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Introduction
Epithelial injury resulting from an exacerbated inflammatory 
response is a common pathological feature of gastrointestinal 
disorders, including inflammatory bowel diseases (IBDs) (1, 2). 
Another important feature of IBD is en masse neutrophil (PMN) 
infiltration of the intestinal epithelium and their accumulation in 
the intestinal lumen (3). Although PMNs play a vital role in host 
defense, dysregulated PMN recruitment can lead to tissue injury. 
Thus, in IBD, the number of PMNs in the intestinal mucosa has 
been correlated with disease severity (4).

Pathological effects of PMNs are primarily attributed to the 
release of soluble mediators, including matrix metalloprotein-
ases (MMPs), neutrophil elastase, and myeloperoxidase (MPO) 
(5). The latter mediates bacterial killing through the generation 
of reactive oxygen species (ROS) (6). While redox signaling is an 
important component of cellular renewal, migration, and prolif-
eration (7), excessive levels of ROS can disrupt tissue homeosta-
sis (8). As such, ROS can induce genotoxic stress by mediating 
DNA alkylation, generating abasic sites (9), and oxidizing DNA 
to promote formation of 8-oxoguanine (8oxoG), one of the most 
prevalent DNA lesions (10) removed by base excision repair (BER) 

(10). Furthermore, ROS attack on the DNA sugar-phosphate back-
bone, or deficient BER, induces formation of single- and/or dou-
ble-strand breaks (DSBs) (11).

DSBs are the most genotoxic DNA lesions induced by irradia-
tion, DNA damaging agents, excessive buildup of ROS, or endoge-
nously due to the collapse of replication forks (12). Without timely 
repair, DSB accumulation can induce apoptosis or senescence or 
lead to genomic instability, a hallmark of carcinogenesis (13).

In replicating cells, DSBs are predominately repaired by 
high-fidelity homologous recombination (HR) in S-phase (14), or 
alternatively by less active, error-prone nonhomologous end join-
ing (NHEJ) (13), promoting genomic instability (15). Furthermore, 
under the conditions where DSBs persist, continued activation of 
the DNA damage response (DDR) can exacerbate inflammation 
by increasing expression and release of proinflammatory cyto-
kines (e.g., IL-6 and IFN-γ) that promote immune cell recruitment 
and potentiate tissue injury (16).

Efficient epithelial wound healing is critical for the restoration 
of tissue homeostasis (17). We have recently shown that immune 
cells, particularly PMNs, contribute to the regulation of key pro-
cesses involved in epithelial healing responses, including migra-
tion and proliferation (18). We further defined what we believe is 
a new mechanism for this regulation, whereby tissue-infiltrating 
PMNs release extracellular vesicles or microparticles (PMN-MPs), 
delivering a variety of biologically functional molecules such as 
MMPs or peroxidases to actively modulate epithelial barrier func-
tion and wound healing (19, 20).

The release of MPs by PMNs and other cells, including plate-
lets, endothelial cells, and epithelial cells, has recently emerged 
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We next used a PMN-IEC coculture setup to determine wheth-
er PMNs can directly promote DSBs. Supporting clinical observa-
tions, PMN treatment resulted in DSB accumulation in more than 
70% of IECs (Figure 1, F and H). Furthermore, during transepithe-
lial migration (TEM), activated PMNs can release microparticles 
(PMN-MPs) (Figure 1G) containing effector molecules that can 
potently alter cellular function (19). IEC treatment with PMN-
MPs alone resulted in the accumulation of DSBs, similar to the 
observed PMN effect (Figure 1, F and H). PMN cultures alone (24 
hours without IECs) resulted in only a slight elevation in γH2AX, 
whereas no γH2AX was detected in PMN-MPs (Supplemental Fig-
ure 1B), ruling out significant exogenous contribution of PMNs to 
the observed accumulation of DSBs in IECs. Finally, both PMN 
and PMN-MP treatment decreased LB1, but not LA/C or LB2, 
expression at the protein and mRNA levels (Figure 1, I–K), sup-
porting the idea of LB1-dependent DSB accumulation.

PMN-MPs promote ROS-independent generation of DSBs. ROS 
can promote senescence (27) associated with the loss of LB1 (28). 
To test whether PMN/PMN-MP–mediated loss of LB1 was an out-
come of ROS-induced senescence, we examined the effect of PMN 
and PMN-MP treatment on IEC cycle progression. Both PMNs 
and PMN-MPs induced S-phase arrest in greater than 45% of 
IECs (Supplemental Figure 1C and Figure 2A), but did not induce 
apoptosis (Supplemental Figure 1D). Consistent with ROS gener-
ation by PMNs, the addition of the ROS scavenger NAC (N-acetyl 
cysteine) partly recovered the PMN effect (Supplemental Figure 
1C); however, it had no effect on PMN-MP–induced S-phase arrest 
(Figure 2A). Notably, PMN- and PMN-MP–induced S-phase arrest 
in IECs was also accompanied by an induction of TP53 and its 
target gene CDKN1A (p21) (both are known cell-cycle regulators) 
(Supplemental Figure 1, E and F). However, in contrast to PMNs, 
PMN-MP treatment (24 hours) did not increase CDKN2A (p16) 
expression in IECs, a marker of senescence (Supplemental Figure 
1, E and F). Consistently, an increased number of β-galactosidase–
positive cells (indicating senescent cells) was observed following 
PMN but not PMN-MP treatment (Supplemental Figure 1G). This 
suggests that in addition to ROS, PMNs can promote replicative 
arrest via the release of PMN-MPs, and downregulation of LB1 
independently of ROS-induced senescence.

ROS-independent induction of DSBs by PMN-MPs was further 
confirmed by the comet assay (Figure 2B). ROS inhibition by the 
addition of NAC or MnTBAP (manganese (III) tetrakis (4-benzoic 
acid) porphyri) partially reduced DSBs in PMN-treated IECs, but 
had no effect on the PMN-MP–induced DSB accumulation (Fig-
ure 2B). Importantly, PMN but not PMN-MP treatment induced 
8-oxoG accumulation (ROS-induced DNA damage lesions, Figure 
2C and Supplemental Figure 1H), which was diminished with ROS 
inhibition by NAC or MnTBAP (Figure 2C). Similarly, upregulation 
of BER factors OGG1, MUTYH, and APE1 (activated by ROS) was 
detected in PMN- but not PMN-MP–treated IECs (Supplemental 
Figure 1I). Together these data confirm ROS-independent genera-
tion of DSBs by PMN-MPs.

PMN-MP–induced DSBs result from collapsed replication forks. 
Since PMN-MP treatment induced S-phase arrest without induc-
ing senescence or apoptosis, we asked whether PMN-MPs impair 
the IEC proliferation rate. PMN-MP treatment decreased the 
population doubling (PD) time of IECs (~2 fold for HCT116 cells 

as new means for cell-to-cell communication during homeostatic 
and pathological conditions (21). PMN-MPs, ranging from 0.05 
μm to 1 μm in diameter, include both exosomes (smaller, cyto-
sol-derived vesicles) and larger membrane-derived particles (22). 
Although MPs contain and transport a variety of biological media-
tors, they are known to deliver regulatory micro-RNAs (miRNAs) 
to neighboring cells (23). miRNAs are short (20–25 bp), noncod-
ing mature RNA sequences that function in the posttranscriptional 
regulation of gene expression by targeting mRNA for degradation 
(24). A number of miRNAs were shown to regulate DNA damage 
repair, activation of DDR, and inflammatory responses (25).

Given the important role PMNs play in the pathology of 
IBDs, in the present work we used human IBD samples, an acute 
in vivo injury model, and in vitro coculture approaches to define 
the contribution of tissue-infiltrating PMNs and PMN-derived 
MPs in DSB accumulation and consequent functional effects on 
mucosal injury and resolution of inflammation. We found that 
MPs released by activated PMNs contain proinflammatory miR-
23a and miR-155. Through the activity of these 2 miRNAs, PMNs 
were found to (a) induce replicative arrest and DSBs, due to miR-
23a–mediated downregulation of nuclear envelope protein lamin 
B1 (LB1), and (b) inhibit HR-mediated DSB repair due to down-
regulation of a key HR regulator, RAD51. We further showed that 
persistent, PMN-induced accumulation of DSBs in the mucosa 
leads to impaired wound healing and can lead to genomic instabil-
ity. Importantly, our data show that the pathologic effects of PMNs 
were diminished with specific inhibition of miR-23a and miR-155, 
suggesting that this approach may be incorporated in the future in 
therapies aimed at the resolution of inflammation, improvement 
of tissue healing, and prevention of genomic instability.

Results
Tissue-infiltrating PMNs promote accumulation of DSBs. Chronic 
inflammation is often associated with an increase in DNA dam-
age, and in particular, accumulation of DSBs. Since PMNs can 
exacerbate inflammation, we asked whether PMN tissue infiltra-
tion, which underlies active IBD, promotes DSB accumulation. 
Immunostaining of clinical samples from patients with active 
IBD revealed immune cell infiltrates and increased numbers of 
IECs with γH2AX-positive foci, indicating accumulation of DSBs 
(Figure 1, A and B; and low magnification images, Supplemental 
Figure 1A; supplemental material available online with this arti-
cle; https://doi.org/10.1172/JCI122085DS1). To further confirm 
the association of PMN-mediated inflammation with DSBs, gene 
expression analysis of colon biopsies from 9 patients with IBD 
was performed. High levels of MPO and elastase, indicating PMN 
infiltration, were accompanied by elevated expression of inflam-
matory markers, guanylate-binding protein 1 (GBP-1), IFN-γ, 
TNF-α, and IL-6, and importantly, induction of γH2AX expres-
sion (Figure 1C). We further examined the IBD tissue for markers 
of nuclear integrity, the nuclear envelope proteins: Lamins B1, 
B2 and Lamin A/C (LB1, LB2, LA/C). A robust downregulation 
of LB1, but not LA/C or LB2 (Figure 1, A, D, and E), was detect-
ed. Since the loss of LB1 has been previously linked to DSB accu-
mulation and genomic instability (26), these data suggest that 
PMN-mediated inflammation can lead to the accumulation of 
DSBs, potentially due to LB1 downregulation.
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Figure 1. Tissue-infiltrating PMNs promote accumulation of DSBs. (A) Healthy and IBD colon tissue sections were stained by immunofluorescence for LA/C 
(green) and CD11b (red) (upper panels), or LB1 (red) and γH2AX (green) (middle and lower panels). Images in lower panels depict representative normal and 
IBD cell nuclei. (B) Quantitation of immune cell infiltrate (CD11b-positive cells) and nuclear DNA damage (cells positive for γH2AX foci). A total of more than 
400 nuclei were examined (n = 3; *P < 0.05). (C) Relative mRNA expression of the indicated genes was determined by qRT-PCR analysis of freshly obtained 
tissue biopsies from healthy controls and patients with IBD. Data shown as active IBD relative to nonactive controls using GAPDH as a reference gene (n = 9 
patients, *P < 0.05). (D) Relative fluorescence intensity in confocal images (as shown in A) was quantified as an index of LA/C and LB1 expression. For each 
condition, 12 random fields were analyzed (n = 3; *P < 0.05). (E) Relative mRNA expression analysis of human clinical samples. Data are shown as active/
nonactive controls using GAPDH as a reference gene (n = 9 patients, *P < 0.05). (F–K) IECs were cocultured for 24 hours with either freshly isolated PMNs or 
PMN-MPs (ratio of 2 PMNs, or MPs derived from 4 PMNs, to 1 IEC). (F) Representative immunofluorescence images show γH2AX foci (red) and LB1 (green) 
following treatment for 24 hours with human PMN/PMN-MP. (G) Representative transmission electron microscopy image depicts isolated human PMN-
MPs. (H) Quantitation of IECs positive for nuclear γH2AX foci. Total of more than 800 nuclei were analyzed (n = 5; *P < 0.05). (I) IECs were stained for LB1 
(red) and LA/C (green) following 24 hours of PMN-MP treatment. (J) mRNA and (K) protein analysis of IECs following 24 hours of coculture with human PMN 
or PMN-MPs (n = 5, *P < 0.05). One-way ANOVA was used for statistical analyses (P values). Data are mean ± SD from at least 3 independent experiments.
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Figure 2. PMN-MPs promote ROS-independent generation of DSBs. IECs were cocultured with either freshly isolated PMNs or PMN-MPs (ratio of 2 
PMNs, or MPs derived from 4 PMNs, to 1 IEC). (A) FACS analysis of IEC cell cycle with or without PMN-MP treatment and the addition of ROS scavenger 
NAC (2 mM, 24 hours, n = 4, **P < 0.01). (B) Detection of DSBs in PMN- or PMN-MP–treated IECs with or without NAC (2 mM, 24 hours) or MnTBAP (100 
μM, 24 hours) by COMET assay. Representative images of normal and DSB-positive nuclei (right panel, n = 3, **P < 0.01). (C) ELISA detecting 8-oxoG 
in genomic DNA isolated from IECs treated with PMNs, PMN-MPs with or without NAC (2 mM), or MnTBAP (100 μM) (24 hours, n = 4, ***P < 0.001). 
(D) Proliferation rate of PMN-MP–treated HCT116 and CaCo2 was monitored over indicated times (n = 4, **P < 0.01). (E and F) PMN-MP effect on IEC 
replication was assessed by single-labeled DNA fiber analysis. Following 24 hours of treatment, BrdU was added to IECs for 40 minutes or 2 hours, and 
its incorporation was quantified by immunofluorescence labeling from images as shown in E. The length of more than 400 fibers per condition was 
analyzed for each cell type (n = 4, **P < 0.01). (G–I) For analysis of IEC replication fork stability, DNA fibers were extracted (as described in Supplemen-
tal Methods) and double labeled according to schematics depicted in G, where CldU incorporation (H, green) indicates replication before fork stalling 
and IdU (H, red) indicates recovered replication forks. (H) Representative images of double-labeled fibers of control and PMN-MP–treated cells. (I) The 
lengths of separated tracks for each cell type were analyzed in over 400 fibers/condition (n = 4, **P < 0.01). Two-tailed Student’s t test was used for 
statistical analyses (P values). Data are mean ± SD from at least 3 independent experiments.
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times (Figure 2, E and F), suggesting that the decreased prolifera-
tion rate was due to impaired DNA elongation.

Impaired DNA synthesis may result from decreased stability 
of replication forks (29). To test this, we examined the ability of 
DNA replication forks to restart elongation with PMN-MP treat-
ment. Dual labeling of DNA fibers with or without hydroxyurea 

and ~3 fold for CaCo2 cells, Figure 2D). Consistently, decreases 
in Ki67 (a proliferation factor, Supplemental Figure 1F) and BrdU 
incorporation (Supplemental Figure 1J) were observed with PMN-
MP treatment. Further DNA fiber analysis (DNA combing assay) 
detected significantly shorter newly synthesized DNA fibers in the 
presence of PMN-MPs, both with short and long BrdU incubation 

Figure 3. PMN-MPs inhibit DSB repair by homologous recombination. IECs were cocultured with PMN-MPs. (A and B) At the indicated time points 
IECs were stained for 53BP1 (red) and γH2AX (green), and DSB foci were visualized by confocal microscopy. (A) Kinetics of DSB repair in PMN-MP– or 
CMPT-treated IECs was quantified from images as shown in (B), for which more than 600 nuclei per time point for each condition were quantified (n = 4, 
***P < 0.001). (C) Analysis of IECs for EGFP fluorescence, induced by activation of HR or NHEJ (HCT116 cell line, n = 4; CaCo2 cell line, n = 3; **P < 0.01). 
(D) Immunoblotting and (E) gene expression analysis of LB1 and RAD51 in PMN-MP treated IECs (n = 5, *P < 0.05). (F) MPs were isolated from PMNs that 
were stimulated with fMLF (1 μM), TNF-α (10 nM), or IFN-γ (50 nM), and the relative expression of miR-23a, miR-155, and miR-103 was analyzed. Data are 
shown as fold increase over PMN-MPs that were isolated from unstimulated PMNs. U-6 was used as a reference gene (n = 6, *P < 0.05). One-way ANOVA 
was used for statistical analyses (P values). Data are mean ± SD from at least 3 independent experiments.
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(HU) to deplete the nucleotide pool was performed (Figure 2G). 
Upon removal of HU, less than 20% of all analyzed replication 
forks was able to restart elongation (positive for secondary IdU 
labeling), resulting in approximately 4.5 times shorter DNA fibers 
(Figure 2, H and I). This suggests that PMN-MPs induce DSBs by 
promoting replication fork collapse.

PMN-MPs inhibit HR-mediated DSB repair. We next asked 
whether PMN-MP–induced accumulation of DSBs and decreased 
elongation resulted from compromised DNA damage repair. 
IECs were treated with either PMN-MPs or a low concentration of 
camptothecin (CMPT, causes DSBs by mediating replication fork 
collapse, 2 μM, 24 hours), and the kinetics of DSB repair by eval-

Figure 4. PMN-MP–derived miR-23a and miR-155 induce downregulation of RAD51 and LB1. (A) Expression analysis of pri-miR-23a and miR-155 in 
IECs treated with MPs derived from either fMLF-activated PMNs (1 μM, activated [A], nonactivated control [NA], or nonactivated PMNs; n = 8). (B) 
Immunoblotting analysis of IECs treated with active versus nonactive PMN-MPs (24 hours) and with or without IEC pretreatment with the endocytosis 
inhibitor MDC (50 μM, 45 minutes; n = 3). (C) Immunoblotting of IECs treated with PMN-MPs (24 hours) with or without pretreatment with RNase (10 
μg/ml, 45 minutes) and with or without the addition of miR-23a and miR-155 mimics or ASOs (1 nM each; n = 3). (D) PMN-MP–treated IECs (24 hours) 
were immuno stained for γH2AX (a DSB marker) and BrdU incorporation (a replication marker) as described in Methods. At least 700 cells per marker per 
treatment were analyzed (n = 4; γH2AX, *P < 0.01, different from control; BrdU, #P < 0.01, different from control). (E) Analysis of EGFP reconstitution by 
HR or NHEJ following the indicated treatment (n = 4, *P < 0.05; **P < 0.01). One-way ANOVA was used for statistical analyses (P values). Data are mean 
± SD from at least 3 independent experiments.
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uating resolution of γH2AX/53BP1 foci was quantified over 72 
hours. While CMPT-induced DSBs were efficiently repaired by 72 
hours after their removal (remaining <8% of DSB-positive IECs), 
persistent accumulation of γH2AX/53BP1 foci was observed with 
PMN-MP treatment (>35%, Figure 3, A and B), suggesting deficient 
DSB repair. Impaired DSB repair following PMN-MP treatment was 
further corroborated by comet assay (Supplemental Figure 2A).

In mammalian cells, DSB repair is mediated by either high- 
fidelity HR during the S/G2 phase or by error-prone NHEJ, which 
is active throughout the entire cell cycle (30). Thus, we analyzed 
HR- versus NHEJ-mediated DSB repair following PMN-MP treat-
ment, using an EGFP reconstitution assay as previously described 
(31). PMN-MP treatment of IECs (HCT116 and CaCo2, 48 hours) 
significantly suppressed HR activity without affecting NHEJ (Fig-
ure 3C, and representative image Supplemental Figure 2B).

Since DSB repair by either HR or NHEJ requires upstream 
activation of the DDR (29), we examined the possibility that 
PMN-MPs impede DDR activation to inhibit HR activity and pre-
vent compensatory NHEJ activation. Immunoblotting analysis 
revealed activation of key DDR proteins 53BP1, ATM, ATR, and 
DNA-PKcs in response to PMN-MP–induced accumulation of 
γH2AX, as well as activation of MRN complex (MRE11, RAD50, 
NBS1, Supplemental Figure 2C), ruling out this possibility. We 
further ruled out the possibility that PMN-MPs impede mismatch 
repair (MMR), which is induced by replication fork stalling (32), to 
inhibit HR. The expression of MMR genes (MLH1, MSH2, MSH6) 
and HR genes (FANCD2, BRCA1/2) involved in MMR-HR cross-
talk (33, 34) was not altered by PMN or PMN-MP treatment (Sup-
plemental Figure 2D). Together these findings suggest that PMN-
MPs specifically suppress HR, leading to a decrease in the DNA 
elongation rate during replication and accumulation of DSBs.

PMN-MPs mediate downregulation of RAD51 and LB1. Given the 
previously suggested role of LB1 in regulating expression of RAD51 
(26), a key HR regulator, we examined whether HR inhibition by 

PMN-MPs was due to its downregulation. As was seen for LB1, 
RAD51 protein levels were found to be rapidly downregulated (< 12 
hours) in IECs treated with PMN-MPs (Figure 3D). We confirmed 
that PMN-MP–induced downregulation of both proteins was not 
due to previously suggested mechanisms, including apoptosis- 
mediated cleavage (35, 36), senescence (28), and autophagy (37) 
(Supplemental Figure 1, D, F, and G). Importantly, we ruled out the 
possibility of LB1-mediated downregulation of RAD51 at this ear-
ly time point, as has been previously suggested (26). Although the 
transcript levels of both RAD51 and LB1 were robustly reduced as 
early as 6 hours after PMN-MP treatment (Figure 3E), ChIP anal-
yses detected decreases in LB1 interactions with RAD51 promoter 
only after 24 hours of PMN-MP treatment (Supplemental Figure 
2E). This rapid and simultaneous downregulation of both LB1 and 
RAD51 may indicate posttranscriptional regulation of transcripts 
mediated by regulatory miRNAs delivered by PMN-MPs.

PMN-derived miR-23a and miR-155 downregulate LB1 and 
RAD51. miRNAs play important roles in regulating cellular pro-
cesses, including inflammation and DNA repair (38, 39). To test 
the idea that PMN-MPs can deliver miRNAs to regulate expres-
sion of LB1 and RAD51, we performed a targeted screen of acti-
vated PMNs and isolated PMN-MPs for the expression of miRNAs 
with previously established roles in the regulation of DNA repair 
and inflammation. Analyses of over 20 miRNAs (summarized 
in Supplemental Table 1) revealed miR-23a and miR-155, which 
were previously suggested to downregulate LB1 (40) and RAD 
51 (41), respectively, to be most abundantly expressed by PMNs 
(under several activating conditions, including fMLF, IFN-γ, and 
TNF-α) and by PMN-MPs (Figure 3F). In contrast, miR-103, which 
also targets RAD51 (42), although upregulated in activated PMNs 
(Supplemental Table 1) was not found in PMN-MPs (Figure 3F). 
The clinical relevance of our observations is indicated by the fact 
that both miR-23a and miR-155 were highly enriched in active 
IBD biopsies (Supplemental Table 1). De novo miRNA synthesis 

Table 1. Gene and miRNA expression analysis

Mice wound tissue PMN+ Mice wound tissue PMN– Sterile inflammation PMN+ Sterile inflammation PMN–

Gene symbol Definition/Gene product Fold change P value Fold change P value Fold change P value Fold change P value
GBP1 Guanylate binding protein 1 (GBP-1) 4.2* 0.08 2.1* 0.05 2.5* 0.01 1.9 0.02
MPO Myeloperoxidase (MPO) 3.67* 0.036 0.6 0.016 0.5 0.03 0.8 0.01
TNF Tumor necrosis factor α (TNF-α) 5.6* 0.001 2.4* 0.021 2.2* 0.008 2.1 0.03
INFG Interferon γ (IFN-γ) 13.4* 0.02 2.9* 0.012 1.5 0.02 0.7 0.01
IL6 Interleukin-6 (IL-6) 7.5* 0.02 2.1 0.02 1.8 0.002 1.5 0.001
H2AFX H2A histone family member X (H2AX) 4.2* 0.003 0.8 0.013 1.0 0.001 0.7 0.002
TP53 Tumor protein p53 (TP53) 7.3* 0.01 2.5 0.04 1.7 0.01 0.7 0.01
CDKN1A Cyclin-dependent kinase inhibitor 1A (CDKN1A/p21) 4.5* 0.002 1.9 0.01 1.5 0.001 1.1 0.02
LMNB1 Lamin B1 (LB1) 0.21* 0.003 2.3* 0.003 1.6 0.04 0.9 0.03
RAD51 RAD51 0.23* 0.002 2.7* 0.001 2.4* 0.02 1.9 0.04
MIR23a MicroRNA23a (miR-23a) 8.2** 0.001 2.5 0.5 1.1 0.01 1.4 0.02
MIR155 MicroRNA155 (miR-155) 4.2** 0.001 2.01 0.5 1.5 0.05 1.7 0.02

Gene and miRNA expression analysis were performed by qRT-PCR for the following conditions: (a) PMN intact and depleted colonic wounds harvested 
on day 2 after injury, and (b) PMN intact and depleted colonic tissue following induction of sterile inflammation (i.p. administration of TNF-α/IFN-γ, 
24 hours). Data shown as fold change relative to nonwounded/noninflamed tissue. GAPDH was used as a reference for mRNA, and U-6 was used as 
a reference for miRNA expression analysis. Significance was set if expression change was greater than 2.1 or less than 0.5. All results are the mean ± 
standard deviation from at least 3 independent experiments. *P > 0.05; **P > 0.01.
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IL-6), upregulation of H2AX (indicating DNA damage), activation 
of p53 (increased expression of TP53 and its transcriptional target, 
CDKN1A, indicating cell-cycle arrest), and robust downregulation 
of LB1 and RAD51 (Table 1). These changes were significantly 
attenuated with PMN depletion, suggesting PMN contribution. 
Importantly, expression of miR-23a and miR-155 was dramatically 
increased in the presence of infiltrating PMNs and was diminished 
with PMN depletion (confirmed by MPO expression, Table 1 and 
flow cytometry, Supplemental Figure 3B). To confirm that PMNs 
act as a major source of miR-23a and miR-155 in vivo, we induced 
sterile inflammation (TNF-α/IFN-γ treatment, 24 hours), which 
does not elicit a robust PMN recruitment into the colonic mucosa. 
Although increased expression of GBP-1 and IL-6 was observed in 
extracted colonic IECs, indicating tissue inflammation, miR-23a 
or miR-155 expression was not induced in the absence of PMN 
infiltration (no MPO induction, Table 1). Consistent with the role 
of miR-23a and miR-155 in downregulating LB1 and RAD51, no 
changes in expression of these genes were seen. Furthermore, 
confirming physiological relevance, we isolated MPs from colonic 
wounds (day 2 after injury) and confirmed abundance of miR-23a– 
and miR-155–positive MPs, which were near-completely dimin-
ished with PMN depletion (Supplemental Figure 3, B and C).

miR-23a and miR-155 promote accumulation of DSBs in inured 
colonic epithelium. Consistent with the gene expression analyses 
(Table 1), DSBs (γH2AX-positive foci) were observed in greater 
than 35% of IECs in PMN-intact colonic wounds (day 4 after inju-
ry, representative images, Figure 5A, left panels, and Figure 5B). 
The presence of DSBs in wound IECs was further confirmed by 
the comet assay (Figure 5A, right panels, and Figure 5B). PMN 
depletion significantly reduced DSBs in wound tissue and restored 
the expression of LB1 and RAD51 proteins in wound IECs (repre-
sentative immunoblots Figure 5C and confocal images Figure 5D).

The PMN effects in injured epithelium were further confirmed 
in a dextran sulfate sodium–induced (DSS-induced) injury model 
simulating human colitis (45). Consistent with the biopsy model, 
PMN influx in the DSS-colitis model (Figure 5E) was accompanied 
by significant increases in miR-23a and miR-155 expression (Fig-
ure 5F), downregulation of LB1 and RAD51 (Figure 5, H and I), and 
accumulation of DSBs (as early as day 4 after treatment initiation 
(Figure 5G). With PMN depletion, no significant increase in miR-
23a or miR-155 expression was seen and DSB accumulation was 
significantly reduced. Intriguingly, during the resolution phase 
(day 12), levels of LB1 and RAD51 were recovered and DSBs were 
mostly resolved in PMN-depleted animals. In contrast, in PMN-in-
tact animals, despite decreases in tissue PMNs, DNA damage and 
DSBs remained elevated (Figure 5, G–I), as did GBP, a marker of 
IEC inflammatory activation (Figure 5E).

Inhibition of PMN-derived miR-23a and miR-155 prevents accu-
mulation of DSBs and improves mucosal healing. miRNA specific-
ity in mediating the observed responses in injured IECs and the 
therapeutic potential of miRNA inhibition were confirmed using 
a biopsy injury model. In this model, synthetically modified miR-
23a or miR-155 or scrambled sequence (Scr) ASOs were adminis-
tered directly into colonic wounds (day 2 after wounding, 1.5 nM 
in 100 μl/injection) using an endoscopy-guided microinjection 
system (Figure 6A) (46). ASO treatment of colonic wounds spe-
cifically decreased miR-23a and miR-155 expression, but had no 

was indicated by the upregulation of primary miR-23a and miR-
155 (pri-miRNA, precursors to mature miRNAs) (24, 43), which 
was observed in stimulated PMNs but not in PMN-MPs (Supple-
mental Table 1).

To rule out the possibility that the observed PMN-MP effects 
on IECs were due to potential DNA transfer, PMN-MPs were treat-
ed with DNAse I (with and without NP40-mediated permeabiliza-
tion) prior to coincubation with IECs. DNAse I treatment did not 
alter PMN-MP miRNA content, and had no effect on PMN-MP–
mediated downregulation of LB1/RAD51 and accumulation of 
DNA damage (Supplemental Figure 2, F–I). We further confirmed 
that miR-23a and miR-155 were transferred to IECs by PMN-MP 
uptake and not due to induction of endogenous miRNA expres-
sion in IECs. No upregulation of pri-miR-23a or miR-155 was seen 
in PMN-MP–treated IECs (Figure 4A). An uptake of control MPs 
by IECs did not increase miR-23a or miR-155 expression, and had 
no effect on LB1, RAD51, and DNA damage response (Figure 4B; 
Supplemental Figure 3A). Similarly, blocking PMN-MP uptake by 
IECs using monodansylcadaverine (MDC), an inhibitor of endo-
cytosis (44), prevented miRNA upregulation and effector func-
tions (Supplemental Figure 3A; Figure 4B).

After establishing miR-23a and miR-155 delivery by PMN-
MPs, we used miR-23a– and miR-155–specific mimics and anti-
sense oligonucleotides (ASOs) to confirm the role of PMN-MP–
derived miR-23a and miR-155 in downregulating LB1 and RAD51 
expression. Consistent with the suggested respective roles of 
miR-23a and miR-155 in targeting LB1 and RAD51, administration 
of each miRNA mimic reduced the protein level of their targets. 
However, combined treatment, similar to PMN-MPs, resulted 
in potent downregulation of both proteins. Similarly, combined 
treatment with both ASOs prevented PMN-MP–mediated down-
regulation of both LB1 and RAD51 (Figure 4C, Supplemental Fig-
ure 2J). Pretreatment of PMN-MPs with physiological levels of 
RNAse (without detergent-induced PMN-MP permeabilization) 
did not impair the ability of miR-23a or miR-155 to downregulate 
LB1 and RAD51 (Figure 4C), suggesting that miRNAs are encap-
sulated and protected within PMN-MPs. Furthermore, we con-
firmed that PMN-MP–induced inhibition of HR-mediated DSB 
repair was due to miR-23a and miR-155 activity. Treatment with 
miR-23a or miR-155 mimics recapitulated the effect of PMN-MPs, 
and inhibition of PMN-MP–derived miR-23a or miR-155 with spe-
cific ASOs abrogated DSB accumulation (decrease in γH2AX foci; 
Figure 4D), recovered replication (increased BrdU incorporation; 
Figure 4D), and recuperated HR efficiency (EGFP reconstitu-
tion; Figure 4E). These experiments confirmed that miR-23a and 
miR-155 delivered by PMN-MPs downregulate LB1 and RAD51 to 
inhibit HR and promote accumulation of DSBs.

Wound-infiltrating PMNs deliver miR-23a and miR-155 to injured 
IECs to promote inflammation and downregulate LB1 and RAD51. To 
determine whether wound-infiltrating PMNs promote accumu-
lation of DSBs in vivo, an acute mucosal injury model was used. 
Superficial wounds (~800 μm in diameter) were inflicted to the 
dorsal surface of the colon with or without prior Ab-mediated PMN 
depletion (anti-Ly6G) as described in Methods. Expression analy-
sis by qRT-PCR of extracted PMN-intact wound tissue (day 2 after 
injury) revealed an induction of inflammation (increased expres-
sion of GBP-1 and proinflammatory cytokines TNF-α, IFN-γ, and 
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expression (Figure 6C), the number of γH2AX-positive cells (Fig-
ure 6, D and E), and prevented downregulation of RAD51 and LB1 
without affecting the expression of other lamins (Figure 6, C, D, 
and F and Supplemental Figure 3D). Of note, although attenuating 

effect on several other miRNAs, including miR-9 and miR-21, 
which are also found on PMN-MPs (Figure 6B and Supplemen-
tal Table 1). Importantly, as was seen in cultured IECs, miR-23a 
and miR-155 ASO treatment of colonic wounds decreased H2AX 

Figure 5. Wound-infiltrating PMNs promote inflammation and accumulation of DSBs in injured IECs. (A–D) Superficial wounds were introduced to 
the colonic mucosa with or without Ab-mediated PMN depletion, as described in Methods. (A) At day 4 after injury, colonic wounds were extracted and 
either OCT-fixed, sectioned, and analyzed for DSBs (γH2AX, green, left panel), or the nuclei of wound IECs were analyzed for DSBs by COMET assay (right 
panel). (B) Quantification of DSBs in tissue and isolated IECs, as shown by representative images in A. More than 400 and 1000 nuclei were analyzed for 
γH2AX and COMET assay, respectively (n = 3, ***P < 0.001). (C) Colonic wound tissue was analyzed by immunoblotting for γH2AX, LB1, and RAD51 protein 
expression at day 4 after wounding in PMN intact and depleted mice. (D) OCT-fixed colonic wounds were sectioned and immunostained for LB1 (red). (E–I) 
Epithelial injury was induced by introduction of DSS 3% (wt/vol) to drinking water. (E) Relative expression analysis for GBP (a marker of inflamed IECs), 
MPO (a tissue PMN marker), and (F) miRNAs in distal colon tissue 4 and 12 days following initiation of DSS. Data were normalized to nontreated control 
tissue, using GAPDH and U-6 as reference genes for protein and miRNA expression, respectively (n = 3, **P < 0.01). (G) DSB formation in nuclei of epithe-
lial cells isolated from DSS-injured distal colons (days 4 and 12 following DSS initiation) were analyzed by the COMET assay (n = 3, ***P < 0.001). (H) Gene 
expression and (I) immunoblotting analyses of LB1, RAD51, and DSB marker H2AX (n = 3, *P < 0.05). Two-tailed Student’s t test and 1-way ANOVA were 
used for statistical analyses (P values). Data are mean ± SD from at least 3 independent experiments.
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activation of DDR (48). Thus we analyzed colonic wound healing 
with and without Scr and miR-23a or miR-155 ASO treatment, 
using high-resolution endoscopic imaging. Treatment with miR-
23a or miR-155 ASOs reduced tissue inflammation (decreased 

the PMN effects, ASO treatment did not affect PMN presence in 
the tissue (confirmed by MPO expression, Figure 6C), implying 
specificity for miRNA activity. DSB accumulation in injured tissue 
can impede healing (47) and promote inflammation by persistent 

Figure 6. Inhibition of miR-23a and miR-155 promotes DSB repair and improves mucosal wound healing. Colonic wounds induced by endoscopic 
biopsies were treated with either Scr (2.5 nM) or with a combination of miR-23a and miR-155 ASOs (1.5 nM each, 24 hours after wounding). ASOs were 
administered directly into the mucosal wound regions by endoscopy-guided microinjection. (A) Colonic wound and the injection needle tip are outlined 
by the white circle and the arrow, respectively. (B) Relative expression analysis of the indicated miRNAs and (C) genes of interest (day 4 after injury 
and 72 hours after ASO administration). Data shown relative to nonwounded and nontreated colonic tissue, using U-6 as reference gene for miRNAs 
and GAPDH for gene expression (n = 4, **P < 0.01). (D–F) Immunofluorescence analysis of colonic wounds for γH2AX (green) and LB1 (red). Representa-
tive images (D) and quantification (E, F) day 4 after injury and 72 hours after ASO administration. For both γH2AX and LB1, more than 400 nuclei were 
analyzed (n = 3; ***P < 0.001; **P < 0.01). (G) Relative gene expression analysis of colonic wounds (day 4 after injury and 72 hours after ASO adminis-
tration) for markers of inflammation. Data are shown as fold change relative to nonwounded and nontreated tissue. GAPDH was used as a reference 
gene (n = 4, **P < 0.01). (H, I) The closure of colonic wounds (day 4 after injury relative to day 1) with or without ASO treatment was quantified from 
high-resolution images acquired by endoscopy using ImageJ (NIH). (H) Representative images that were used for wound measurements and (I) quan-
tification of wound closure (n = 4; ***P < 0.001). Two-tailed Student’s t test and 1-way ANOVA were used for statistical analyses (P values). Data are 
mean ± SD from at least 3 independent experiments.
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Figure 7. Induction of genomic instability by PMN-MP–derived miR-23a and miR-155. (A–D) Long-term coculture of IECs and PMN-MPs was performed 
as described in Methods. (A and B) Immunofluorescence detection of BrdU (replication marker; green) and γH2AX (DSB marker; red). Approximately 600 
cells were analyzed for each PD per marker, representative images are shown in (A) and quantification is shown in (B) (n = 3; ***P < 0.001). (C) Induction 
of apoptosis and aneuploidy during long-term IEC and PMN-MP cocultures was determined. At the defined PD time, cells were harvested, stained for 
Annexin V and propidium iodide (PI), and analyzed by FACS (n = 3, *P < 0.05; **P < 0.01). (D) The effect of miR-23a and miR-155 inhibition by ASOs (1 
nM each, replaced every 48 hours) during long-term IEC and PMN-MP coculture on the indicated processes. Approximately 500 cells per PD per marker 
were analyzed (n = 3, ***P < 0.001, ##P < 0.01). (E–K) Patient-derived colonoids grown in 3D cultures were treated with PMN-MPs (24 hours, derived from 
fMLF-stimulated PMNs). (E) Representative phase contrast image of a mature colonoid (~10 days in culture) used in experiments. (F) Relative expression 
analysis of miRNAs and genes of interest following PMN-MP treatment. Data shown relative to nontreated, control colonoids, using U-6 and GAPDH as 
reference genes, respectively (n = 3, *P < 0.05). (G) Representative immunoblots and (H) quantification of lysed colonoids following PMN-MP treatment. 
(I–K) 3D colonoids were serially sectioned and processed for immunofluorescence analyses. (I) Representative images of γH2AX (a DSB marker, green) 
induction, quantified in panel J (left bars). For DSB analysis (J, middle bars), COMET assay was performed on dissociated colonoid epithelial cell nuclei. (K) 
LB1 downregulation (red) and formation of micronuclei was determined by staining for LB1 (red) and DNA (blue). Micronuclei are indicated by white arrows 
and quantified in panel J (right bars). For quantification, at least 20 colonoids were analyzed per condition (n = 3, ***P < 0.001). Two-tailed Student’s t test 
and 1-way ANOVA were used for statistical analyses (P values). Data are mean ± SD from at least 3 independent experiments.
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therapeutic development for patients with IBD (51) and other 
inflammatory disorders of the gastrointestinal tract. Furthermore, 
given the predisposition of IBD patients suffering from exacer-
bated inflammation and recurring mucosal injury to developing 
colitis- associated colorectal cancer, specific inhibition of such tar-
gets can help prevent carcinogenesis (52).

In the present work, we defined a new mechanism that con-
tributes to IBD pathogenesis and that can potentially promote 
carcinogenesis. We found that activated PMNs infiltrating the 
intestinal mucosa cause accumulation of DSBs by both promoting 
formation of DSBs and by inhibiting HR during IEC replication, 
thus impeding tissue recovery. Importantly, although thus far 
PMN-induced tissue injury, and particularly DNA damage, was 
mainly considered to be due to excessive generation of ROS, our 
studies identified an alternative ROS-independent mechanism.

We report for the first time that activated PMNs that infiltrate 
the intestinal mucosa downregulate LB1 expression in IECs. LB1 
is a nuclear envelope protein that serves to preserve the nuclear 
integrity (53), genome organization, and function, including rep-
lication fork stability (54). It has been previously suggested that 
LB1 directly regulates RAD51 transcription, such that the loss of 
LB1 in epithelial cells led to deficient DNA repair and genomic 
instability (26, 55). However, we found that in acute mucosal 
injury, while causing LB1-dependent DSBs, PMNs also directly 
downregulate RAD51 to inhibit DSB repair. Although the loss of 
LB1 has been previously observed in association with cellular 
senescence (28) and autophagy (37), the precise mechanism of 
LB1 downregulation is not clear.

We found that PMNs downregulate LB1 as well as RAD51 via 
the release of miRNAs that are effectively transported by MPs. We 
confirmed that miRNAs were delivered to IECs through PMN-MP 
uptake and not due to endogenous induction by IECs. We further 
determined that treatment with PMN-MPs alone was sufficient to 
impair DNA synthesis, inhibit HR, and promote DSB accumula-
tion. PMN-MP–induced DSBs resulted from replication fork stall-
ing and collapse due to LB1 loss, and thus were predominately 
localized to proliferating IECs. Importantly, while PMN effects 
were partially reversed with the inhibition of ROS (consistent with 
the ability of PMNs to both generate ROS and release MPs), the 
effects of PMN-MPs were ROS independent.

We have screened PMNs and PMN-MPs for more than 20 
miRNAs that have been previously implicated in regulating DNA 
damage repair and LB1/RAD51 expression. We found that of all 
the analyzed miRNAs, miR-23a and miR-155 were among the 
most highly expressed by activated PMNs and most efficient-
ly packaged into PMN-MPs. Since we observed variable miRNA 
expression in activated PMNs and PMN-MPs, it is possible that the 
expression differences will impact the miRNA effector function. 
Intriguingly, we found that not all miRNAs that were upregulated 
by activated PMNs were packaged into PMN-MPs. For example, 
miR-103, which also targets RAD51, although increased in activat-
ed PMNs, was not found in PMN-MPs. This implies that not only 
expression levels but also miRNA packaging into MPs may be spe-
cifically regulated by an as-yet-unknown mechanism.

Given the emerging roles of miRNAs in regulating cellular 
responses, and the fact that each miRNA has numerous targets, 
identifying such mechanisms would be extremely valuable in 

expression of GBP1 and inflammatory cytokines IFN-γ and TNF-α, 
Figure 6G) and significantly improved wound closure (>20% over 
control ASO, Figure 6, H and I), confirming the therapeutic poten-
tial of miR-23a and miR-155 inhibition.

PMN-derived miR-23a and miR-155 promote genomic instability. 
Deficient repair and the persistent presence of DSBs in tissue can 
lead to genomic instability (13). Given the PMN-induced inflam-
mation and recurring tissue injury, as seen in IBD, and our current 
finding that tissue-infiltrating PMNs promote DSB accumulation, 
we tested the idea that in the long-term, PMN-derived miRNAs 
can promote genomic instability.

To simulate PMN-induced recurring or chronic inflammation, 
HCT116 IECs were cocultured with PMN-MPs for 15 population 
doublings. In these experiments, PMN-MPs were replaced every 48 
hours and replication (by BrdU incorporation), DSBs (γH2AX-pos-
itive foci), apoptosis, and aneuploidy (as genomic instability mark-
er) in IECs were analyzed every 2 PDs. At PD7, more than 70% of 
all IECs were positive for DSB foci and the lowest BrdU incorpora-
tion rate was observed (Figure 7, A and B). Moreover, as seen in rep-
resentative images (Figure 7A), frequent colocalization of γH2AX 
and BrdU was detected, indicating an association of replication 
fork and DSBs. Importantly, while a persistent deficiency in DSB 
repair induced by PMN-MPs resulted in increased cell apoptosis 
(~40%, Figure 7C), an induction of aneuploidy (indicating genom-
ic instability) (49) was observed in more than 70% of surviving 
IECs (Figure 7C). This confirmed that recurring tissue injury and 
persistent inhibition of DSB repair by PMNs can lead to genom-
ic instability. Consistent with the ability of miR-23a and miR-155 
ASOs to reduce inflammation and prevent accumulation of DSBs, 
administration of ASOs to long-term PMN-MP and IEC cultures 
significantly reduced both cell death and aneuploidy (Figure 7D).

To examine whether a single, inflammatory episode was suf-
ficient to promote genomic instability and confirm our findings in 
primary human cells, patient-derived colonoids were used (Figure 
7E). Patient biopsy-derived crypts were cultured in 3D matrigel until 
multi-lobed colonoids were formed, and were treated with PMN-
MPs (24 hours) as was done with cultured IECs. Acute PMN-MP 
treatment led to upregulation of mature miR-23a and miR-155, but 
not pri-miR-23a or miR-155 (Figure 7F, Supplemental Figure 4A), the 
downregulation of their targets LB1 and Rad51 at mRNA and protein 
levels, and an induction of DSB marker γH2AX (Figure 7, F–H). Accu-
mulation of DSBs was confirmed by quantification of an increased 
number of γH2AX-positive nuclear foci and by comet assay (Figure 7, 
I and J). Importantly, in this experimental model, an increased num-
ber of micronuclei (Figure 7J, Supplemental Figure 4B) that were fre-
quently positive for γH2AX (Supplemental Figure 4C) was detected, 
indicating deficient DSB repair and possible induction of genomic 
instability (50). Intriguingly, in parallel to PMN-MP–induced DSBs, 
upregulation of senescence marker CDKN2A/p16 and significant 
decrease in replication factors Ki67 and PCNA were observed. This 
suggests that PMN-MPs may also acutely induce replicative senes-
cence due to genomic instability (Supplemental Figure 4D).

Discussion
Timely and efficient resolution of mucosal injury is crucial for 
reestablishing tissue homeostasis. Thus, identifying new targets 
that potentiate injury or delay healing are priorities for potential 
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Finally, we used specific miR-23a and miR-155 mimics and 
ASOs in cultured IECs and in acute colonic injury model to confirm 
the synergistic role of miR-23a and miR-155 in mediating accumu-
lation of DSBs. Since miRNAs have multiple downstream targets 
(65), to avoid systemic effects, miRNA antagonists were success-
fully administered by localized endoscopy-based technique to the 
colonic mucosa, producing robust and specific effects. miR-23a 
and miR-155 ASOs significantly attenuated PMN-induced accu-
mulation of DSBs and enhanced tissue healing. Specific inhibition 
of miR-23a and miR-155 further prevented long-term PMN-MP–
induced genomic instability. To our knowledge, it has not yet been 
established whether immunosuppressive therapy (primarily used 
to treat IBD) reduces DSBs in IBD or reduces chances of neopla-
sia. However, our data clearly indicate that specific inhibition of 
PMN-miRNA attenuated inflammation and decreased DSB accu-
mulation to promote mucosal healing and prevent the induction 
of genomic instability. Thus, our work defines PMN miR-23a and 
miR-155 as new prognostic and therapeutic targets to promote 
mucosal healing and prevent progression to cancer.

Methods
Generation of PMN-MPs. Human PMN-MPs were prepared from the 
supernatants of stimulated PMNs as follows. Freshly isolated PMNs (2 
× 107 cells) were stimulated with either fMLF (1 μM), TNF-α (10 nM), 
or IFN-γ (50 nM) in 200 μl HBSS+ (20 minutes, 37°C). After stimula-
tion, supernatants were cleared of cells and cellular debris by 2-stage 
centrifugation (400g followed by 3000g spins, 10 minutes) and sub-
jected to ultracentrifugation at 100,000g. Pelleted MPs were washed 
and prepared for miRNA analysis, transmission electron microscopy, 
and functional assays. Murine PMN-MPs were isolated from bone 
marrow–derived PMNs that were enriched to 85%–90% purity using 
histopaque gradients (1077 and 1119; Sigma-Aldrich) and the cen-
trifugation methods as described above. As determined by a particle 
analyzer (LSR Fortessa Special Order Research Product), the isolated 
PMN-MPs consisted of a mixed population of exosomes (~50%) and 
other larger particles.

Human specimens. Colonic biopsies were obtained with informed 
consent from healthy patients with IBD during routine screening proce-
dures with approval by and in accordance with Northwestern University 
and Mayo Clinic IRB protocols. Generation of human 3D colonoids and 
processing of human tissues is detailed in the Supplemental Materials.

Animals. C57BL6J mice (Jackson Laboratories) aged 8–14 weeks 
were used in all experimental procedures. All mice were maintained 
under specific pathogen-free conditions at the Northwestern University, 
Feinberg School of Medicine animal facilities. At the end of all experi-
mental procedures, animals were killed via rapid cervical dislocation.

Biopsy-based in vivo injury model. For in vivo assays, a biopsy-based 
acute colonic injury model was used as previously described (46). 
Briefly, 2–3 superficial wounds along the dorsal surface of the colon 
were generated by biopsy forceps in anesthetized (ketamine 100 mg/
kg and xylazine 5 mg/kg) mice. Wound healing was monitored by a 
high-resolution endoscope (COLOVIEW Veterinary Endoscope, Karl 
Storz) and quantified on days 1 and 4 after wounding. When indicat-
ed, wound tissue was extracted for molecular and histological analy-
sis. To assess PMN contribution to tissue injury, circulating and tissue 
PMNs were depleted using Ly6G antibody (200 μg i.p., 24 hours prior 
to and 24 hours after injury). PMN depletion (~98%) was confirmed 

designing specific neutralizing strategies in the future. Indeed, 
target-specificity of various miRNAs may depend on environmen-
tal and cellular cues that are yet to be defined. As such, miR-155 
in addition to RAD51 can target MMR genes such as MLH1 and 
MSH6 (56), which when downregulated can contribute to DSB 
accumulation. Interestingly, in the model of acute colonic injury 
or in clinical IBD samples, the transcript levels of these genes were 
not significantly altered despite abundant presence of miR-155 
and a robust downregulation of RAD51.

Given the complexity of immune cell function in diseases such 
as IBD, it is important to note that other resident and infiltrating 
immune cells, including eosinophils, monocytes, and macro-
phages, can release MPs to impact the responses of neighboring 
cells (57); however, whether miRNA upregulation and packaging 
into MPs is cell-type specific remains to be determined. Further-
more, MP content can also be stimulus dependent (46, 58). Thus 
we confirmed enrichment of miR-23a and miR-155 in PMNs using 
several inflammatory conditions, including stimulation with 
IFN-γ, TNF-α, or bacterial fMLF, all of which are commonly found 
in inflamed mucosa. Increased levels of miR-23a and miR-155 
were similarly observed in active IBD alongside infiltrating PMNs, 
confirming the physiological relevance of our observations.

Accumulation of DSBs can further lead to persistent activation 
of DDR, which can in turn trigger increased secretion of proin-
flammatory cytokines and chemokines (59). The resulting inflam-
matory milieu can promote continued leukocyte recruitment and 
activation, perpetuating chronic inflammation. Although both 
chronic inflammation and genomic instability are tightly linked 
to carcinogenesis (60, 61), how inflammation is linked to genomic 
instability is not well defined. Using a long-term coculture system 
modeling chronic inflammation that is associated with en masse 
PMN infiltration, we introduce what we believe is a new mecha-
nism whereby PMNs can promote genomic instability (as indi-
cated by increased aneuploidy) via miRNA-dependent DSB accu-
mulation. Intriguingly, despite the robust accumulation of DSBs 
during long-term coculture, which is expected to lead to cell death 
(62), the majority of IECs were able to overcome DSBs and sur-
vive (~40% apoptosis was detected). Increased survival and sig-
nificantly elevated aneuploidy in PMN-MP–treated IECs implies 
an induction of genomic instability, with potential consequent 
alterations in cell-cycle regulatory/tumor suppressor genes (such 
as APC and TP53) and carcinogenesis.

We used patient-derived organoids/colonoids to examine 
whether a single inflammatory episode was sufficient to promote 
genomic instability. Acute PMN-MP treatment (24 hours) was 
sufficient to promote accumulation of DSBs (similar to observa-
tions in immortalized cell lines) and formation of micronuclei, 
indicating an induction of genomic instability (50). However, in 
this setup we also detected upregulation of senescence marker 
CDKN2A/p16 and a significant decrease in replication factors 
Ki67 and PCNA, indicating replicative senescence. As replica-
tive senescence induced by genomic instability serves to prevent 
genomically instable cells to reenter replicative cycle and become 
transformed (63, 64), in an acute setting this is likely to limit car-
cinogenesis. These findings imply that recurring PMN-induced 
tissue injury as seen in IBD and not a single inflammatory episode 
promotes tumorigenesis.
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