change cutoff of =2.0). 755 transcript IDs identified in WT mice are plotted. B, the same 755 transcript IDs were selected and plotted with respective

normalized values derived from H,O- and DSS-treated Parp1 ™/~ mice.

terms of mortality or body weight loss (data not shown). Con-
trary to T- and B-cell-competent mice, Parpl deletion in
Rag2 ™/~ mice was not associated with significant protection
against 3% DSS-induced colitis, as indicated by proximal or
distal colonic histology (representative H&E sections are
depicted in Fig. 8B) or with statistically significant differences
in mucosal expression of the key inflammatory mediators
TNFa and IENYy (Fig. 8C). Collectively, these observations sug-
gest that the protective effects related to Parp1 deletion require
the presence of the cells of the adaptive immune system, with
Tregs representing plausible candidates to mediate this
protection.

SASBMB
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Discussion

PARP1 is the founding member of the family of enzymes
capable of transferring ADP-ribose from NAD* with the ability
to synthesize long polymers of ADP-ribose (PAR) on itself and
other target proteins. Poly-ADP-ribosylation itself is an evolu-
tionarily highly conserved protein modification known to mod-
ulate chromatin structure, DNA metabolism, transcription fac-
tor activity, gene transcription, and overall cellular metabolism.
Both extracellular and intracellular NAD * -dependent enzymes
have been shown to modulate immune processes (25, 26). Two
examples of extracellular ADP-ribosyltransferases (ARTS)
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FIGURE 8. Loss of protective effects of Parp1 deficiency in Parp1~'~ x Rag2~'~ DKO mice. A, body weight loss and mortality in response to treatment with
4% DSS for 7 days. B, representative H&E histology staining of the proximal and distal colon of Rag2~/~ and DKO mice treated with H,0 or 3% DSS for 7 days.
C, mucosal TNFa and IFN+y expression in the proximal and distal colon of Rag2~/~ and DKO mice treated with 3% DSS for 7 days (N.S., not statistically
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involved in the function of the immune system are ART1
and ART?2, expressed primarily in neutrophils and T cells, re-
spectively. These extracellular ADP-ribosyl-transferases are
thought to act primarily as danger sensors, which react to ele-
vated NAD™" concentrations resulting from tissue injury and
cell death during acute inflammation; ART1 to down-modulate
the cytotoxic effects of defensin 1« (27) and ART2 to increase T
cell sensitivity to NAD*-induced cell death by increasing the
activity of the P2X7 calcium channel (28). Intracellular (cyto-
plasmic and nuclear) PARP1 is known for protection against
genomic instability but also controls several forms of cell death,
the effect attributed to energetic failure due to NAD ™" depletion

(29), activation of mitochondrial apoptosis inducible factor via
its PAR-binding domain (30), or through activation of redox-
sensitive cation channel TRPM2 (31) among other mecha-
nisms. Therefore, the protection we observed in Parpl /™ mice
from DSS-mediated colitis, a model reliant on a direct toxic and
pro-apoptotic effect on colonic epithelial cells (32), could be
attributed to the resistance of the colonocytes to DSS-related
cytotoxicity. However, the observed lack of protection in B- and
T-cell-deficient Parpl '~ mice (Rag2 '~ X Parpl '~ DKO)
suggests a much more complex mechanism of protection going
beyond the innate defenses against epithelial injury and bacte-
rial translocation. Forsythe et al. (33) demonstrated that inhi-

FIGURE 7. Colonic microbial community in Parp7~/~ mice. A, next-generation sequencing analysis of the contributions of the major bacterial orders in the
colonic contents of WT and Parp1~/~ mice. Increase in the order Clostridiales in PARP1-deficient mice was further analyzed at the family level. Statistically
significant differences are indicated with an asterisk (p = 0.028). B, real-time PCR analysis of the relative abundance of Clostridia clusters IX and XIVa in WT and
Parp1~/~ mice at baseline. Data were normalized to all bacteria/archaea detected with universal 165 primers depicted in Table 1. C, flow cytometry analysis of
CD4*CD25"FoxP3™" Tregs in the colonic lamina propria of WT and Parp1~/~ mice. Representative dot plots (left panels) and summary graph (right panel) are
shown; p value from unpaired two-tail t test is indicated.
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bition of PARP1 reduced epithelial cell permeability and bacte-
rial translocation in LPS/NOx-treated epithelial cells in vitro.
Similar reduction of epithelial permeability was observed in
IL10~/~ mice treated with PARPI inhibitor, 3-aminobenz-
amide, although this report did not investigate the effects of
PARP1 inhibition in healthy mice (6). Cuzzocrea et al. (34)
showed that in zymosan-treated mice, increased intestinal per-
meability was significantly reduced with a specific PARP1
inhibitor. However, baseline permeability was not affected by
PARP1 inhibition. These limited published data indicate that
PARP1 may modulate permeability indirectly via inhibition of
inflammatory response rather then by directly affecting the epi-
thelial apical junction complexes. Future studies with epithelial
cell-specific conditional knock-out of PARP1 may help eluci-
date the role of PARP1 in the colonic epithelial barrier function.

Microarray analysis of colonic gene expression at baseline
and after DSS challenge revealed a stunning degree of tran-
scriptional reprogramming in Parpl '~ mice, with 4785 tran-
scripts significantly up- or down-regulated =2-fold. Thisis con-
sistent with the role of PARP1 as a modulator of chromatin
structure, modulator of enhancers and transcriptional coregu-
lators, and of its insulator function (35). Functional classifica-
tion analysis of the differentially expressed genes in Parpl '~
mice at baseline identified overrepresentation of genes involved
in proteolysis, protein localization, metabolic processes, cell
cycle and cell death, and RNA metabolism and translation and
to a much lesser extent related to inflammation. Moreover, this
skewed transcriptional profile in Parpl™’'~ mice strongly
favored up-regulation of transcription, implying a transcrip-
tional de-repression, and suggests that the primary role of
PARP1 is to suppress the transcription of a significant propor-
tion of the genes in the colon. Analysis of over- or underrepre-
sentation of transcription factor binding sites in the regulatory
regions of the genes affected by PARP1 deficiency using the
oPOSSUM algorithm also identified a skewed utilization of
transcription factors of various classes, potentially indicating a
preferential role of PARP1 in modulating the function of spe-
cific transcriptional regulators. Of importance, binding sites for
the Ig-fold transcription factors, including key transcriptional
regulators of the inflammatory response, such as NFk-B family
members and STATs, were underrepresented in genes regu-
lated in Parpl '~ mice. This finding implies that normally
PARPI serves as a positive regulator of these transcription fac-
tors. Indeed, activation of NFk-B by PARP1 has been reported
by our group and others (36 —38). A comparison of the response
to DSS challenge in WT and Parpl '~ mice yielded a fascinat-
ing observation: the vast majority of transcripts that were up-
regulated or down-regulated by DSS treatment in WT mice
were already up- or down-regulated in Parpl '~ mice and did
not further change with DSS treatment. This pattern was not
reflected by baseline intestinal inflammation in Parp1 ™'~ mice,
which were phenotypically indistinguishable from healthy WT
mice, but rather suggested a new equilibrium resulting in more
resilient mucosal function.

This new transcriptional equilibrium was accompanied by
increased frequencies of mucosal CD4*CD25 FoxP3™ Tregs,
known for limiting and resolving mucosal inflammation in
human inflammatory bowel disease and animal models of coli-
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tis, including DSS injury (24). This increase paralleled the
relative expansion of colonic butyrate-producing Clostridia
clusters IV and XIVa, recently identified as creating a microen-
vironment that facilitates expansion and differentiation of
Tregs (23) and that decreases in prevalence in fecal samples
from inflammatory bowel disease patients (39, 40). Although
metabolic changes in the host may be responsible for the expan-
sion of these protective microbes and the resulting Treg expan-
sion, Treg-intrinsic effects of Parpl deletion cannot be ruled
out. Nasta ez al. (41) recently demonstrated an increased Treg
frequency in the peripheral lymph nodes of Parpl /™ mice, and
PARP1 has been shown to reduce the immunosuppressive
function of regulatory T cells by destabilizing Foxp3 binding to
CNS2 (conserved non-coding DNA sequence 2) (42). Our own
experiments not included in this manuscript showed that
although the differentiation of iTreg from naive T cells isolated
from Parpl '~ mice is increased and the obtained cells showed
higher expression of FoxP3 mRNA, the phenotype and in vivo
immunosuppressive functions of primary Parpl '~ Tregs were
similar to those of WT iTreg cells (data not shown). Thus, the
change in the frequency of colonic lamina propria Tregs in
Parpl~'~ mice may be of more importance for mucosal pro-
tection than their altered function. Indeed, lack of protection in
DSS-treated Rag2 '~ X Parpl~'~ DKO mice may provide sup-
port for the contribution of Tregs to this observed phenome-
non. With the understanding of the limitations of Rag2 '~
mice in mind, it is important to note that directly testing the
role of CD4*CD25"FoxP3™ Tregs in the protection against
mucosal injury observed in DSS-treated Parpl '~ mice is not
straightforward. Depletion of Tregs leads to spontaneous wast-
ing disease and very high mortality in response to DSS chal-
lenge (24), which would confound the effects of Parp1 status
and yield results that are difficult to interpret. Rag-deficient
mice, on the other hand, although lacking the optimal resolu-
tion of Treg-deficient mice, develop comparable colitis to WT
mice after high-dose DSS (5%) and show mild resistance to low
dose DSS (1.5%) (43). Therefore, we propose that a cooperative
mechanism between PARP1-deficient innate immune cells
(macrophages or intestinal epithelial cells) and regulatory T
cells is required to mediate the full protective effect observed in
DSS-induced colitis and that further studies are required to
fully understand the role of PARP1 and its inhibition in the
pathogenesis and potential treatment of inflammatory bowel
disease.
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1. TL10 and IL22 expression in colonic mucosa of WT and Parpl” mice. Colonic mucosal
IL10 and IL22 mRNA expression in WT and Parp!” mice treated with 3% DSS for 7 days evaluated by
real-time RT-PCR (n=3-7; asterisk next to brackets indicate statistical significance at p<0.05, ANOVA
followed by Fisher PLSD post-hoc test).

Figure S2. Gene expression patterns in individual control and 3% DSS-treated WT and Parpl ” mice -
Hierarchical Condition Tree. (A) Data were normalized to the median of all samples, filtered on
expression level (raw data >20.0 in at least one of 12 analyzed samples), and without statistical analysis

or pre-selection selection were subjected to hierarchical clustering.

Figure S3. Most of transcript cluster ID’s which were upregulated or downregulated by DSS treatment
in WT mice are already up- or downregulated in control Parpl” mice. For better visualization, data

were normalized to the median of control samples (WT/H,0), filtered on expression level (raw data >20.0

in at least one of 12 analyzed samples). 755 probeset ID’s significantly changed in WT mice treated with
3% DSS (Moderated T-Test p<0.05, fold-change cut-off of >2.0), were divided into upregulated (upper
panel) and downregulated (lower panel) genes and plotted with normalized data for all four

genotype/treatment groups.

Figure S4. Gene ontology (GO) analysis of genes identified by 2-way ANOVA with genotype and
treatment as variables. (A) 959 differentially expressed transcript cluster ID’s were converted to unique
annotated genes and analyzed with DAVID functional annotation tool with Ease score <0.05 cut-off.
Black bars represent the number of genes in a given category (upper horizontal Y axis), and orange dots
represent EASE score for each category (lower horizontal Y axis); (B) Highlighted in the bar graph Jak-
Stat cascade category was represented by JAK2, Nemo-like kinase Nlk, protein inhibitor of activated Statl
Pias, and interleukin 23 receptor /L23R. Normalized intensity values for those four genes in each

genotype/treatment group is depicted.

Figure SS. Gene set enrichment analysis: 2-way ANOVA analysis of a predefined list of 316 entities
described as Immune_System_Process. For better visualization, data were normalized to the median of
control samples (WT/H,0), filtered on expression level (raw data >20.0 in at least one of 12 analyzed
samples). 54 unique genes that passed the stringency of 2-way ANOVA and listed in Supplemental Table

1 are graphically represented.



