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SUMMARY
Aberrant lung cell differentiation is a hallmark of many lung diseases including chronic obstructive pulmonary disease (COPD). The

EZH2-containing Polycomb Repressive Complex 2 (PRC2) regulates embryonic lung stem cell fate, but its role in adult lung is obscure.

Histological analysis of patient tissues revealed that loss of PRC2 activity was correlated with aberrant bronchiolar cell differentiation in

COPD lung. Histological and single-cell RNA-sequencing analyses showed that loss of EZH2 inmouse lung organoids led to lowered self-

renewal capability, increased squamous morphological development, and marked shifts in progenitor cell populations. Evaluation of

in vivo models revealed that heterozygosity of Ezh2 in mice with ovalbumin-induced lung inflammation led to epithelial cell differenti-

ation patterns similar to those in COPD lung. We also identified cystathionine-b-synthase as a possible upstream factor for PRC2 desta-

bilization. Our findings suggest that PRC2 is integral to facilitating proper lung stem cell differentiation in humans and mice.
INTRODUCTION

Chronic obstructive pulmonary disease (COPD) claims

over 3 million lives annually, making it the third leading

cause of worldwide deaths (GOLD_Report, 2022). The dis-

ease is characterized by pathogenic changes to the small

airways and destruction of the lung parenchyma, which

result in persistent respiratory symptoms and poor lung

function. Cigarette smoke is the primary risk factor for

COPD development, as it promotes reactive oxygen species

(ROS) production and subsequent inflammation (Brody

and Spira, 2006; Brusselle et al., 2011). Major inflammatory

pathways implicated in COPD include production of

CXCL8 by damaged cells that leads to neutrophil recruit-

ment, and release of damage-associated molecular pattern

molecules (DAMPs), which elicit downstream activation

of pathways including nuclear factor kB, tumor necrosis

factor a (TNF-a), and interferon signaling (Brusselle et al.,

2011). The major bronchiolar epithelial changes observed

in COPD are basal and goblet cell hyperplasia, squamous

metaplasia, and mucin hypersecretion (Crystal, 2014; Ran-

dell, 2006). It has been demonstrated that neutrophil elas-

tase and DAMPs including interleukin-33 (IL-33) mediate

these epithelial changes (Byers et al., 2013; Pouwels et al.,

2014). Furthermore, ROS production, low-grade inflamma-

tion, and abnormal epithelial cell differentiation are shared

features between COPD and lung cancer, and COPD is a
Stem Cell Re
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risk factor for lung cancer development (Durham and Ad-

cock, 2015). Understanding the dysregulation of the

epithelium that underlies the chronic nature of this com-

plex disease is essential for developing new strategies to

combat it.

Abnormal cell differentiation in COPD is thought to be

driven through alterations in epigenetic programs (Scham-

berger et al., 2014), including those governed by Polycomb

Repressive Complex 2 (PRC2) that contains the enhancer

of zeste homolog 2 (EZH2) methyltransferase. Within this

complex, EZH2 adds methyl groups to histone H3 at lysine

27, allowing for chromatin silencing of alternative lineage

genes and the emergence of specific transcriptional pro-

grams (Bracken andHelin, 2009).Methyl group availability

is integral to PRC2 activity, suggesting that metabolic path-

ways could influence PRC2 activity levels. Cystathionine-

b-synthase (CBS) is an enzyme that condenses serine and

homocysteine to produce cystathionine, an upstream pre-

cursor of glutathione (GSSH), which can mitigate ROS pro-

duction in COPD lung (Numakura et al., 2017; Zhu et al.,

2018). Post-translational modification analysis of mouse

and human cells treated with cigarette smoke showed the

unique presence of mono- and dimethylated histone H3

lysine 27 that was not seen in controls, suggesting that

cigarette smoke could lead to decreased PRC2 activity (Sun-

dar et al., 2014). However, a separate immunohistochem-

istry analysis of normal and COPD lung showed a
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significantly higher number of cells with H3K27me3 in

COPD bronchiolar cells regardless of smoking status (Anz-

alone et al., 2019).

Genetic deletion of PRC2 subunits has been proved to

effectively lower its activity and, in turn, assist in eluci-

dating its role in cell fate. For example, deletion of Ezh2

in developing mouse lung led to basal cell metaplasia in

the airways (Snitow et al., 2015), while EZH2-mediated

repression of Igf1 in developing mouse lung prevented

basal cell differentiation (Galvis et al., 2015). Knockout of

the PRC2 structural protein, EED, in adult mouse intestines

led to goblet cell proliferation (Chiacchiera et al., 2016),

while Eed knockout in KRAS/Trp53 mutant lung tumors

prompted the development of more mucinous adenocarci-

nomas (Serresi et al., 2016). These findings suggest that loss

of PRC2 activity leads to derepression of basal and goblet

cell lineage genes; however, there are no reports on how

its activity influences basal and goblet cell gene expression

in COPD lung. Therefore, in this study, we used several

mouse and human lung epithelial cell models to dissect

the roles of PRC2 in lung cell fate.
RESULTS

Patient-derived tissues show dramatic reduction in

H3K27me3 in COPD bronchiolar cells

To understand the relationship between PRC2 activity and

COPD phenotypes, we obtained ten COPD and nine

normal lung tissue samples (Figure 1A; Tables S1 and S2)

and stained sections for EZH2, the catalytic mark of

EZH2, histone H3 lysine 27 trimethylation (H3K27me3),

KRT5, a basal cell marker, MUC5AC, a goblet cell marker,

and club cell secretory protein (CCSP), a club cell marker

(Figures 1B and S1A). Using quantitative measurement of

immunostaining intensity, there was a striking and very

significant reduction of H3K27me3 mark in the nuclei of

bronchiolar epithelial cells in COPD lungs relative to

normal controls (Figures 1C and 1D). This finding was sup-

ported by results from an independent immunohisto-

chemistry experiment conducted on cross-sections from a

different level of the tissue blocks (Figure S1B). In these
Figure 1. COPD bronchiolar epithelium has low H3K27me3 and in
(A) Abbreviated table of patient tissue demographics. See also Table
(B) Representative images of H3K27me3 immunohistochemistry and i
(MUC5AC) cells. Scale bars, 100 mm.
(C) Average percentage of epithelial cells expressing varying levels o
(D) Average percentage of epithelial cells expressing high levels of H
(E) Correlation between high H3K27me3 expression and the area of M
(F) Correlation between high H3K27me3 expression and the percenta
(G) Average percentage of epithelial cells that co-express MUC5AC an
Analysis was performed on at least four separate 203 images of no
summarized data are graphed as mean ± SEM. *p < 0.013, **p < 0.00
same tissues, there were no differences in EZH2 expression

between the normal and diseased state (Figure S1C). Next,

we quantified several parameters of the KRT5, MUC5AC,

and CCSP immunofluorescence staining and observed a

strong negative correlation between the percentage of

epithelial cells with high H3K27me3 and the area of

KRT5 expression (Figure S1D). The areas of MUC5AC+

epithelia were also significantly negatively correlated

with the percentage of H3K27me3-high cells (Figure 1E).

Evaluation of co-localized CCSP/MUC5AC expression

showed that the percentage of double-positive cells was

significantly inversely correlated with the percentage of

H3K27me3-high cells (Figure 1F). Analysis between disease

states revealed that more than 70% of MUC5AC+ cells in

COPD lung had co-localized CCSP expression, whereas

only 30% of MUC5AC+ cells in normal lungs co-expressed

CCSP, suggesting a club-to-goblet cell transdifferentiation

in COPD lungs (Figure 1G). Furthermore, COPD lung ex-

hibited a significantly higher number of MUC5AC+ cells

compared with normal (Figure S1E). Together these data

show that PRC2 activity is significantly diminished in

COPD lung, and this loss correlates with aberrant lung

cell fate.
Ezh2-depleted organoids have decreased self-renewal

and increased squamous morphology

To model PRC2 deficiency in adult lung, we bred mice that

possessed floxed alleles of Ezh2 with mice that possessed a

tetracycline response element followed by theCre gene and

isolated lung cells for culture by fluorescence-activated cell

sorting (Figure S2A). We confirmed by cytospin that Sca1�

are predominately pro-SPC+, and Sca1+ are a mixture of

CCSP+, pro-SPC+, and acetylated tubulin+ cells, but that

there are a small number of CCSP+ cells in the Sca1� sorts

(Figures S2B and S2C). We cultured these sorted cells in

air-liquid-interface Matrigel cultures with supporting lung

endothelial cells, and doxycycline was added to the

medium several days after cell seeding when primitive or-

ganoids had formed. Given our findings in patient bron-

chiolar epithelium, at approximately 5 weeks of culture,

cultures containing sufficient bronchiolar organoids were
creased goblet cell metaplasia
s S1 and S2.
mmunofluorescence stains of club (CCSP), basal (KRT5), and goblet

f H3K27me3.
3K27me3.
UC5AC+ epithelium.
ge of cells that co-express MUC5AC and CCSP.
d CCSP. *p = 0.01.
rmal (n = 9) and COPD (n = 10) patient-derived lung tissues. All
6. See also Figure S1; Tables S1 and S2.
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Figure 2. Ezh2 null organoids exhibit low self-renewal capability and increased potential for squamous metaplasia
(A) Schematic showing mouse bronchoalveolar stem cells (BASC) and alveolar type 2 cells that were isolated, using fluorescence-activated
cell sorting, from doxycycline-naive mice that had no, one, or two floxed alleles of Ezh2. Cells were cultured in air-liquid-interface Matrigel
with neonatal mouse lung endothelial support cells. After organoids were established, the cells were switched to doxycycline medium.
Organoids were grown and passaged for approximately 5 weeks, then seeded at equal densities to grow for an additional 2.5–4 weeks.
(B) Average number of organoids from Ezh2 wild-type (n = 7), heterozygous (n = 10), and null (n = 9) mouse donors.

(legend continued on next page)
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dissociated for GFP sorting, and cells were seeded at equal

densities for final cultures. We reasoned that this was suffi-

cient time for loss of PRC2 activity to influence self-renewal

and lineage fate decisions, and allowed for complete floxed

allele recombination (Figure S2D). From these final cul-

tures, the number of Ezh2 null organoids were significantly

lower compared with Ezh2 wild-type and Ezh2 heterozy-

gous cultures (Figure 2B). The diameters of Ezh2 null orga-

noids were significantly smaller than wild-type when

each organoid was considered a biological replicate but

not when averaged sizes per donor were compared

(Figures S2E and S2F), and this finding, coupledwith the or-

ganoid number, suggests a defect in self-renewal rather

than proliferation in these cultures. H3K27me3 expression

was partially depleted in Ezh2 null organoids compared

with Ezh2 wild-type and heterozygous, and as expected

EZH2 levels were significantly lower in Ezh2 null organoids

(Figures 2C–2F and S2G). When compared with Ezh2 wild-

type or heterozygous, there was a significant increase in the

number of KRT5+ cells per organoid, and in organoids with

squamous morphology, in Ezh2 null cultures (Figures 2G

and 2H). These results suggests that Ezh2 deletion leads

to decreased lung cell self-renewal and skews lung organoid

subtype distributions.

Ezh2 depletion results in distinct transcriptionally

defined cell types in organoid cultures

The histology experiments demonstrated a large degree of

heterogeneity among the lung organoids, only some of

which could be captured with immunostaining (Fig-

ure S3A). Therefore, to better characterize the diverse cell

types within these organoid cultures, single-cell RNA

sequencing (scRNA-seq) was conducted. Analysis of all cells

captured from organoids of Ezh2 wild-type, heterozygous,

and null cultures allowed identification of 15 cell popula-

tions characterized on the basis of expression of conserved

hallmark genes (Figures 3A, 3B, and S3A; Table S3). Among

the identified cells were basal cells, club cells, bronchoal-

veolar stem cells (BASCs), transitioning basal cells, ciliated
(C) Representative images of organoid hematoxylin and eosin (H&E) s
(CCSP), keratin 5 (KRT5), acetylated tubulin (AcTub), and pro-surfact
and H3K27me3. Scale bars, 100 mm.
(D) Average percentage of organoid nuclei expressing varying levels o
and null (n = 3) mouse donors.
(E) Average percentage of organoid nuclei expressing varying levels o
null (n = 3) mouse donors.
(F) Average percentage of organoid cells expressing moderate to hig
(G) Average number of cells per organoid expressing basal cell marke
and alveolar type 2 cell marker surfactant protein C (SPC). Only organo
(H) Average organoid type, based on IF and H&E stain evaluations of
mouse donors. ‘‘Mixed’’ indicates both bronchiolar and alveolar pheno
All summarized data are graphed as mean ± SEM. *p < 0.04, **p = 0.
cells, replicating and mitotic cells, and dead/dying cells.

Interestingly, we identified a unique population of basal

cells that express Trp63 and Itga6 but had low expression

of basal cell keratins Krt5, Krt14, and a nearly complete

absence of Krt17. We also identified the recently character-

ized Krt17+/Krt8+ progenitor cell population that lacked

expression of Krt5 but had strong expression of Fn1 and

Ager (Adams et al., 2020; Choi et al., 2020; Habermann

et al., 2020; Strunz et al., 2020).

We next examined the proportions of each cell cluster

based on Ezh2 genotype (Figure 4A). We found that the

Ezh2 wild-type organoids were largely composed of

Trp63+/Krt17+ classical basal cells, cycling and transitioning

basal cells,Krt8+ progenitor cells, and club cells (Figure S4A).

In contrast, Ezh2 null organoids were composed largely of

Trp63+/Krt17� basal cells, cycling BASCs, dead/dying

cells, and cells transitioning into alveolar type 2 or

BASCs. Ezh2 heterozygous cultures contained all cell popu-

lations seen in the Ezh2 wild-type and Ezh2 null cultures

and could be visualized as intermediate between Ezh2

wild-type and Ezh2 null populations. Relative gene expres-

sion analysis between genotypes showed a dramatic loss in

Krt17 and Sox9 in Ezh2 null cells (Figure 4B). Furthermore,

loss of Ezh2 expressionwas accompanied with an increased

expression of the alveolar type 2 cell marker Lamp3, as well

as Foxp2, which is known to be involved in the alveolariza-

tion of developing mouse lung (Shu et al., 2007). Ezh2 null

BASCs and club cells expressed higher levels of the goblet

cell marker, Muc5ac, than Ezh2 wild-type cells. With the

exception of cells undergoing epithelial-to-mesenchymal

transition, Ezh2 wild-type and null cells exhibited signifi-

cant differences in population proportions (Figure 4C). In

particular, Ezh2 null organoids contained significantly

more dead/dying cells, suggesting a mechanism for the

decreased organoid self-renewal.

To understand changes in transcriptional programs

caused by Ezh2 deletion in the predominant cell types,

gene set enrichment analysis (GSEA) comparing Ezh2 null

with Ezh2 wild type or Ezh2 heterozygous with Ezh2 wild
tains, immunofluorescence (IF) stains for club cell secretory protein
ant protein C (pro-SPC), and immunohistochemistry stains for EZH2

f H3K27me3 from Ezh2 wild-type (WT) (n = 3), heterozygous (n = 2),

f EZH2 from Ezh2 wild-type (WT) (n = 3), heterozygous (n = 2), and

h levels (intensities 4–7) of EZH2.
r keratin 5 (KRT5), ciliated cell marker, acetylated tubulin (AcTub),
ids that had at least one positive cell for each marker were graphed.
Ezh2 wild-type (WT) (n = 4), heterozygous (n = 4), and null (n = 3)
types in the same organoid.
0095. See also Figure S2.
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Figure 3. Single-cell RNA sequencing reveals 15 unique cell types in murine lung organoids
(A) Annotated uniform manifold approximation and projection (UMAP) plot of Ezh2 wild-type, heterozygous, and null organoids anno-
tated with their identified cell types and representative cartoon.
(B) Dot plot showing the relative expression of marker genes (x axis) and their respective cell types (y axis). Representative cell types are
positioned below their respective gene hallmarks.
See also Figure S3 and Table S3.
type was performed. Ezh2 null organoids had significant

enrichment in gene programs associated with lung devel-

opment, lung disease, epithelial-to-mesenchymal transi-

tion, and lung cancers (Figure S4B and Table S4). In addi-
294 Stem Cell Reports j Vol. 18 j 289–304 j January 10, 2023
tion to the same pathways enriched in Ezh2 null cells,

Ezh2 heterozygous organoids also exhibited enrichment

of inflammatory pathways, including IL-13, TNF-a, and

interferon response pathways, when compared with Ezh2



Figure 4. Perturbation of Ezh2 expression
in vitro drives changes in differentiation
patterns and transcriptional programs
(A) UMAP plot of Ezh2 wild-type, heterozy-
gous, and null organoids showing a hetero-
geneous distribution of cell clusters across
genotypes.
(B) Violin plots showing the relative abun-
dance of gene expression across genotypes.
#Adjusted p < 0.0001 comparing Ezh2 wild-
type with Ezh2 null organoids. Relative Mu-
c5ac expression was quantified in club and
basal cells, **p = 0.001 comparing Ezh2 wild-
type with Ezh2 null organoids.
(C) Bar graph showing the distribution of cell
clusters across genotypes, #Adjusted
p < 0.0001 comparing Ezh2 null and wild-
type clusters.
(D) Gene set enrichment analysis (GSEA)
showing similarities in transcription profiles
of mouse lung cells exposed to cigarette
smoke for 6 months and Ezh2 heterozygous
club cells.
(E) GSEA showing similarities in transcrip-
tion profiles of Krt17-basal cells in mouse
organoids and emphysemic human lung.
See also Figure S4 and Tables S4–S7.
wild type (Figure S4C and Table S5). Given that cigarette

smoke exposure is amajor driver of COPD,we set out to un-

derstand whether cigarette exposure to mouse lungs in vivo

mimics any of the transcriptional changes we observed in

the organoid cultures. We found significant enrichment

in signatures from two studies of mice treated with ciga-

rette smoke for 6 months (Lao et al., 2015; Rangasamy

et al., 2009) in both the club cells and basal cells of Ezh2

heterozygous cultures (Figure 4D and Table S6). Given

that recruitment of neutrophils and release of DAMPs are

considered major players in COPD inflammation, we

examined differential expression of cytokines, secreted

proteins, and putative DAMPs in Ezh2 heterozygous and

Ezh2 null club cells and BASC/AT2 cells compared with

Ezh2wild-type cells (Table S7). We observed significant up-
regulation of the neutrophil chemoattractant Cxcl5 specif-

ically in Ezh2 heterozygous BASC/AT2 cells, and observed

Dram1, Iigp1, Il33, and numerous mitochondrial RNAs

(mtRNAs) significantly upregulated in both Ezh2 heterozy-

gous and null cells, which together indicate increased

DAMP presence and response (Dhir et al., 2018; Pouwels

et al., 2014; Uthaiah et al., 2003; van der Vaart et al.,

2014). Furthermore, we observed increased levels of

secreted proteins including Scgb1a1, Sftpa, and Sftpd, all fac-

tors that were recently identified to be able to boost im-

mune responses during immunotherapy treatment (Ban

et al., 2021).

Finally, to link thesemurine results to human samples, we

generated a list of significantly differentially expressed genes

within the Krt17� basal cell populations by comparing Ezh2
Stem Cell Reports j Vol. 18 j 289–304 j January 10, 2023 295
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heterozygous with Ezh2 wild-type and Ezh2 null with Ezh2

wild-type populations. We compared these gene signatures

with a rank-ordered gene list from smokers with severe

emphysema compared with healthy smokers (Spira et al.,

2004). Interestingly, we found that genes highly enriched

in Krt17� basal cells of Ezh2 heterozygous and null organo-

ids were also highly enriched in emphysemic lungs (Fig-

ure 4E). These data show the heterogeneous outcomes of

depleting PRC2 activity while challenging lung stem and

progenitor cells to proliferate and differentiate, suggesting

that Ezh2 deficiency greatly decreases Krt17+ cell types,

including classical basal cells and Krt8+ progenitor cells.

Furthermore, these transcriptional results suggest that the

partial loss of H3K27me3 is leading to derepression of

similar transcriptional programs in murine organoids, mu-

rine in vivo cigarette smoke models, and human COPD

lungs, converging upon changes that may increase the

immunogenicity of the epithelial cells.

Ezh2heterozygousmice exposed to ovalbumin exhibit

increased bronchiolar response

Next, to elucidate how Ezh2 expression alters bronchiolar

lungcell fatedecisions in vivo,we established cohorts of adult

mice thatwere administered doxycycline through ad libitum

water for aperiodof 4months.We reasoned that thiswas suf-

ficient time for lung epithelial cell turnover that could be

altered in the absence of proper PRC2 function. Tail DNA

from these mice showed nearly complete recombination of

Ezh2 (Figure S5A). Although cigarette exposure is one of

the major drivers of COPD and models have shown some

ability to mimic lung epithelial changes, it is not thought

that this model truly recapitulates the bronchiolar changes
Figure 5. Partial loss of Ezh2 in adult murine allergen-challenged
(A) Schematic showing Ezh2 conditional knockout mice generated usi
libitum throughout the experiment, underwent two separate ovalbumin
a single inhalation treatment of OVA, saline, or no inhalation, and w
(B) Representative images of whole mouse lung Alcian blue stains, an
protein (CCSP), and mucin-5AC (MUC5AC). Scale bars, 100 mm.
(C) Average area of Alcian blue stain within mouse lung epithelium.
(D) Average width of bronchial epithelium.
(E) Average number of MUC5AC+ cells.
(F) Average number of MUC5AC+/CCSP+ cells. Analysis is based on Ezh2
received saline or were not challenged, and Ezh2 wild-type (n = 9),
challenge.
(G) Schematic showing Ezh2 conditional knockout mice generated usi
underwent two separate ovalbumin (OVA) intraperitoneal injections, t
treatment of OVA, saline, or no inhalation, and were sacrificed the fo
(H) Representative immunofluorescence stain of YFP lineage tag, clu
20 mm.
(I) Quantification of MUC5AC+ cells that had lineage tag and those th
(J) Quantification of alcian blue area in the bronchus of the indicated
type TetO:Cre mice. For OVA challenge, n = 6 Ezh2 wild-type, n = 4 Ez
All summarized data are graphed as mean ± SEM. *p < 0.05, **p = 0.
observed in COPD patients (Vandivier and Ghosh, 2017).

Therefore, to study how PRC2 regulates the club-to-goblet

cell transition specifically, we turned to the well-established

ovalbumin (OVA) model of allergic airway response (Evans

et al., 2004). We sensitized mice by injecting OVA, chal-

lengedmice with aerosolized OVA, and conducted histolog-

ical staining and immunostaining on the whole lung

(Figures 5A and 5B). We first noticed that the bronchiolar

epitheliumofEzh2wild-typeandheterozygousmice showed

signs of response to OVA, while the epithelia of Ezh2 null

mice did not. Given that our approach was not tissue or

cell specific, this result is consistent with a loss of OVA

response in mice with Ezh2 depleted in T cells (Keenan

et al., 2019). In contrast to the lack of OVA response in

Ezh2 null mice, alcian blue staining revealed that OVA-chal-

lenged Ezh2 heterozygous mice exhibited the most signifi-

cant increase inmucinproduction in thebronchiolar epithe-

liumwhencomparedwithnon-challengedmice (Figure 5C).

Furthermore, bronchiolar lung epithelium was significantly

wider in OVA-challenged Ezh2 heterozygous mice when

compared with Ezh2 wild-type and Ezh2 null mice (Fig-

ure5D).Weobserved thatOVAchallenge increased thenum-

ber ofCCSP+/pro-SPC+BASCs inEzh2heterozygousmicebut

that Ezh2 null mice had lower numbers of BASCs (Fig-

ure S5B). This result may be attributable to the lower level

of CCSP+ cells in Ezh2 null non-challenged mice, and is

consistent with the scRNA-seq data (Figure S5C). Further-

more, compared with Ezh2 wild-type and Ezh2 null mice,

OVA-challenged Ezh2 heterozygous mice possessed signifi-

cantly higher numbers of both MUC5AC+ cells and CCSP+

cells in the bronchiolar epithelium (Figures 5E and S5C).

Consistent with a transdifferentiation of club cells to
lung leads to COPD-like phenotypes
ng a Tet-on system. Mice ingested doxycycline water (Dox Water) ad
(OVA) intraperitoneal injections or no OVA injection, then received
ere sacrificed the following week.
d immunofluorescence stain of keratin 5 (KRT5), club cell secretory

wild-type (n = 6), heterozygous (n = 10), and null (n = 6) mice that
heterozygous (n = 10), and null (n = 6) mice that received OVA

ng Cc10:CreER system (Cc10 is also known as Ccsp or Scgb1a1). Mice
hen received five doses of tamoxifen, followed by a single inhalation
llowing week.
b cell secretory protein (CCSP), and mucin-5AC (MUC). Scale bars,

at did not in each genotype.
mice. No challenge included four Cc10:CreERmice and six Ezh2 wild-
h2 heterozygous, and n = 6 Ezh2 null.
0022, ***p < 0.0005. See also Figure S5.
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mucus-producing cells, OVA-challenged Ezh2 heterozygous

micealsohad significantlyhigherpercentagesofMUC5AC+/

CCSP+ cells compared with Ezh2 wild-type and Ezh2 null

mice (Figure 5F). Quantitative immunohistochemistry

showed that EZH2 expression was increased by OVA chal-

lenge and that, as expected, EZH2 expression was signifi-

cantly lower in OVA-challenged Ezh2 null mouse lung

epithelium comparedwith Ezh2wild type andheterozygous

(Figure S5D). Although H3K27me3 levels did not change as

dramatically, H3K27me3 was significantly higher in Ezh2

null bronchiolar lung cells than in Ezh2 wild type after

OVA challenge, which could be due to a lack of proliferation

in the Ezh2 null lungs leading to buildup of the epigenetic

mark (Figure S5E).

To further examine the idea that it was deletion of Ezh2

in the immune cells that prevented a goblet cell phenotype

in the Ezh2 null mice, we bred Cc10:CreER, LSL:YFPmice to

the Ezh2 floxed mice and performed another OVA chal-

lenge experiment (Figure 5G). We observed that cells ex-

pressing MUC5AC could also express the lineage tag, YFP,

indicating that the cells had undergoneCre-mediated allele

excision and therefore should have deletion of the Ezh2 al-

leles (Figure 5H). To examine the alternative hypothesis

that Ezh2 deletion prevents goblet cell transdifferentiation,

we quantified the number of MUC5AC+ cells that also had

lineage tag in each model and found no difference,

implying that deletion of Ezh2 in club cells does not pre-

vent club-to-goblet cell transdifferentiation (Figure 5I).

We also observed that Ezh2 heterozygous had more alcian

blue area and Ezh2 null had more alcian blue cells than

the non-challenged control mice, suggesting that both ge-

notypes have a strong response toOVA (Figures 5J and S5F).

To further confirm that the Cc10:Cre system was working,

we showed that the Ezh2 floxed excised allele was present

in the tracheas, as expected (Figure S5G). Together, these

data indicate that mice with loss of the PRC2 component

EZH2 have an exacerbated response to OVA challenge,

and this may mimic the PRC2-low state observed in bron-

chiolar epithelial cells of COPD patients.

Cystathionine-b-synthase may drive COPD

phenotypes through transcriptional changes

We next turned to an established human bronchiolar

cell line, HBEC3KT (Ramirez et al., 2004), to translate our

findings to human cells. We first tested whether inhibition

of EZH2 by the specific methyltransferase inhibitor EPZ-

6438 (tazemetostat) would drive the phenotypes we

observed in the murine cultures. We grew HBEC3KT cells

on transwells and exposed them to 5 mM EPZ-6438 during

air-liquid-interface differentiation culture. We observed

that EPZ-6438 treatment was very effective and dramati-

cally reducedH3K27me3 (Figures 6A and 6B). Furthermore,

EZH2 inhibition dramatically decreased both CCSP and
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MUC5AC at the protein level, and slightly increased

KRT5 at the transcript level (Figure S6A). These results sup-

port the idea that the basal cell lineage is favored over club

cell lineage when EZH2 activity is dramatically decreased,

andmirror the results in Ezh2null organoids that had fewer

club cells and an increase in squamous organoids.

Given that EZH2 is unlikely to be mutated in COPD pa-

tients, we reasoned that there must be other reasons

for decreased PRC2 activity in vivo. CBS is an enzyme

involved in conversion of homocysteine to cystathionine,

a pathway that should ultimately influence the cellular

pools of S-adenosyl methionine available for methyltrans-

ferases such as EZH2. To elucidate whether CBS is a poten-

tial upstream modulator of PRC2 activity, we conducted

immunohistochemistry for CBS on COPD and normal hu-

man tissues. We found that, compared with normal bron-

chiolar cells, COPD bronchiolar epithelial cells exhibited

significantly more CBS expression and often showed nu-

clear staining of CBS (Figures 6C and 6D). Furthermore,

we observed a significant positive correlation between the

percentage of CBS+ cells and the percentage of CCSP+/MU-

C5AC+ cells (Figures 6E and S6B). To determine whether

CBS expression was a direct upstream target for PRC2 inhi-

bition, we overexpressed CBS in HBEC3KT and grew them

as two-dimensional cultures. We repeated the transduction

and selection process three independent times and

confirmed increased CBS expression by qRT-PCR and west-

ern blot (Figures S6C and S6D). Intriguingly, we observed

significant decreases in both EZH2 and its catalytic mark,

H3K27me3, when CBS was overexpressed (Figures 6F and

6G). Using these cells, we also validated the antibody

used for immunohistochemistry as specific for CBS protein

(Figure S6E). Gene expression by RNA-seq showed that the

goblet cell gene AGR2 was significantly increased and,

similar to Ezh2 null organoids, KRT17 was significantly

decreased when CBS was overexpressed (Table S8). To

further link these findings to our previous findings in

Ezh2-null organoids, we generated rank-ordered gene lists

of Ezh2 null versus wild-type, Krt17�, and Krt17+ basal

cell clusters and compared them with significantly differ-

entially expressed genes of CBS-overexpressing HBECs.

Interestingly, GSEA revealed that genes highly expressed

in CBS-overexpressing HBECs were also highly enriched

in Ezh2 null, Krt17+, and Krt17� basal cells (Figure 6H).

These data demonstrate that CBS may alter lung epithelial

cell fate toward a more PRC2-depleted state, leading to the

aberrant cellular differentiation seen in COPD patients.
DISCUSSION

In this study, we sought to elucidate the role of PRC2 in

adult lung stem cell fate (Figure 7). We show that loss of



Figure 6. High CBS expression is associ-
ated with abnormal secretory cell differen-
tiation and diminished EZH2 expression
(A) Representative confocal imaging of
immunostained ALI membranes. The CY5
channel is shown separately to visualize
H3K27me3 staining. Vehicle image is
395 3 400 3 40 mm, EPZ-6438 image is
486 3 506 3 40 mm.
(B) Quantification of immunostaining by
confocal imaging of air-liquid-interface
membranes, n = 4.
(C) Representative images of cystathionine
b-synthase (CBS) immunohistochemistry
stains in normal (n = 9) and COPD (n = 10)
lung tissue samples. Scale bars, 100 mm.
(D) Average percentage of epithelial cells
expressing CBS in human lung.
(E) Correlation between CBS expression and
the percentage of cells that co-express
MUC5AC and CCSP in human lung.
(F) Representative western blots from three
independent transduction replicates showing
protein expression of HBECs transduced with
CBS overexpression (OE) or empty vector
(EV).
(G) Quantitation of CBS OE and EV western
blots (n = 9 blots from 3 biological replicates)
showing EZH2 and H3K27me3 expression
normalized to EV and to total H3 loading
control.
(H) GSEA showing similarities in transcrip-
tion profiles of Krt17+ and Krt17� null mouse
organoids and HBECs overexpressing CBS.
All summarized data are graphed as mean ±
SEM. **p < 0.006, ***p = 0.0004,
****p < 0.00001. See also Figure S6 and
Table S8.
PRC2 activity was strongly associated with COPD lung

pathophysiology such as basal and goblet cell hyperplasia.

Complete knockout of Ezh2 in adult mouse lung organoid

cultures led to a loss in stem cell self-renewal and gain of

squamous morphology. scRNA-seq analysis revealed that

full loss of Ezh2 resulted in the accumulation of BASC/

AT2 cells and a newly identified Krt17� basal-like cell,

and a decrease in classical basal stem cells, club cell progen-

itors,Krt8+ transition cells, and transitioning basal cells. On

the other hand, partial loss of Ezh2 resulted in increased

expression of inflammatory gene signatures, while com-

plete loss of Ezh2 did not. Furthermore, partial PRC2 deple-

tion in OVA-challenged mice resulted in mimicry of COPD

traits in the lung such as increased club-to-goblet cell trans-

differentiation, increased MUC5AC expression, and thick-
ened epithelium. Finally, we established a strong associa-

tion between CBS expression and aberrant secretory cell

differentiation in COPD lung and showed that its overex-

pression may interfere with PRC2 activity through the

depletion of EZH2 and H3K27me3 mark. Taken together,

our data suggest that PRC2 is integral to facilitating proper

lung stem cell differentiation in adult humans and mice.

It is notable that the murine lung organoid cultures

shared numerous cell populations with those recently

identified by scRNA-seq in patient lung samples. Analysis

of pulmonary fibrotic (PF) lung unveiled the presence of

an aberrant basaloid cell population that was KRT17+/

KRT5�, likely derived from club and AT2 cells, and was

involved in the alveolar type 1 (AT1) terminal differentia-

tion pathway (Adams et al., 2020; Habermann et al.,
Stem Cell Reports j Vol. 18 j 289–304 j January 10, 2023 299



Figure 7. Schematic of major findings
See description in text.
2020; Kobayashi et al., 2020). Similarly, evaluation of bleo-

mycin-induced PF mouse lung led to the identification of a

Krt8+ population, also derived from club and AT2 cells and

involved in AT1 terminal differentiation (Choi et al., 2020;

Strunz et al., 2020). These populations are likely overlap-

ping with a consensus phenotype of KRT5�/KRT17+/
KRT8+/FN1+ and increased cellular senescence. Our finding

that Ezh2 null organoids have a significant loss in a Krt5�/
Krt17+/Krt8+/Fn1+ cell population suggests that Ezh2

expression may be a key contributor to the pathology of

pulmonary fibrosis. A recent paper showed that inhibition

of EZH2 by the inhibitor, GSK126, was able to abrogate

transforming growth factor b-induced lung fibrosis pheno-

types, and our organoid model presents additional mecha-

nistic insight into this phenomenon (Le et al., 2021). The

increased expression of AT2marker Lamp3 and the alveolar

developmental marker Foxp2 suggests that loss of Ezh2

expression leads to accumulation of BASC/AT2 progenitor

cells that may be unable to transition into the KRT8+ state,

or further into AT1 cells. However, whether accumulation

of a BASC/AT2 progenitor in PF lungs would exacerbate

or alleviate the pathology of the disease remains to be

tested. Lastly, one of our most interesting findings was

the stark contrast in Krt17 expression between Ezh2 wild-

type and null organoids, where Krt17+/Trp63+/Krt5+ clas-

sical basal cells were predominant in Ezh2 wild-type and

Krt17�/Trp63+/Krt5-low basal-like cells were predominant

in Ezh2 null organoids. To our knowledge, no KRT17�

basal-like cell has been observed in COPD patients, and

further exploration is needed to determine whether there

are human counterparts to the cells we identified in the

murine system.

Inflammation is a major pathological entity in COPD,

and OVA inhalation by mice elicits a phenotype similar
300 Stem Cell Reports j Vol. 18 j 289–304 j January 10, 2023
to COPD, with noted temporary epithelium thickening

and increases in goblet cells. OVA-challenged Ezh2 hetero-

zygous mice exhibited a more robust OVA response than

Ezh2 wild-type mice, including airway thickening, goblet

cell appearance, and expansion of BASC populations.

This response happened despite only a small reduction

in global H3K27me3, suggesting that specific gene

targets are preferentially derepressed when PRC2 is

depleted. In line with this theory, GSEA revealed that

Ezh2 heterozygous organoids expressed more inflamma-

tory-associated pathways, including IL-13, TNF-a, and

interferon signaling, than Ezh2 wild-type organoids. In-

creases in these signaling pathways strongly implicate the

presence of DAMPs that are released by damaged cells in

numerous diseases, including COPD (Brusselle et al.,

2011). To further explore this point, we examined DAMPs

including mtRNA and IL-33, and genes associated with

DAMP response, and found that both Ezh2 heterozygous

and Ezh2 null BASC/AT2 and club cells, which are the cells

that respond to OVA, had higher expression of many of

thesemolecules. Ezh2heterozygous cells also had increased

expression of several club/AT2 cell factors that were

recently identified to augment immunotherapy responses

when administered to mouse lungs. Whether these are

true DAMPs or act through other mechanisms to boost

T cell-based immune responses is still to be determined.

Together, these data suggest that loss of EZH2 in epithelial

cells leads to a state of increased immunogenicity through

several mechanisms.

Previous literature has demonstrated that genetic dele-

tion of Ezh2 in CD4+ T cells prevented their clonal

expansion in vivo and prevented OVA response (Keenan

et al., 2019), and given the model we chose, we believe

deletion of Ezh2 in immune cells may account for the



diminished immune response observed in the Ezh2 null

mice. To test this theory, we also knocked out Ezh2 spe-

cifically in club cells prior to OVA challenge and

observed no defect in lineage traced Ezh2 null cells

when undergoing transdifferentiation. We used the

OVA-inhalation model because of the ease of implement-

ing the model, and because there is a known club-to-

goblet cell transdifferentiation in the model. However,

a limitation of the model we chose is that OVA inhala-

tion is an allergic airway inflammation model and does

not represent the chronic nature of COPD, nor does it

utilize the known drivers of COPD, including tobacco

smoke. Future studies could use chemical injuries or

perturbation models (i.e., smoke inhalation or treatment

of air-liquid interface [ALI] cultures) at different time

points to better understand how long- and short-term

depletion of PRC2 influences tissue repair in models

that more closely mimic drivers of COPD in humans

(Beckett et al., 2013; Schamberger et al., 2015).

Lastly, we observed a significant decrease in H3K27me3

inCOPDbronchiolar epithelium, and importantly, the per-

centages of H3K27me3-high cells significantly correlated

with fewer KRT5+, MUC5AC+, and MUC5AC+/CCSP+ cells.

This is in contrast to a study that revealed a significantly

higher number of H3K27me3 cells in COPD lung. These

data could represent differences in patient populations or

may also be due to the differences in analysis, as we

measured stain per nucleus and the former studymeasured

positive cells per basement membrane length. Our data are

supported by findings in other mousemodels of PRC2 defi-

ciency where aberrant expression of KRT5+ andmucin cells

were observed (Chiacchiera et al., 2016; Galvis et al., 2015;

Serresi et al., 2016; Snitow et al., 2015). Similarly, our previ-

ous work has found that lung squamous cell carcinomas,

which can typically be characterized as KRT5+, have a

marked loss of H3K27me3 levels when compared with ad-

enocarcinomas (Zhang et al., 2017). Given that squamous

lung cancer is more common in COPD patients (Papi

et al., 2004), this finding could help us to better understand

and address the increased prevalence of squamous lung

cancers in our home state of Kentucky (Brainson et al.,

2021) Finally, although high CBS expression has already

been observed in COPD lung (Numakura et al., 2017), we

report a strong positive correlation between its expression

and aberrant epithelial cell differentiation. Additionally,

we show that a substantial increase in CBS expression

yields significantly lower H3K27me3, EZH2, and KRT17

expression in vitro. These findings, coupled with the strong

negative correlations observed between H3K27me3 and

aberrant cell differentiation, imply a close relationship be-

tween methionine cycling and gene expression patterns in

human tissue. The transcriptional profile similarities

shared between the Ezh2 knockout organoids and CBS-
overexpressingHBECs offers a promising avenue for under-

standing how reactive oxygen stress could influence epige-

netic reprogramming in lung epithelium.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents

should be directed to and will be fulfilled by the corresponding

author, Christine Brainson (cfbrainson@uky.edu).

Materials availability

All unique/stable reagents generated in this study are available

from the lead contact with a completed Materials Transfer

Agreement.

Data and code availability

The scRNA-seq data for this study are available at the NCBI Gene

Expression Omnibus database under GEO: GSE184347, and the

bulk RNA-seq data are available at the NCBI GEO database under

GEO: GSE183858.

Mouse cohorts
Mouse cohorts of Ezh2flox/flox, Ezh2flox/+, and Ezh2+/+ (Shen et al.,

2008) were all maintained in virus-free conditions and bred to Te-

tO:H2B-GFP, Rosa26:rtTA, and TetO:Cre mice (Hochedlinger et al.,

2005; Perl et al., 2002; Tumbar et al., 2004) or to Cc10:CreER+/�, Ro-
sa26:LSL:Yfp mice (Rawlins et al., 2009). Both male and female

mice were used, and no gender differences were noted. All care

and treatment of experimental animals were in accordance with

University of Kentucky Institutional Animal Care and Use Com-

mittee guidelines.

Patient samples
Patient slides were provided by the Markey Cancer Center Bio-

specimen Procurement & Translational Pathology Shared Resource

Facility of the University of Kentucky. The COPD tissue (n = 10)

was from lung transplants or partial lung resections, and the

normal tissue (n = 9) was from autopsy. Detailed patient informa-

tion can be found in Tables S1 and S2. Patient tissues used in this

study were fully de-identified and do not constitute human sub-

jects’ research. Samples were initially selected for the presence of

sufficient intact bronchiolar tissue, then sectioned at 4 mm for

analysis.

Statistical analysis
Statistical analyses were carried out using GraphPad Prism or Mi-

crosoft Excel. Unless otherwise stated, all numerical data are pre-

sented as mean ± standard error of the mean. To compare contin-

uous outcomes between two experimental groups, data with

sufficient n were tested for normality using the Kolmogorov-

Smirnov test. For normally distributed data and data with small

n, an unpaired two-tailed t test with equal variance was used,

and for data that failed the normality test a Mann-Whitney U

test was used. For grouped analyses, one-way ANOVA with Holm-
�Sı́dák’s multiple comparisons correction was used, except for orga-

noid counts and the Cc10:CreER experiments, where one-way
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ANOVA with uncorrected Fisher’s LSD p values are shown. Pear-

son’s correlation was used to test the linear relationship between

markers. A p value (or adjusted p value) of less than 0.05 was

considered statistically significant.

For detailed procedures, antibodies, and quantification parame-

ters, please refer to the supplemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.11.009.
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