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SUMMARY

Urinary tract infection (UTI) is a pervasive health problem worldwide. Patients
with a history of UTIs suffer increased risk of recurrent infections, a major risk
of antibiotic resistance. Here, we show that bladder infections induce expression
of Ezh2 in bladder urothelial cells. Ezh2 is the methyltransferase of polycomb
repressor complex 2 (PRC2)—a potent epigenetic regulator. Urothelium-specific
inactivation of PRC2 results in reduced urine bacterial burden, muted inflamma-
tory response, and decreased activity of theNF-kB signaling pathway. PRC2 inac-
tivation also facilitates proper regeneration after urothelial damage from UTIs,
by attenuating basal cell hyperplasia and increasing urothelial differentiation.
In addition, treatment with Ezh2-specific small-molecule inhibitors improves out-
comes of the chronic and severe bladder infections in mice. These findings collec-
tively suggest that the PRC2-dependent epigenetic reprograming controls the
amplitude of inflammation and severity of UTIs and that Ezh2 inhibitors may be
a viable non-antibiotic strategy to manage chronic and severe UTIs.
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INTRODUCTION

Urinary tract infections (UTIs) caused by uropathogenic Escherichia coli (UPEC) is a widespread public

health issue that greatly decreases a patient’s quality of life and poses a great financial burden. Patients

with a prior history of bladder infection are at risk for subsequent UTIs and antibiotic resistance.1–3 In

the United States alone, cost tomanage patients with UTI total tomore than 3 billion dollars a year.4,5 These

reasons necessitate a deeper dive into the mechanisms underlying UTIs and exploration of alternatives to

conventional antibiotic therapy.

In an acute bladder infection mouse model,6 wild-type naive C57Bl/6 mice resolve from bacteriuria and

bladder inflammation within days. If these mice are infected again, the second infection results in reduced

urine bacterial count compared to the first infection.7,8 However, if the second infection happens within

24 h, these mice—instead of having a self-limiting acute bladder infection—develop a superinfection

that display severe urothelial damage, chronic cystitis, pyelonephritis, and even death.9 Similarly, bladder

injury followed by bacterial infection within 24 h also leads to a superinfection.10 Superinfection is tightly

associated with an exacerbated inflammatory host response and predisposesmice to chronic and recurrent

UTIs.11 Collectively, these findings suggest that bladder infection causes a lasting molecular change(s),

such as mucosal imprint12 and immunological memory,7,8 that directly or indirectly influences clinical out-

comes of UTIs. Nature of the lasting molecular changes induced by the infection, however, remains poorly

understood.

Exposure to pathogens has been shown to induce epigenetic remodeling in host cells.13–15 Epigenetic de-

posits such as histone H3 lysine 27 trimethylation (H3K27me3) have the potential to function as a molecular

memory after pathogen clearance since they can persist through multiple cell cycles and several genera-

tions.16–18 Human bladder urothelial carcinoma cells exposed to UPEC in vitro induce expression of

Ezh2, the methyltransferase of polycomb repressor complex 2 (PRC2),19 which catalyzes formation of

H3K27me3. H3K27me3 is tightly linked to chromatin compaction and transcription silencing.20–22 We

have previously reported that the PRC2-dependent H3K27me3 modification plays a critical role in urothe-

lial cell differentiation during bladder development.23,24 PRC2 may also regulate the response of mature

urothelial cells to UTIs—a possibility that has not yet been thoroughly explored.
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Here, we provide in vivo evidence that Ezh2 potentiates host inflammatory response after bladder infec-

tions. We show how phenotypically heightened inflammation, linked to poor UTI outcomes, may be driven

by the PRC2-dependent epigenetic program. Moreover, we demonstrate that by targeting PRC2 activity

(genetically and pharmacologically), we can limit excessive inflammation and pathological injuries from

chronic and severe bladder infections. These findings suggest that the UTI-induced mucosal imprint is,

in part, mediated by the PRC2-dependent epigenetic mechanism and targeting this underlying epigenetic

program offers a non-antibiotic alternative to manage UTIs.
RESULTS

Bladder infection induces Ezh2 expression in urothelial cells

To identify candidate UTI-induced epigenetic regulators, we performed a whole transcriptome analysis of

the bladder urothelium at one day post-inoculation (1 dpi) of an UPEC strain UTI89 (Figure 1A and

Table S1). In this acute infection model, Ezh2 and Suz12 were among the differentially expressed genes

(DEGs) that were significantly upregulated (Figure 1B). Expressions of other members of the PRC2 complex

(Ezh1 and Eed) were not affected (Figure 1B), suggesting a gene-specific response to the infection. Quan-

titative analysis further confirmed a significant increase of Ezh2 (Figure 1C). Since Ezh2 protein stability is

also regulated by the proteosome degradation pathway,25,26 we also examined Ezh2 protein level by

immunofluorescent staining. At physiological conditions, Ezh2 protein was barely detectable in adult

bladder urothelium (Figure 1D, PBS). After an acute infection, Ezh2 and H3K27me3 exhibited stronger

immunoreactivity in the bladder urothelium and lamina propria (Figure 1D, 1 dpi). Together, these findings

suggest that an acute bladder infection upregulates Ezh2 gene transcription and/or protein stability.

In addition to Ezh2, other epigenetic regulators including genes that encode the DEAD-box-containing

proteins Ddx26b and Ddx5, the SWI/SNF complex protein Smarcad1, and bromodomain protein Baz2b

were upregulated as well (Table S1). Several long intergenic noncoding RNAs including Xist, Neat1,

A330044P14Rik, Gm21781, Al480526, and Gm26905 were significantly increased. Downregulated candi-

date epigenetic regulators included: Chst2, Uchl1, Padi1, Padi2, and Inmt. In this study, we focused on

the PRC2-dependent epigenetic repression program due to its critical role in urothelial differentiation dur-

ing bladder development.23
Inactivation of urothelial PRC2 dampens hyperproliferation caused by UTI

To examine a potential role of the PRC2-dependent epigenetic program in bladder infections, we used an

urothelium-specific Eed conditional knockout mouse line (EedcKO), in which the PRC2-dependent methyl-

transferase activity mediated by both Ezh1 and Ezh2 was eliminated from the bladder urothelium.23

Although urothelial progenitor lacking PRC2 activity displays a phenotype of precocious differentiation,23

the mutant urothelium was grossly normal compared to heterozygous controls prior to the infection

(Figures 1E–1I, PBS). A single dose of UTI89-inoculation caused noticeable urothelial damage at 1 dpi as

indicated by the loss of cytokeratin 20-positive (Krt20+) superficial cells and increase of Krt5+ basal cells;

the extent of these effects was also comparable between the mutants and controls (Figure 1E, 1 dpi). Simi-

larly, Krt20+ superficial cells were recovered within 3–7 days in both the mutants and controls. While EedcKO

mutant responded to the bladder infection by activating urothelial cell proliferation, the cell proliferation

rate in EedcKO mice was more than 2-fold (<30%) lower than controls (�60%) as indicated by Ki67 staining

(Figures 1F and G, p < 0.05). Consistently, EedcKO urothelial cells had a 2-fold decrease of staining of a

mitotic marker phosphohistone H3 (pHH3) compared to controls (Figures 1H and 1I, p < 0.05). Therefore,

urothelium-specific inactivation of PRC2 dampens the hyperproliferative response to an acute bacterial

infection.
PRC2 exacerbates inflammatory host response to bladder infection

Urine bacterial counts were significantly lower in urothelium-specific EedcKO mutant mice after an acute

infection at 1 dpi (Figure 2A). Total intracellular bacterial communities (IBCs) formed per bladder at 3 or

6 h-post-inoculation (hpi) were comparable between controls and EedcKO (Figure 2B), implying that IBC for-

mation was not affected in the mutants. Given that superficial cell exfoliation was comparable betweenmu-

tants and controls (Figure 1), we next examined the potential impact of PRC2 on the inflammatory host

response. EedcKO mutant bladders had fewer infiltrating immune cells (Figure 2C). Based on the degree

of edema, urothelial damage, and immune cell infiltration,27 EedcKO mice had nearly a 2-fold decrease

in inflammation compared to controls (Figure 2D). To further examine the underlying mechanism, levels
2 iScience 26, 106925, June 16, 2023
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Figure 1. Acute infection induces Ezh2 to promote hyperproliferation of urothelial progenitor cells

(A) Schematic of acute bladder infection using UPEC strain UTI89. dpi, day-post-inoculation.

(B) Expression levels of Ezh1, Ezh2, Eed, and Suz12 in adult urothelium at 1 dpi of an acute infection. FPKM, fragments per kilobase of transcript per million

mapped reads (n = 4).

(C) Quantitative RT-PCR confirmation of Ezh1 and Ezh2 expression levels in the bladder urothelium at 1 dpi. (n = 3) PBS-treatedmice were used as uninfected

controls. FC, fold change. (n = 3).

(D) Ezh2 (red) and H3K27me3 (red) immunostaining of wild-typemouse bladder sections at 1 and 7 dpi after UTI89 inoculation. PBS was used as an uninfected

control. DAPI nuclear staining (blue); LP, lamina propria; U, urothelium; dashed lines demarcated the boundary between LP and U.

(E) Immunostaining of EedcKO versus control mouse bladder sections of mice at 1, 3, and 7 dpi using Krt5- (red) and Krt20 (green)-specific antibodies.

(F and G) Immunostaining of Ki67 (red)-specific antibodies and corresponding quantification at 1 dpi (Ctr, n = 4; EedcKO, n = 6).

(H and I) Immunostaining of pHH3- (red) and Krt5 (green)-specific antibodies and corresponding quantification at 1 dpi. (Ctr, n = 6; EedcKO, n = 6). Data

represented as box and whisker plots with individual data points indicate third and first quartiles at upper and lower limits of the box respectively; the line

within the box indicates the median, and the whiskers extend toward maximum and minimum values. Graphs with three points indicate maximum value,

median, and minimum value (from top to bottom). Student’s t test. *, p < 0.05.
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Figure 2. Genetic inactivation of PRC2 blunts host inflammatory response to an acute infection

(A) Box and whisker plot of urine bacterial counts represented by colony-forming units (CFU) per mL of urine at 1 dpi in controls (Ctr) and Eed knockouts with

inactivated PRC2 (EedcKO), *p < 0.05, Mann-Whitney test (n R 15).

(B) Counts of intracellular bacterial communities (IBCs) at 3 and 6 h-post-inoculation (hpi) (n = 6).

(C) H&E staining of bladder sections from heterozygous control (Ctr) and EedcKO at 1dpi of acute infection. Lamina propria (LP), smooth muscle (SM), and

urothelium (U) layers are separated by dashed lines. Arrowheads, polymorphonuclear leukocytes.

(D) Inflammatory scores in controls and EedcKO. *, p < 0.05, Student’s t test. (Ctr, n = 3; EedcKO, n = 4).

(E) Quantitative RT-PCR analysis of expression of inflammatory markers in controls and EedcKO mice bladders at 2 and 24 h (h) post-inoculation. Gapdh was

used as an internal reference. y axis, fold change vs. controls; *, p < 0.05, UTI 2 or 24 h vs. PBS within the same genotype, unpaired Student’s t test; #, p < 0.05,

EedcKO vs. Ctr under the same treatment conditions, unpaired Student’s t test; $, p < 0.05, vs. any other conditions within the same genotype, one-way

ANOVA test (Ctr, n = 3; EedcKO, n R 3).
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of gene-specific transcription were quantitatively measured at 2 and 24 hpi to access the dynamic host

response to an acute infection (Figure 2E). A significant upregulation of C-X-C motif chemokine ligand 1

(Cxcl1)/neutrophil-activating protein 3 (NAP-3) was observed in both controls and EedcKO mutants during

early phase of infection at 2 hpi. Similarly, Il-6, chemokine (C-C motif) receptor 2 (Ccr2), and chemokine

(C-X-C motif) receptor 2 (Cxcr2) were significantly induced in both mutants and controls later at 24 hpi.

While significantly high levels ofCxcl1,Cxcr2, and suppressor of cytokine signaling-3 were observed in con-

trols, expression levels of these genes were apparently lower in the mutants. In particular,Cxcr2 expression

was significantly lower in the mutants than in controls at 24 hpi. Collectively, these observations suggest

that EedcKO mutant mice develop a less exaggerated inflammatory host response and resolve from infec-

tion more effectively than controls.

Bladder infection results in a rapid nuclear accumulation ofNF-kB first in superficial cells and subsequently,

in intermediate and basal cells.28 To understand how PRC2 affects inflammation, we examined NF-kB
4 iScience 26, 106925, June 16, 2023
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Figure 3. PRC2 promotes the NF-kB signaling pathway in bladder urothelium

(A) Quantitative RT-PCR analysis of IkBa and IkBb mRNAs in bladder urothelium of heterozygous (Ctr, n = 4) and EedcKO

mice (n = 4). Gapdh was used as an internal reference. FC, fold change.

(B) Immunostaining of IkBa (red) and Krt5 (green) of control and EedcKO mice bladder sections. LP, lamina propria; U,

urothelium.

(C) Chromatin immunoprecipitation (ChIP) assay of IkBa locus (schema) using H3K27me3-and H3K4me3-specific

antibodies. TSS, transcription start site (n = 3); y axis, percentage of input.

(D) Immunostaining of RelA/p65 subunit of NF-kB (red) and Krt5 (green) of control and EedcKO mice bladder sections at

1 hpi. DAPI nuclear counter staining (blue); PBS, phosphate buffered saline; White arrowheads, nuclear localized RelA/

p65. Data in A and C represented as box and whisker plots. *, p < 0.05, Student’s t test.
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activation and found that expression of IkBa was significantly upregulated in the bladder urothelium of

EedcKO mutants (Figure 3A). Consistently, anti-IkBa immunoreactivity was markedly stronger in EedcKO

mice compared to controls (Figure 3B). Chromatin immunoprecipitation further showed that the occu-

pancy of repression histone mark H3K27me3 was significantly reduced, while the epigenetic activation

mark H3K4me3 was significantly enriched at the IkBa promoter region of EedcKO mice (Figure 3C). Further-

more, much fewer superficial cells with positive nuclear staining of RelA/p65, a component of NF-kB pro-

tein dimer, were observed in EedcKOmice compared to controls at 1 hpi (Figure 3D). Taken together, these

findings suggest that in an acute bladder infection, urothelium-specific inactivation of PRC2 attenuates a

potentially overreactive inflammatory host response and enhances resolution of inflammation through

the NF-kB-dependent mechanism.

EedcKO mice are resistant to chronic bladder infections

Based on our results from the acute bladder infection model, we hypothesized that EedcKO mice are pro-

tected against injuries from chronic or repeated bladder infections. To test the hypothesis, we inoculated

mice with UTI89 7 times with a 7-day convalescence after each inoculation to model chronic infections in

C57Bl/6 mice (Figure 4A). At the first inoculation, control mice developed severe bacteriuria with approx-

imately 106 colony-forming units (CFU) of bacteria in the urine at 1 dpi (Figure 4B, 1x UTI, Ctr), similar to

what was observed in Figure 2A. Compared to controls, EedcKO mice had significantly lower urine bacterial

counts at 1 dpi after 1x UTI (Figure 4B, 1x UTI, EedcKO). Bladder infection was largely resolved in the mutant
iScience 26, 106925, June 16, 2023 5
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Figure 4. Urothelium-specific PRC2 inactivation attenuates inflammatory host response to repeated or chronic bladder infections

(A) Schematic diagram of repeated infection. dpi, day-post-inoculation.

(B) Urine bacterial counts represented by colony-forming units (CFU) per mL of urine from 1 to 7 infections. *p < 0.05, Mann-Whitney test. (Ctr, n R 17;

EedcKO, n = 6).

(C) H&E staining of bladder sections from heterozygous control (Ctr) and EedcKO mice after the seventh infection (7XUTI) at 1 dpi. LP, lamina propria; U,

urothelium; SM, smooth muscle. Arrowheads, polymorphonuclear leukocytes.

(D) Heterozygous control mice after the seventh infection (7XUTI) at 7 and 21 dpi, indicating a lasting impact of C+UTI superinfection on the urothelium.

(E) Inflammatory scores. (Ctr, n = 6; EedcKO, n = 4).

(F) Quantification of cell proliferation rates based on numbers of pHH3- and Ki67-positive cells. (Ctr, n R 4; EedcKO, n R 3).

(G and H) Immunostaining of Krt5 (red), Krt20 (green), and Upk3a (green) of bladder sections of control and EedcKO mice after 7XUTI. DAPI nuclear counter

staining (blue). Data in E and F represented as box and whisker plots. *, p < 0.05, Student’s t test.
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Figure 5. Urothelium-specific inactivation of PRC2 attenuates inflammatory host response to C+UTI superinfection

(A) Schematic diagram of C+UTI superinfection. dpi, day-post-inoculation.

(B) Prospective urine bacterial counts represented by colony-forming units (CFU) per mL of urine of heterozygous control (Ctr) and EedcKO mice after C+UTI

superinfection. *p < 0.05, vs. Ctr, Mann-Whitney test. (Ctr, n R 19; EedcKO, n R 9).

(C) H&E staining of bladder sections from heterozygous control (Ctr) and EedcKO mice bladder sections at 1 dpi after C+UTI superinfection. LP, lamina

propria; SM, smooth muscle; U, urothelium. Arrowheads, polymorphonuclear leukocytes.

(D) Inflammatory scores. (Ctr, n R 4; EedcKO, n R 3).

(E) Quantification of cell proliferation rates based on numbers of Ki67+ cells. (Ctr, n R 3; EedcKO, n R 3).
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Figure 5. Continued

(F and G) Immunostaining of Krt5 (red), Krt20 (green), and Upk3a (green) of bladder sections of control and EedcKO mice after C+UTI superinfection. DAPI

nuclear counter staining (blue).

(H) Differential expressed genes in bladder urothelium between EedcKO and Ctr at 1 dpi of C+UTI superinfection. q-value %0.05, fold changeR2. (n = 2).

(I) Top pathways of the DEGs predicted by Ingenuity Pathway Analysis. Data in D and E represented as box and whisker plots. *, p < 0.05, Student’s t test.
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at 7 dpi but only partially resolved in heterozygous control mice (Figure 4B, 7 dpi of 1x UTI). Repeated in-

fections causedmilder bacteriuria (Figure 4B, 2–7x UTIs, Ctr, p < 0.05), consistent with previous reports that

C57Bl/6 mice can self-resolve acute bladder infection and, moreover, that the infection elicits partial immu-

nological protection against subsequent infections.7,8,29–31 Unlike controls, bacteriuria was nearly absent in

the mutants after repeated infections (Figure 4B, 3–7x UTIs, 1 and 7 dpi).

Chronic infections caused severe urothelial hyperplasia in control mice and a hyperplastic phenotype that

lasted for more than 21 days after the seventh infection (Figures 4C and 4D, Ctr). In EedcKO mice, however,

this urothelial hyperplasia phenotype was not observed (Figure 4C, EedcKO). The inflammatory score was

also significantly lower in EedcKO bladders than controls (Figure 4E). Consistent with the hyperplasia

phenotype in control mice, high levels of cell proliferation—as indicated by both Ki67 and pHH3 immuno-

staining (Figures 4F and S1A)—were observed only in control but not in EedcKOmice. Krt20+ superficial cells

were lost and not regenerated among control mice after repeated infections (Figure 4G). Instead, Krt5+

basal cells expanded and occupied the entire thickness of bladder urothelium in controls (Figure 4H), sug-

gesting that repeated infections caused exfoliation of both intermediate and superficial cells and failure to

regenerate. While exfoliation of Krt20+ superficial cells also occurred in EedcKO at 1 and 3 dpi after the sev-

enth infection, regeneration was observed at 7 dpi in EedcKO. Moreover, repeated infections appeared to

have minimal impact on Upk3a immunoreactivity of EedcKO mutants (Figure 4G), suggesting that Krt20-/

Upk3+ intermediate cells were maintained during repeated infections in EedcKO mice. Collectively, these

findings suggest that EedcKO mice are more resistant to repeated infections than controls.

Genetic inactivation of PRC2 improves outcomes of a bladder superinfection

To examine whether EedcKO mice could be protected from a superinfection, we inoculated EedcKO mice with

UTI89 one day after a cyclophosphamide (CPP)-induced bladder injury10; we refer to this bladder superinfec-

tion model as C+UTI superinfection (Figure 5A). Heterozygous control mice superinfected with C+UTI devel-

oped severe bacteriuria that persisted for more than four weeks (Figure 5B). EedcKO mice, on the other hand,

had significantly lower urine bacterial burden at 1 dpi, and bacteriuria was largely cleared within two weeks

(Figure 5B). Histological analysis demonstrated that control mice developed apparent edema, severe urothe-

lial damage, andbasal cell hyperplasia at 1 dpi of C+UTI (Figure 5C). High levels of immune cell infiltrationwere

also observed in control bladders. In contrast, EedcKO mice demonstrated less urothelial hyperplasia, edema,

and immune cell infiltration, resulting in a lower inflammatory score compared to control mice (Figure 5D). Cell

proliferation rates were also significantly lower in EedcKOmice than controls (Figures 5E and S1B). EedcKOmice

sustained a similar level of initial urothelial damage as control mice, observed by comparable exfoliation levels

of Krt20+ superficial cells at 1 and 7 dpi (Figure 5F). However, expression of Krt20 reemerged at 14 dpi in

EedcKO but not in controls, indicating that knockouts had better recovery than controls (Figure 5F). EedcKO

mice also maintained Upk3a gene expression after C+UTI superinfection (Figure 5G), which was not observed

in control mice. Instead, the urothelium of control mice consisted entirely of Krt5+ basal cells (Figures 5F and

5G), similar to controls with repeated bladder infections (Figure 4). Collectively, these findings suggest that

EedcKO mice are better protected from a superinfection than controls.

To understand the mechanism underlying the PRC2-dependent host response to C+UTI superinfection, we

performed a whole-genome transcriptomic analysis of the urothelium of superinfected bladders. A total of

186 DEGs were identified between EedcKO and control mice at 1dpi of C+UTI (Figure 5H). Among them, 124

genes were significantly downregulated and 62 genes were upregulated in EedcKOmice when compared to

controls. A list of inflammatory markers including Cxcl2, Cxcl3, Ccl2, Ccl3, Il-1b, Il-11, and Ptgs2 (aka Cox2)

were downregulated in EedcKO mice; this is consistent with the observed decrease in inflammatory score.

Particularly noteworthy were suppression of Cox2 because mice treated with Cox2 inhibitors significantly

reduce chronic cystitis.32 Ingenuity Pathway Analysis of DEGs further predicted the top 10 affected canon-

ical pathways (Figure 5I), including acute phase inflammation and Il-8 neutrophil chemotaxis pathways

which were significantly reduced in EedcKO mice. Collectively, these findings strongly suggest that the

PRC2-dependent epigenetic program in the bladder urothelium exacerbates the inflammatory host

response, causing severe urothelial damage and poor outcomes to a bladder superinfection.
8 iScience 26, 106925, June 16, 2023
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Figure 6. Pretreatment with Ezh2-specific inhibitor improves outcomes of chronic cystitis

(A) Schematic diagram of Ezh2-specific inhibitor (EPZ005687) or DZNep treatment of chronic cystitis.

(B) Bacterial counts in the urine after vehicle control (PBS) or EPZ005687 treatment. *p < 0.05, Mann-Whitney test. (PBS,

n = 20; EPZ005687, n = 7).

(C) Bacterial counts in the bladder and kidney after PBS or EPZ005687 treatment at 7 dpi. (PBS, n = 6; EPZ005687, n = 7).

(D) H&E staining of bladder sections of wild-type C3H/HeNCrl mice at 7 dpi of chronic cystitis. LP, lamina propria; U,

urothelium; SM, smooth muscle. Yellow arrowheads, polymorphonuclear leukocytes.

(E) Inflammatory score at 7 dpi. *p < 0.05, Student’s t test. (PBS, n = 6; EPZ005687, n = 7).

(F–H) Immunostaining of Ezh2 (pink), H3K27me3 (red), Upk3a (green), and Krt5 (red) of bladder sections from mice with

chronic cystitis after PBS or EPZ005687 treatment. DAPI nuclear counter staining (blue).
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Ezh2-specific inhibitor improves outcomes of preclinical models of UTIs

Chronic bladder infection is a major health issue and is also associated with increased bladder cancer risk in

humans.33 We therefore examined effects of Ezh2 inhibition on a preclinical model of chronic cystitis using

C3H/HeN mouse strain11,12,32 (Figure 6A). EPZ005687 (EPZ) is an Ezh2-specific small-molecule inhibitor.34

EPZ alone had minimal effects on bacterial counts in the bladder and kidneys, although bacteriuria was

moderately lower at 1 dpi (Figures 6B and 6C). However, EPZ treatment dramatically decreased urothelial

hyperplasia phenotype and inflammatory score (Figures 6D and 6E): an indication of reduced inflammatory
iScience 26, 106925, June 16, 2023 9
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host response. EPZ also blunted Ezh2 induction and decreased H3K27me3 level in bladder urothelial cells

(Figures 6E–6G). Furthermore, EPZ-treated mice exhibited a much milder basal cell hyperplasia phenotype

and maintained expression of a terminal differentiation marker Upk3a (Figure 6H). DZNep, a non-specific

Ezh2 inhibitor,35 exhibited a potent Ezh2 inhibition and reduction of H3K27me3 in the bladder (Figure S2A).

It also mildly decreased urine bacterial counts (Figure S2B) but markedly attenuated bladder edema and

urothelial hyperplasia (Figure S2C). Neutrophil infiltration and inflammatory score were significantly lower

in DZNep- than PBS-treated mice (Figure S2D). High levels of Upk3a expression were also detected in

DZNep-treated but not PBS-treated mice (Figure S2E). Taken together, these findings suggest that Ezh2

inhibitors decrease inflammation and urothelial hyperplasia, thereby improving outcomes of chronic

cystitis.

Consistent with the observation that EPZ attenuates inflammation (Figure 6), we found that mice treated

with EPZ had fewer superficial cells with nuclear RelA/p65 staining compared to vehicle controls at 1 hpi

of an acute bladder infection (Figure 7A). To ascertain whether the effect was mediated directly by urothe-

lial cells independent of immune cells, mouse bladder organoids were differentiated into Krt20+ superficial

and Krt5+ basal cells (Figure S3A).36 UTI89 exposure of the cultured urothelial cells induced a robust nuclear

translocation of RelA/p65, which was blocked by EPZ pretreatment (Figure S3A). Therefore, Ezh2 inhibition

specifically attenuates the innate inflammatory response of bladder urothelial cells to UPEC.

Next, we explored the effect of Ezh2 small-molecule inhibitors in a severe superinfection model (C+UTI su-

perinfection). Mice were sequentially treated with: (1) three doses of EPZ, (2) CPP and UTI89 (i.e., C+UTI),

and finally (3) 2 doses of EPZ (Figure 7B). EPZ treatment did not affect UPEC growth or viability in vitro,

nor bacterial counts in the bladder or kidneys (Figure 7C). It did, however, decrease bacteriuria at 3 dpi

of C+UTI superinfection. Histological analysis further demonstrated that EPZ-treated bladders had much

fewer immune cell infiltration as reflected by the reduced inflammatory score (Figures 7D and 7E), consis-

tent with its role in reducing inflammation. Urothelial cell proliferation was also significantly reduced in EPZ-

treated mice (Figure 7F). Furthermore, expression of urothelial cell differentiation marker Upk3a was pre-

served in EPZ but not control mice (Figure 7G). Like EPZ, DZNep reducedH3K27me3 levels in the bladder at

7 dpi in the C+UTI superinfection model (Figure S3B). DZNep reduced bacterial counts in the urine (Fig-

ure S3C) but not in the bladder and kidneys (Figure 3D). DZNep-treated mice displayed fewer infiltrating

neutrophils, mild basal hyperplasia, blunted expression of Ezh2, and increased expression of Upk3a and

Krt20 (Figures S3F–S3I). Collectively, these findings demonstrate therapeutic viability of Ezh2 inhibitors

in preclinical models of bladder infections.
DISCUSSION

This study uncovers a previously unknown role of the PRC2-dependent epigenetic reprograming in regu-

lating the inflammatory host response to bacterial infections in the bladder. Findings suggest that the bac-

teria-induced epigenetic remodeling of the bladder urothelium exacerbates inflammation and urothelial

injury, leading to poor outcomes in acute, chronic, and severe bladder infections. Findings here further

suggest a possible non-antibiotic therapeutic strategy to ameliorate chronic and severe UTIs by targeting

the underlying PRC2-dependent epigenetic program.

UPEC induces expression of multiple epigenetic regulators in the bladder. Among them, Ezh2 is signifi-

cantly upregulated in both the bladder urothelium and underlying mesenchymal cells. While we cannot

rule out contributions from immune and mesenchymal cells, we show evidence that the PRC2-dependent

epigenetic program in urothelial cells plays a critical role in promoting the inflammatory host response to

bladder infections. Ezh2 induction is tightly linked to increased expression of inflammatory cytokines and

chemokines, severe basal cell hyperplasia, and impaired urothelial cell terminal differentiation. While the

underlying mechanism of PRC2-mediated inflammatory response in the bladder remains to be defined, our

findings suggest that it promotes the NF-kB signaling pathway by epigenetic repression of the IkBa locus.

Indeed, the UTI-induced NF-kB activation, as indicated by RelA/p65 nuclear translocation, is markedly

reduced in EedcKO mice. In addition to the PRC2-dependent histone methylation, Ezh2 may also function

in the methyltransferase-independent manner to enhance NF-kB activity.37 It is worth noting that NF-kB

directly regulates Ezh2 expression in human fibroblasts,38 suggesting that feedback regulation between

Ezh2 and NF-kB molecular pathways may exacerbate and prolong the inflammatory host response to

bladder infections. An exacerbated inflammatory host response is characterized by uncontrolled inflamma-

tion and tissue damage that ultimately weakens the host immune efficacy against present and future
10 iScience 26, 106925, June 16, 2023
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Figure 7. Pretreatment with Ezh2-specific inhibitor improves outcome of C+UTI superinfection

(A) Immunostaining of nuclear translocation of RelA/p65 (red) in bladder sections of wild-type C57Bl6/J mice from acute

infection with or without EPZ005678 treatment at 1 hpi; negative control of acute infection (PBS). DAPI nuclear count

staining (blue); LP, lamina propria; U, urothelium.

(B) Schematic diagram of Ezh2-specific inhibitor (EPZ005687) or DZNep treatment of C+UTI superinfection.

(C) Bacterial counts in the urine and tissues (bladder and kidneys) of C57Bl/6 mice after C+UTI superinfection with or

without EPZ005678 treatment. *p < 0.05, Mann-Whitney test. (PBS, n R 6; EPZ005687, n R 9).

(D) H&E staining of bladder sections of wild-type C57Bl/6J mice at 7 dpi of C+UTI superinfection. SM, smooth muscle;

arrowheads, polymorphonuclear leukocytes.

(E) Inflammatory scores. (PBS, n = 8; EPZ005687, n = 10).

(F) Percentage of Ki67+-proliferating cells in bladder urothelium with or without EPZ005678 treatment after C+UTI

superinfection at 7 dpi. (PBS, n = 6; EPZ005687, n = 10).

(G) Immunostaining of Upk3a (green) and Krt5 (red) of bladder sections of mice at 7 dpi of C+UTI superinfection after

EPZ005687 treatment. DAPI nuclear counter staining. Data in E and F represented as box and whisker plots. *, p < 0.05,

Student’s t test.
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bacterial infections. Importantly, small-molecule Ezh2 inhibitors significantly diminished bladder inflamma-

tory responses to chronic and severe infections. While the design of this study could not differentiate the

prophylactic and therapeutic effects, these findings provide proof-of-concept evidence that targeting the

PRC2-dependent epigenetic program offers a non-antibiotic adjuvant strategy to treat UTIs.

Epigenetic reprograming has been linked to the trained immunity-like inflammatory memory in epithelial cells

including the skin and airway epithelial progenitors.39,40 However, epigenetic repression inmodulating inflam-

matory host response to bacterial infections in the bladder has not been reported. Given the quiescent nature

of bladder urothelium24 and how the PRC-dependent H3K27me3modification persists through cell cycles and

generations,18,35 we speculate that the PRC2-dependent epigenetic reprograming has a lasting impact on the

pathophysiology of the bladder urothelium. The virulence factor a-hemolysin is required to attenuate host

Akt/protein kinase B signaling pathway during UPEC infection.41 In an a-hemolysin-dependent manner,

UPEC also abrogates global histoneH3 andH4 acetylation in Sertoli cells to promote cell survival.42 In addition

to a-hemolysin, other pore-forming bacterial toxins have been reported to mediate dephosphorylation of his-

tone H3 and deacetylation of histone H413. Hultgren and colleagues have previously shown that a primary

bladder infection leaves behind a molecular imprint on the bladder tissue that lasts for more than seven

months and, importantly, sensitizes recurrent infections.12 It is possible that a UTI-induced mucosal imprint

is, in part, mediated by the PRC2-dependent epigenetic program.

Changes made after past infections often arm an organism to be better prepared upon subsequent encoun-

ters. Vertebrates have a highly specialized adaptive immune system, which produces long-lasting immunolog-

ical memory and enhanced responses to eliminate pathogens. Emerging evidence suggests that innate

immune cells also display a long-term enhanced inflammatory response, termed trained immunity,43 to chal-

lenge infections, suggesting that mammalian cells may have retained an ancestral mechanism of immunolog-

ical memory to defend against infections.44,45 While epithelial cells provide first-line defense against

pathogens, it has been poorly understood whether mammalian epithelial cells develop memory from past

pathogen encounters to better respond during a secondary infection. Future studies are needed to ascertain

whether mucosal imprint and trained immunity share a similar underlying epigenetic mechanism.

The PRC2-dependent inflammatory response in urothelial progenitor cells appears to hinder terminal dif-

ferentiation of superficial cells. Loss of the superficial cell layer grants the invading pathogens access to

deeper bladder tissue and predisposes the host to chronic cystitis.46 While the UTI-induced epigenetic

memory in urothelial cells accelerates bacterial clearance by a heightened inflammatory response, it

also increases the risk of chronic infection due to the impaired urothelial homeostasis. UPEC have evolved

to subvert the host’s defense through multiple strategies,47 including intracellular localization,46,48,49 fila-

mentation,50 attenuation of cytokine production,51–53 killing of natural killer cells,54 limiting antigen presen-

tation,8 and promoting cell survival.42 Our findings provide evidence that additionally, UPEC uses the

epigenetic remodeling of urothelial cells to benefit pathogens in the bladder.

Injuries awaken the quiescent bladder urothelium, causing urothelial progenitor cell proliferation and dif-

ferentiation to repair the damage.24 UTI-induced Ezh2 expression coincides with reactivation of the cell

cycle of urothelial progenitor cells. The basal cell proliferation rate is significantly reduced in the urothe-

lium-specific Eed mutants during acute, chronic, and severe infections—consistent with the previous

observation that Ezh2 expression is closely associated with cell proliferation during bladder urothelial

development.23 Pathway analysis of the differentially expressed genes in the bladder urothelium between

EedcKO mice and controls suggests that activity of the p53 tumor suppression pathway is significantly

elevated in EedcKO mice. Consistent with these observations, conditional knockout of Kdm6a—a histone

demethylase that catalyzes an opposing biochemical reaction of PRC2 methyltransferase—results in a sig-

nificant decrease in the p53 tumor suppressor pathway activity.55 Moreover, loss of function of Kdm6a

significantly increases bladder cancer risk.55 Thus, the PRC2/Kdm6a-p53 axis regulates urothelial progen-

itor cell proliferation and tumorigenesis. Collectively, the PRC2-dependent epigenetic programmay play a

dual role in urothelial progenitor cells: it exacerbates the inflammatory host response through the NF-kB

signaling pathway and controls urothelial regeneration through the p53 tumor suppressor pathway by pro-

moting proliferation of basal progenitor cells and inhibiting differentiation of superficial cells.

In summary, the findings here suggest that UTIs induce the PRC2-dependent epigenetic program in the

bladder urothelium, which exacerbates inflammation and proliferation at the expense of differentiation
12 iScience 26, 106925, June 16, 2023
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and tissue homeostasis. We further show the potential of a non-antibiotic strategy by inhibiting the meth-

yltransferase activity of PRC2 to ameliorate UTIs. This study also provides evidence of trained immunity in

the bladder. Future studies are needed to examine: (1) whether immune and urothelial cells may share

similar or divergent roles to modulate immunity, (2) whether and how the UTI-induced epigenetic reprog-

raming can be reversed to reduce the risk of bladder diseases, (3) whether trained immunity contribute to

chronic and recurrent UTIs, and (4) whether targeting Ezh2 enzymatic activity may reduce the risk and/or

mitigate UTIs in patients. Ultimately, our study offers a tangible road map to alleviate the clinical and finan-

cial burden of UTIs on patients and health-care providers alike.
Limitations of the study

It is possible that UTIs cause other epigenetic remodeling pathways besides the PRC2-dependent pro-

gram. In order to understand the scope of epigenetic remodeling associated with UTIs, other candidate

epigenetic regulators should be examined. Additionally, we used UTI female mouse models, which may

not fully recapitulate human UTIs. Therefore, when considering the clinical relevance of this study, it is

important to investigate whether PRC2 alone exacerbates inflammatory host response and define the

long-term impact of PRC2 inhibition in both male and female patients with UTI.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Polyclonal anti-H3K27me3 Millipore Cat#07-449

Rabbit Polyclonal anti-H3K4me3 Motif Active Cat#39159

Normal Rabbit IgG Cell Signaling Technology Cat#2729

Rabbit monoclonal Anti- Ezh2 [D2C9] Cell Signaling Technology Cat#5246

Rabbit monoclonal Anti- Ki67 [SP6] Abcam Cat#16667

Rabbit Polyclonal Anti-pHH3 Millipore Cat#06-570

Rabbit polyclonal Anti-Krt5-1 Abcam Cat#ab53121

Chicken polyclonal Anti-Krt5-2 Covance Cat#SIG-3475

Mouse monoclonal Anti- Upk3a [AU1] Sun et al.56 N/A

Mouse monoclonal Anti-Krt20 [Clone Ks20.8] Dako Cat#M7019

Mouse monoclonal Anti- IkBa[L35A5] Cell Signaling Technology Cat#4814

Mouse monoclonal Anti- RelA/p65 [F-6] Santa Cruz Biotechnology Cat#sc8008

Bacterial and Virus Strains

UTI89 Hultgren et al.6 N/A

Chemicals, peptides, and recombinant proteins

EPZ005687 (in vivo 2.5 mg/kg; cell culture

10 mM)

APExBIO Cat# A4171

DZNep (1.5 mg/kg) Selleckchem Cat# S7120

CPP (300 mg/kg) Sigma-Aldrich Cat# C7397

Recombinant Human KGF/FGF-7 Protein R&D Systems Cat# 251-KG

Recombinant Human FGF-10 Protein R&D Systems Cat# 345-FG

Y-27632 (hydrochloride) Cayman Chemical Cat# 10005583

A 83-01 Sigma-Aldrich Cat# Sml0788-5mg

Critical Commercial Assays

Protein G Dynabeads Invitrogen Cat# 10003D

RNeasy RNA isolation kit Qiagen Cat# 74034

Super-Script� III Reverse Transcriptase Kit Invitrogen Cat# 18080051

FastStart� SYBR� Green Master mix (ROX) Roche Cat# 4913914001

Deposited Data

RNAseq DEG for UTI vs. PBS This paper GEO: GSE228414

RNAseq DEG for EedcKO vs. WT in CPP This paper GEO: GSE228422

Experimental Models: Organisms/Strains

B6; 129S1-Eedtm1Sho/J The Jackson Laboratory 022727

C57BL/6J (7-8weeks, female) The Jackson Laboratory 000664

C3H/HeNCrl (7-8weeks, female) Charles River 025

Oligonucleotides

Primers for ChIP DNA and qRT-PCR, see

Table S2

This paper N/A
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RESOURCE AVAILABILITY

Lead contact

Inquiries for additional information or requests related to experimental details and reagents should

communicate with the lead contact, Xue Li (sean.li@cshs.org).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d RNA-seq data have been deposited at GEO and are publicly available as of the date of publication.

Accession numbers are listed in the key resources table. Original histological and immunofluorescent

stained as well as urine and tissue bacterial counts reported in this paper will be shared by the lead con-

tact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Genetically engineered and wild type mouse lines

Mouse line EedF/F;Upk2Crewas derived frommating Eed floxed allele withUpk2 promoter-drivenCre trans-

genic allele.23 C57BL/6J mice (#000664, female, 7-8 week-old) were obtained from The Jackson Laboratory.

C3H/HeNCrl mice (#025, female, 7-8 week-old) were obtained from Charles River. All animal studies were

performed according to protocols reviewed and approved by the Institutional Animal Care and Use Com-

mittee at Boston Children’s Hospital and Cedars-Sinai Medical Center. All protocols for animal studies fol-

lowed ARRIVE guidelines.
In vivo mouse models and therapy

In vivo acute UTI mouse models were recapitulated by inoculating a human UPEC strain UTI89 (50 mL of 108

colony forming units (CFU) in PBS) directly into the bladder of C57Bl/6J mice (female, 7-8 week-old).6 UTI89

strain was generously provided by Dr. Scott Hultgren (Washington University, St. Louis, USA). Non-anti-

biotic therapeutic treatment, EPZ005687 (2.5 mg/kg, APExBIO, A4171) and DZNep (1.5 mg/kg, Selleck-

chem, S7120), were administered via intraperitoneal injection to wild type mice modeled for chronic cystitis

and C+UTI superinfection; EPZ005687 is a Ezh2-specific inhibitor and DZNep is a non-specific Ezh2

inhibitor.
In vitro UTI89 mouse models and therapy

In vitro infection was recapitulated by adding UTI89 (�13 107 CFU/mL, 1 h) for 1 h to differentiated organo-

ids, followed by PBS wash and immunofluorescent staining. To examine the role of Ezh2, we pretreated

differentiated organoids with 10 mM EPZ005687 for 1 h prior to infection. Primary cells used to generate

organoids were from female mice and cultured at conditions of 37�C and 5% CO2.
METHOD DETAILS

Acute, chronic and severe UTI mouse models and therapeutic intervention

We recapitulated three forms of UTIs in mice—acute, chronic, and severe UTIs. For acute infections, mice

were infected once with UTI89 (50 mL of 108 CFU in PBS).6 For chronic infections, C57Bl6 mice were infected

7 times with 7 days of convalescence between each infection. For severe infections, we injected a single

dose of cyclophosphamide (CPP, 300 mg/kg, Sigma C7397, intraperitoneal (i.p.) injection) 1 day prior to

UTI89 inoculation (50 mL of 108 CFU of UTI89). CPP treatment makes the bladder susceptible to a severe

outcome upon UTI89 inoculation10; thus we referred to this severe UTI infection model as a C+UTI super-

infection. Urine bacterial burden was determined by serially diluting urine samples to measure CFU; CFU

was normalized by urine volume. Controls were inoculated with phosphate buffered saline (PBS) instead of

UTI89. To test pharmacological efficacy of Ezh2 inhibitors on chronic cystitis, we inoculated C3H/HeNCrl

mice with 109 CFU of UTI89 and administered treatment.12 We did not administer Ezh2 inhibitors to
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C57Bl6 mice modeling acute infections using because these mice spontaneously resolve from acute

infections.
RNA isolation, RNA-seq and RT-qPCR

RNeasy RNA isolation kit (Qiagen) was used to isolate total RNA frommicro-dissected bladder urothelium.

Briefly, mouse bladder was harvested and placed immediately in cold autoclaved PBS. Under stereo dis-

secting microscope, the bladder was bisected to expose the lumen. With one forceps holding and stabi-

lizing the bladder at the muscular layer, the urothelium was gently peeled off using another forceps. This

process usually took less than 2 min. Genomic DNA was removed using gDNA Eliminator spin columns

(Qiagen). Illumina 2500 was used for RNA-seq (20M, PE150). Cutoff for differentially expressed genes

(DEGs) was based on padj < 0.05 and more than 2-fold changes. Pathway analysis was done using the In-

genuity Pathway Analysis (IPA) software package (Qiagen). For quantitative real-time PCR (qRT-PCR) exper-

iments, mRNA was reverse-transcribed into cDNA using the Super-Script III Reverse Transcriptase Kit (In-

vitrogen). qRT-PCR analyses were performed using SYBR Green (Roche) on an ABI-7500 detector (Applied

BioSystems). Relative gene expression levels were normalized to the internal controlGapdh. Gene-specific

primers were listed in Table S2. All experiments were done at room temperature.
Chromatin immunoprecipitation assay (ChIP)

Micro-dissected urothelial cells from 20 bladders per group were crosslinked with 1% formaldehyde at

room temperature for 15 min.23 Cells were then lysed and sonicated to an average size of 500–1000

base pairs. Immunoprecipitation of chromatin lysates was performed using 1 mg per reaction of the

following antibodies: anti-H3K27me3 (Millipore, 07–449), anti-H3K4me3 (Motif Active, 39159), or control

IgG. Immunoprecipitates were collected with Protein G Dynabeads (Invitrogen) and protein/DNA cross-

links were reversed with 5MNaCl. DNA was purified and ChIP DNAwas analyzed by quantitative PCR using

the following IkBa locus-specific primers, �10 kb region: forward, 50TAA AGC ACA TGT GTG GGG TCT C;

reverse, 50ATCGAACATAGGGCCATGAGAG;�0.3 kb region: forward, 50CATCGGAGAAAC TCCCTG

CG; reverse, 50CAA ACC AAA ATC GCC CGG TG (Table S2). Each sample was normalized using

input DNA.
Histology, inflammation score and immunofluorescent staining

Standard hematoxylin and eosin staining (H&E) was used for histological analysis. Inflammatory score were

determined using the described criteria27: (0) Normal; (1) Inflammatory cell infiltration in lamina propria

layer (focal); (2) Edema and inflammatory cell infiltration (diffuse); (3) Marked inflammatory cells with necro-

sis and neutrophils in and on bladder urothelium; (4) Inflammatory cells infiltration extends into muscle in

addition to criteria for grade 3; (5) Loss of surface epithelium (necrosis with full-thickness inflammatory cell

infiltration). Inflammation scores were determined independently by three individuals, analyzed using Stu-

dent’s t test, and p < 0.05 was considered significant. To quantify infiltration of neutrophils, we used at least

four bladders per experimental group. Exact sample numbers are indicated in the figure legend. Three

paraffin sections from each of the bladders were H&E stained. Neutrophils were identified based on their

characteristic multilobed nucleus morphology under a 200X microscopic lens. Percent of neutrophils of

tptotal cells was calculated and analyzed using Student’s t test and p < 0.05 was considered significant.

Antibodies used for immunofluorescent staining included Ezh2 (1:100 Cell signaling, 5246), H3K27me3

(1:100 Millipore 07–449), Ki67 (1:100 Abcam 16667), pHH3 (1:100 Millipore, 06–570), Krt5 (1:500 Abcam,

ab53121; 1:500, Covance, SIG-3475), Upk3a (1:200 provided by Dr. T.T. Sun), Krt20 (1:50, Dako, M7019),

IkBa (1:100 Cell signaling, 4814) and RelA/p65 (1:100, Santa Cruz, sc8008). Images were captured using a

ZEISS fluorescence microscope. Histological and immunostaining images represent more than three

biology replicates.
Bladder organoids

Mouse (female C57Bl6, 7–8 weeks old) bladder mucosa was digested with TrypLE (ThermoFisher) contain-

ing 10 mM Y-27632 (Sigma Aldrich) at 37�C for 1 h.36 Cell suspension was cultured in basement membrane

extract (BME, R&D Systems) in defined medium (Adv DMEM/F-12, 100 ng/mL FGF10, 25 ng/mL FGF7,

500 nM A83-01 and 2% B27) for a week. To differentiate bladder organoids to urothelial cells, organoids

(100–200 mm in diameters) were differentiated in 2D culture in F-12 media on TC-treated glass coverslip

(SolarBio) for one week without BME.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s t test was used to analyze datasets with normal distribution including qRT-PCR, cell proliferation

and inflammatory scores. Nonparametric tests (Mann-Whitney) were used for results with nonnormal dis-

tribution such as bacterial colony forming units. Unpaired Student’s t test and one-way ANOVA test

were used in Figure 2E to compare multiple groups of data. In instances when sample size (n) is listed as

greater than or equal to a value (e.g., n R 17; Figure 4B), experiments began with a greater number of

mice (e.g., n = 33), but ended with less mice due to attrition (e.g., n = 17). All experiments were repeated

more than three times to ensure reproducibility. Data is reported in the form of box and whisker plots with

individual data points. The upper and lower limits of the box represent the third and first quartiles respec-

tively; the line within the box indicates the median, and the whiskers extend toward maximum and mini-

mum values. Graphs with three points (without box) indicate maximum value, median, and minimum value

(from top to bottom). Boxes are not shown for datasets with only 3 values. For all tests, p < 0.05 is consid-

ered statistically significant.
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