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SUMMARY
AT2 cells harbor alveolar stem cell activity in the lung and can self-renew and differentiate into AT1 cells during homeostasis and after

injury. To identify epigenetic pathways that control the AT2-AT1 regenerative response in the lung, we performed an organoid screen

using a library of pharmacological epigenetic inhibitors. This screen identified DOT1L as a regulator of AT2 cell growth and differentia-

tion. In vivo inactivation ofDot1l leads to precocious activation of both AT1 andAT2 gene expression during lung development and accel-

erated AT1 cell differentiation after acute lung injury. Single-cell transcriptome analysis reveals the presence of a new AT2 cell state upon

loss ofDot1l, characterized by increased expressionof oxidative phosphorylation genes and changes in expression of critical transcription

and epigenetic factors. Taken together, these data demonstrate thatDot1l controls the rate of alveolar epithelial cell fate acquisition dur-

ing development and regeneration after acute injury.
INTRODUCTION

The lungalveolus is theprimary siteofgasexchangebetween

the circulatory system and the external environment in

mammals. The alveolus is comprised of multifarious epithe-

lial, mesenchymal, endothelial, and immune lineages, all of

which communicate with each other in a complex and plas-

tic manner during development, adult homeostasis, and af-

ter injury (reviewed in Basil et al., 2020; Zepp and Morrisey

2019; Leach and Morrisey 2018). Alveolar type 1 (AT1) and

alveolar type 2 (AT2) are the two primary epithelial cell line-

ages within the lung alveolus. AT1 cells are responsible for

forming the thingas-diffusible interfacewith theendothelial

plexus and AT2 cells are responsible for generating and regu-

latingpulmonary surfactant. AT2 cells can also act as faculta-

tive progenitors after lung injury in part through a Wnt

responsive subpopulation called alveolar epithelial progeni-

tors (Zacharias et al., 2018; Nabhan et al., 2018), which can

proliferate and differentiate to replenish the alveolar epithe-

lium. The balance between AT2 cell proliferation and differ-

entiation into AT1 cells is crucial for maintaining normal

alveolar structure and functionandproper gas exchangedur-

ing homeostasis and after injury.

Several signal transduction pathways control AT2 cell pro-

liferation and differentiation into AT1 cells. For instance,

Wnt signaling has been shown to promote AT2 cell lineage

commitment and proliferation and to inhibit differentiation

into AT1 cells (Zacharias et al., 2018; Nabhan et al., 2018;

Frank et al., 2016; Li et al., 2018; Liberti et al., 2021). Epige-

netic factors have also been shown to play important roles

in lung epithelial development. Hdac1/2 are critical regula-
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tors of proximal airway development, whereas Hdac3 plays

a key role in AT1 cell development through regulation of

TGF-b signaling (Wang et al. 2013, 2016a, 2016b). In

contrast,Dnmt1 suppresses precocious AT2 cell fate commit-

ment (Liberti et al., 2019). Despite these insights, less is

known about the role of epigenetic factors in the complex

regenerative process that occurs after an acute injury in

the lung.

To identify epigenetic pathways that regulate the response

of lung alveolar epithelial cells to injury, we performed a

mouse alveolar organoid screen using a library of pharmaco-

logical epigenetic inhibitors. These studies identified multi-

ple inhibitors of disrupter of telomeric silencing 1-like

(DOT1L), a histoneH3K79methyltransferase, that increased

alveolar organoid size. Addition of DOT1L inhibitors

increased expression of both AT1 and AT2 marker genes in

alveolar organoids. To explore the role of Dot1l during lung

development and regeneration, we generated aDot1l condi-

tional knockout allele and showed that genetic loss ofDot1l

also leads to increased alveolar organoid size. Loss of Dot1l

during lung endoderm development led to precocious and

increased AT1 and AT2 cell fate specification as noted by

expression of cell-type-specific marker genes prior to their

normal onset of expression. In two adult acute lung injury

models, Dot1l-deficient AT2 cells exhibited an accelerated

rate of AT1 cell differentiation without changing the rate of

epithelial cell proliferation. Single-cell RNA-seq (scRNA-

seq) analysis of Dot1l-deficient lineage-traced AT2 cells re-

veals the emergence of a new subset of AT2 cells character-

izedby increased expression of ahost of oxidative phosphor-

ylation (OxPhos) metabolism genes and several important
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Figure 1. Alveolar organoid screen to identify epigenetic pathways regulating alveolar regeneration
(A) Schematic of how AT2 cells isolated from SftpcEGFP mice were used in the screen.
(B) An example of fluorescent reporter detection from SftpcEGFP AT2 cells in a 96-well plate. Arrows indicate negative (water or DMSO) or
positive (FGF7) controls used for the screen.
(C) Results from the epigenetic small molecular inhibitor library using a Z score of 2.0 as a cutoff for a positive increase in alveolar organoid
total fluorescence. Data are representative of the screening assay performed in duplicate.
transcriptional and epigenetic regulators of lung develop-

ment including Id1 and Id2. These data highlight the impor-

tance of Dot1l in restraining AT2-AT1 differentiation while

not affecting cellular proliferation after acute lung injury.
RESULTS

Small-molecule screen identifies inhibitors of DOT1L

that increase lung alveolar organoid size

To identify and characterize epigenetic pathways that

regulate lung alveolar regeneration, we established a me-

dium throughout organoid screen in 96-well plates. We

utilized a minimal medium that lacked ROCK and

TGF-b inhibitors, as the presence of these factors may

negate the effects of additional factors from the library

and confound the results. Mouse AT2 cells were FACS iso-

lated from SftpcEGFP mice and plated along with primary

mouse lung fibroblasts in a Matrigel-based culture me-

dium. Forty-eight hours after plating, a library of pharma-

cological epigenetic inhibitors representing many of the

major epigenetic pathways was added to the medium

and the organoids were cultured for an additional

19 days (Figure 1A). Total fluorescent intensity, a surrogate
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for organoid size, was measured throughout the three-

dimensional Matrigel culture (Figure 1B). Many epigenetic

inhibitors suppressed organoid growth including inhibi-

tors for HDACs and BRD4, both of which are known to

be important for cell proliferation (Zhu et al., 2022;

Pang et al., 2022; Hu et al., 2022; Sun et al., 2021; Xiang

et al., 2018; Nishiyama et al., 2006). In contrast, only a

minority of inhibitors caused an increase in organoid

size of more than 50% including three known DOT1L in-

hibitors (Figures 1C; Table S1).

To test whether the DOT1L inhibitors increased alveolar

organoid size in a dose-dependent manner, each of the in-

hibitors was added in a range spanning 0.1–50 mM based

on previously described dose ranges for each inhibitor (Dai-

gle et al. 2011, 2013; Yu et al., 2012). As expected, the orga-

noids exhibited different sensitivities to each of the inhibi-

tors, but all revealed a dose-dependent increase in organoid

size in ranges thatwere tested (Figure 2A). Quantitative PCR

(qPCR) was used to assess AT1 and AT2marker gene expres-

sion and these results showed increases in AT1 (Hopx and

Aqp5) and AT2 (Sftpc) cell gene expression (Figure 2B).

Immunohistochemistry (IHC) also demonstrated increased

At1 and AT2 cells in DOT1L inhibitor-treated organoids

(Figure 2C). These data suggest that inhibition of DOT1L



Figure 2. Verification of increased organoid size and AT1 and AT2 cell gene expression by inhibitors of DOT1L
(A) Dose-dependent responses of three of the DOT1L inhibitors on alveolar organoid size. Note, the three inhibitors have different ranges
of effective doses, which were covered in the organoid assays shown.
(B) qPCR analysis of AT1 and AT2 cell marker genes in organoids treated with the three DOT1L inhibitors identified in the screen.
(C) IHC of organoids from control and SCG0946 treated showing enhanced expression of Sftpc and Hopx.
Data represent the average of three separate organoid assays. *p < 0.05, ***p < 0.001.
can increase AT1 and AT2 cell growth and differentiation in

organoid assays.

Dot1l is widely expressed in the lung and genetic

inactivation in AT2 cells leads to increased alveolar

organoid growth

Dot1l expression and the H3K79me2mark was assessed us-

ing IHC in both the developing lung and in adult AT1 and

AT2 cells.Dot1l expression is widespread during embryonic

development in both the developing endoderm and in the

surrounding mesenchyme (Figure 3A). The H3K79me2

mark is present in adult AT1 and AT2 cells, indicating

DOT1L activity (Figure 3B).

To interrogate the role of Dot1l in lung epithelial biology

further, we generated a Dot1l floxed allele and inactivated

Dot1l in adult AT2 cells using the Sftpccre/ERT2 line (Fig-

ure 3D) (Chapman et al., 2011). Loss of Dot1l leads to loss
of theH3K79me2mark in adult AT2 cells (Figure 3E).More-

over, loss ofDot1l in adult AT2 cells leads to increased orga-

noid size, similar to that observed using pharmacological

inhibitors of DOT1l (Figures 3F and 3G). These data indi-

cate that the increased organoid size observed upon phar-

macological inhibition or genetic loss of Dot1l expression

is an AT2 cell intrinsic response.

Dot1l restrains AT1 and AT2 cell fate acquisition

during lung endoderm development

To determine the effects of loss of Dot1l on lung endoderm

development, we assessed the loss of Dot1l expression in

the developing lung endoderm using the Shhcre line (Harfe

et al., 2004). Loss of H3K79me2 marks was confirmed

in the developing lung endoderm and not surrounding

mesenchyme by IHC at E15.5 (Figure 4A). Shhcre:

Dot1lflox/flox mice (from hereon called Dot1lShh-KO) were
Stem Cell Reports j Vol. 18 j 1841–1853 j September 12, 2023 1843



Figure 3. Dot1l is broadly expressed in developing and adult lung epithelium and genetic loss leads to increased alveolar
organoid size
(A) Dot1l expression as assessed by IHC at different time points of mouse lung development. Note high level of expression in lung
endoderm.
(B) Expression of the Dot1l-mediated histone mark H3K79me2 in adult AT2 cells. Co-expression of Sftpc and H3K79me2 are noted by yellow
arrows.
(C) Expression of the Dot1l-mediated histone mark H3K79me2 in adult AT1 cells. Co-expression of Hopx and H3K79me2 are noted by yellow
arrowheads.
(D) Schematic of floxed Dot1l allele.
(E) Loss of Dot1l in AT2 cells leads to loss of the H3K79me2 mark.
(F) AT2 cells isolated from Dot1lAT2-KO mutants exhibit increased organoid growth compared with control AT2 cells.
(G) Quantitation of data presented in (E) with n = 3 separate organoid assays. Scale bar, 50 mm. Ai, airway. ****p < 0.0001.
born live without obvious lung structural defects and with

no change in AT1-AT2 cell ratios (Figure S1). Dot1lShh-KO

and littermate controls were examined by RNAscope, IHC

and qPCR at various time points during development. As

early as E12.5, Dot1lShh-KO lungs expressed increased levels

of Sftpc and Hopx (Figure 4B). This is several days earlier

than prior reports for the onset of Hopx expression (Yin

et al., 2006), and prior to full specification of AT1 or AT2

cells (Frank et al., 2019). This increased expression of

Hopx and Sftpc was also observed at E15.5 (Figures 4C and

4D). However, by E17.5 no detectable difference was
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observed in Sftpc and Hopx expression (Figure 4C). Thus,

Dot1l suppresses the rate, rather than overall extent, of

AT1 and AT2 cell fate acquisition and gene expression dur-

ing early lung endoderm.

Loss of Dot1l in adult AT2 cells accelerates AT2-AT1

differentiation after acute lung injury

TodeterminewhetherDot1l regulatedAT2-AT1 cell differenti-

ation after acute lung injury, we performed influenza

A (H1N1, PR8) infection and hyperoxic lung injury studies

on Sftpccre/ERT2:Dot1lflox/flox mice (from hereon called



Figure 4. Loss of Dot1l during lung endoderm development leads to precocious activation of AT1 and AT2 cell fate and gene
expression
(A) Expression of the histone mark H3K79me2 using IHC at E15.5 of mouse lung development. Dotted lines outline airways.
(B) Expression of Hopx and Sftpc using RNAscope at E12.5 of lung development. Dotted lines outline airways.
(C) Expression of Hopx and Sftpc at E15.5 and E17.5 using IHC.
(D) qPCR to detect expression of Hopx and Sftpc at E12.5 and E15.5 of lung development (n = 3–5 separate animals). Scale bar, 50 mm.
*p < 0.05.
Dot1lAT2-KO). Animals were collected at times when AT2 cells

are known to both be proliferating as well as differentiating

intoAT1cells (Figures5Aand5D).Dot1l-deficientAT2cells ex-

hibited increased AT1 cell differentiation 14 days after influ-

enza infection and7days after hyperoxic lung injury in previ-

ously defined damaged areas (Figures 5B, 5C, 5E, and 5F)

(Liberti et al.2021,2022). Incontrast, therewasnonotabledif-

ference in AT2 cell proliferation in either of thesemodels (Fig-

ure S2). Thus, loss of Dot1l increases AT2-AT1 cell differentia-

tionafter acute lung injurywithoutaffectingcellproliferation.

Dot1l has been reported to play an important role in the

DNA damage response (Wood et al. 2018). To assess the de-

gree of DNA damage and repair in control and Dot1lAT2-KO

mutant cells, we performed gama-H2AX immunostaining

after the injury. There were only rare gama-H2AX-positive

cells in both control and Dot1lAT2-KO mutants, suggesting
that loss ofDot1l in AT2 cells does not affect the DNA dam-

age repair response (Figure S3).

Loss ofDot1l leads to the emergence of ametabolically

altered AT2 cell state after injury

To assess the cellular and molecular changes that occur in

Dot1l-deficient alveolar epithelium after acute injury, we

performed scRNA-seq analysis on lineage-traced AT2 cells

after influenza injury from both control and Dot1lAT2-KO

mutants. These two datasets weremerged to assess whether

therewere anynewcellular states that occurreddue toDot1l

deficiency. This analysis identified a cluster of AT2 cells that

we called AT2b, which was found almost exclusively in

Dot1lAT2-KO mutants (Figures 5F and 5G). AT2b cells ex-

pressed AT2 marker genes in a similar manner as control

AT2 cells. AT2b cells also expressed higher levels of some
Stem Cell Reports j Vol. 18 j 1841–1853 j September 12, 2023 1845
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AT1 markers, such as Ager and Aqp5, but did not express

genes representing the previously described transition state

found as AT2 cells differentiated into AT1 cells (Table S2;

Figures 5H, 5I, and S4) (Strunz et al., 2020; Kobayashi

et al., 2020; Choi et al., 2020). This suggested that loss of

Dot1l leads to anewAT2cell state characterizedby increased

AT1 marker gene expression. Genes that were increased in

the AT2b state were expressed at a fairly high level, with

most being expressed in the third and fourth quartile of

gene expression (Figure S4).Moreover, we observed a prolif-

erativeAT2cell state, AT2c, thatwas equally sharedbetween

control and Dot1lAT2-KO mutants (Figures 5F and 5G), sup-

porting the lack of altered proliferation upon loss of Dot1l.

Analysis of the genes defining the AT2b cluster identified

many genes with the mitochondrial OxPhos pathway (Fig-

ure 6A). Examination of the scRNA-seq data shows that

there was no significant difference in mitochondrial reads,

UMI counts, or total genes counted between control and

Dot1lAT2-KO mutant cells (Figure S5). Gene ontology anal-

ysis revealed a high enrichment of several categories related

to OxPhos metabolism in the AT2b cluster (Figure S5).

Comparison of the top enriched genes in OxPhos across

all of the identified epithelial cell types in the scRNA-seq

data demonstrated that this pathway was enriched at the

highest level in the AT2b cluster but was also elevated in

proliferating AT2 cells (AT2c) and in AT1 cells in compari-

son with resting AT2 cells (AT2a) (Figures 6B and 6C). Pseu-

dotime trajectory analysis suggests that the AT2a cell state

transitions through the AT2b state before differentiating

into AT1 cells (Figure 6D). Analysis of the gene signature

driving this transition shows that the OxPhos genes that

characterize the AT2b state are expressed at lower levels

during control AT2-AT1 cell differentiation (Figure 6E).

In addition to genes in the OxPhos pathway, expression

of several important transcription and epigenetic factors

was also increased or decreased within the AT2b cell subset

(Figure S6). These included the Bmp signaling downstream
Figure 5. Loss of Dot1l in adult AT2 cells leads to increased AT2-
after acute lung injury
(A) Schematic of influenza lung injury model.
(B) IHC of control and Dot1lAT2-KOmutants 14 days after influenza injur
the right. Yellow arrows and dashed yellow circles indicate AT2 cell-d
(C) Quantitation of increased AT2-AT1 differentiation in Dot1lAT2-KO m
(D) Schematic of hyperoxic lung injury model.
(E) IHC of control and Dot1lAT2-KO mutants 7 days after hyperoxic lun
(F) Quantitation of increased AT2-AT1 differentiation in Dot1lAT2-KO m
(G) Louvain clustering and UMAP presentation of the five different clu
and Dot1lAT2-KO mutants.
(H) Bar graph showing cell distribution by genotype with the AT2b c
(I) Dot plot showing expression of hallmark cell-type-specific marker g
the AT2 lineage.
(J) Heatmap showing the distinct expression pattern of all five cluste
specific AT2b cluster is highlighted by green brackets. Scale bar, 50 m
effectors Id1 and Id2. Previous work has shown that Bmp

signaling can promote AT2-AT1 cell differentiation in

lung pneumonectomy models of lung regrowth (Chung

et al., 2018). These data suggest that Dot1l normally

restricts a core set of OxPhos metabolomic genes and inhi-

bition of Dot1l leads to increased AT2-AT1 differentiation.

To furtherassesswhatmolecularpathways couldbealtered

in Dot1l-deficient AT2 cells leading to increased OxPhos

metabolism, we performed single-cell ATAC sequencing

(scATAC-seq) analysis at the same time point as we per-

formed scRNA-seq analysis. Comparison of control versus

Dot1lAT2-KO mutant lineage-traced cells shows that both

AT1andAT2cellswere resolvedwith scATAC-seq (Figure 6F).

WealsoperformedCUT&RUNanalysis forH3K79me2marks

in AT2 cells. We next filtered on genes that (1) contained

H3K79me2 marks, (2) in which expression was downregu-

lated in Dot1lAT2-KO mutants, and (3) in which scATAC-seq

peaks were diminished in Dot1lAT2-KO mutants (Figure 6G).

This resulted in16genes that fit all three criteria listed above.

A previous study demonstrated that increased expression of

fructose-bisphosphatase 2 (Fbp2) leads to decreased activity

of OxPhos metabolism (Huangyang et al., 2020; Osipova

et al., 2023). Interestingly, Fbp2 gene score by scATAC-seq

was decreased inDot1lAT2-KOmutants andH3K79me2marks

were found in the Fbp2 promoter region in AT2 cells

(Figures 6H and 6I). Thus, decreased Fbp2 expression may

explain the elevated levels of OxPhos pathway genes upon

loss of Dot1l in AT2 cells. Taken together, Dot1l alters Ox-

Phos metabolism and transcription factor expression that

normally restricts AT2-AT1 differentiation and lung alveolar

regeneration (Figure 7).
DISCUSSION

Differentiation of AT2 cells into AT1 cells is a cardinal

feature of adult lung alveolar regeneration. Promotion of
AT1 differentiation and the emergence of a new AT2 cell state

y. The dashed yellow box indicates the region shown in the insert at
erived AT1 cells and white arrows mark AT2 cells.
utants after influenza injury (n = 6–7 animals).

g injury.
utants after hyperoxic lung injury (n = 6–8 animals).
sters of AT2 and AT1 cells lineage-traced cells merged from control

luster being unique to the Dot1l mutants.
enes. Note that the AT2b cluster expresses hallmark marker genes of

rs of lineage-traced cells in the merged dataset. The Dot1l mutant-
m. *p < 0.05, ***p < 0.001.
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Figure 7. Model of how Dot1l regulation of
AT2-AT1 differentiation through regula-
tion of OxPhos and a subset of transcrip-
tion and epigenetic factors
this process could provide better recovery after acute lung

injury and open new avenues for pro-regenerative thera-

pies in the lung. We performed an organoid screen and

identified DOT1L inhibitors as factors that could promote

alveolar growth ex vivo. Our data show that loss of Dot1l

in lung development leads to precocious initiation of the

AT1 and AT2 cell fate programs several days prior to their

normal activation. In adult models of lung regeneration,

our data show that loss of Dot1l leads to accelerated AT2-

AT1 differentiation with no change in proliferation. This

acceleration of AT2-AT1 differentiation is associated with

the emergence of a transition AT2 cell population that ex-

hibits enhanced OxPhos metabolism and changes in crit-

ical transcription and epigenetic factor gene expression.

Thus,Dot1l restricts AT2-AT1 differentiation and its inhibi-

tion can accelerate this process due in part to enhanced

OxPhos metabolism.

Our screen identified pathways that either enhance alve-

olar growth, such asDOT1L inhibition, or suppress alveolar
Figure 6. Dot1l suppresses OxPhos gene expression resulting
differentiation
(A) Volcano plot of OxPhos genes upregulated in the Dot1lAT2-KO muta
(B) Dot plot representing a set of highly upregulated OxPhos genes s
(C) Using genes represented in (A and B) showing the enrichment of
(D) Pseudotime trajectory analysis using Slingshot shows the transcr
(E) Heatmap of OxPhos gene expression changes revealing the uniqu
control dataset.
(F) UMAP plot showing scATAC-seq merged data from wild-type and D
(G) Venn diagram showing the overlap of genes found with H3K79m
Dot1lAT2-KO mutants, and downregulated gene expression as measure b
(H) Fbp2 gene score and violin plots of Fbp2 gene score from scATAC
(I) H3K79me2 CUT&RUN tracks for the Fbp2 gene.
growth, such as HDAC and BRD4 inhibitors. HDAC path-

ways have been shown to play key roles in lung epithelial

development with Hdac1/2 required for early airway devel-

opment (Wang et al., 2013) and Hdac3 being required for

AT1 cell differentiation in late lung development (Wang

et al. 2016a, 2016b). The finding that HDAC inhibitors

repressed alveolar organoid growth may not be surprising

given their well-known ability to inhibit cell proliferation

and use as anti-cancer therapies. A role for Brd4 in lung

regeneration has not been reported, although given its abil-

ity to epigenetically regulate important pathways in stem

cell populations it may play an important role in balancing

the self-renewal and differentiation of AT2 cells.

While we observed increased organoid size when AT2 or-

ganoids were exposed to DOT1L inhibitors, we did not

observe any change in AT2 cell proliferation in vivo at ho-

meostasis or after injury. This likely reflects the simplified

nature of the organoid assay, which lacks many of the

cell types including immune cells that express potent
in a unique AT2 cell state correlating with accelerated AT1

nts.
pecifically in the AT2b population.
OxPhos genes in the AT2b population.
iptional link between AT2a, AT2b, and AT1 cells.
e increase in OxPhos in the AT2b population that is lacking in the

ot1lAT2-KO mutants at 14 days post-influenza injury.
e2 CUT&RUN marks, downregulated peaks in scATAC-seq data form
y scRNA-seq in Dot1lAT2-KO mutants. Circles are not drawn to scale.
-seq data.
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mitogenic cytokines that drive AT2 proliferation after

injury such as IL-1b. The precocious activation of AT1

and AT2 cell fate and the increased expression of AT1 and

AT2 markers during lung development in Dot1lShh-KO mu-

tants suggests that the development of these lineages is

restricted by theDot1l-regulated epigenetic pathway. Inter-

estingly, this enhanced AT1 and AT2 gene expression nor-

malizes before birth, suggesting a critical temporal res-

ponse to the effects of Dot1l deficiency on lung

endoderm development. Deletion of Dot1l in mature AT2

cells causes increased AT2-AT1 differentiation after acute

lung injury. However, AT2 cell proliferation during the

regenerative process after injury was unchanged upon

loss of Dot1l, indicating that the primary downstream

impact of Dot1l-mediated transcriptional control is on dif-

ferentiation. These data suggest that changes in differenti-

ation can be uncoupled from changes in proliferation dur-

ing lung epithelial regeneration. Similar effects were

observed when cell division was blocked in AT2 cells,

which did not inhibit activation of the AT1 gene expres-

sion program (Liberti et al., 2021). Together, these data sug-

gest that Dot1l suppresses alveolar epithelial cell fate

commitment during periods of plasticity such as early

lung development and regeneration, implicating DOT1l

inhibitors as potential candidates for accelerating lung

regeneration.

Loss of Dot1l led to the emergence of a novel AT2 cell

state characterized by elevated OxPhos gene expression

and elevated expression of a subset of important transcrip-

tion and epigenetic factors. The increase in OxPhos gene

expression is interesting as it is also associated with differ-

entiation in other cellular systems including T cells (Shin

et al., 2020) and stem cells (Mostafavi et al., 2021). While

the emergence of an OxPhox metabolic signature could

represent the enhanced differentiation of AT1 cells from

AT2 cells after loss of Dot1l, the increase in OxPhox gene

expression observed in the AT2b state was significantly

greater than that observed in AT1 cells. Future studies will

be critical to provide insight into how metabolic changes

alter lung alveolar regeneration.
EXPERIMENTAL PROCEDURES
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Epigenetic inhibitor library screen

The screening was divided into three steps: establishment of AT2

cell organoid cultural system compatible with library screening, li-

brary screening, and validation (Sdelci et al., 2016). To set up an

alveolar organoid screening platform, we changed our routine

24-well plate with insert cultural system to 96-well plate format

without insert. Mouse primary lung fibroblast cells were prepared

as described in our previous reports (Frank et al., 2016). FACS

sorted AT2 cells (from SftpcEGFP mice JAX no. 028356) (Vanderbilt

et al., 2015) were co-cultured with lung mesenchyme for the orga-

noid assays. One thousand AT2 cells and 10,000 mouse primary

lung fibroblast cells were suspended in 50 mL of 50% Matrigel in

MTEC-SAGM medium, plated in 96-well plates, left to solidify for

15 min at 37�C, and were then covered with 120 mL MTEC-

SAGM medium. Forty-eight hours after seeding cells, medium

was changed to include 10 mM of one small molecule from the

epigenetic library (Selleckchem, L1900) or an equal volume of

H2O or DMSO as negative controls and 50 ng/mL of Fgf7 as a pos-

itive control. Medium was changed 9 and 16 days after initial

plating with medium containing the 181 epigenetic inhibitors.

Nineteen days after the initial addition of the epigenetic library,

fluorescence images were acquired with the Evos FL Auto 2 (Invi-

trogen) using a 43 objective. Total fluorescence intensity of each

image was measured using ImageJ program and compared with

control (DMSO or H2O) as a fold of change in comparison with

controls. A Z score was also measured for the screen using a previ-

ously reported algorithm (Zhang 2011).

Validation of DOT1L inhibitors in organoid assays

The three DOT1L inhibitors of DOT1L identified in the initial

screen (EPZ004777, EPZ5676, SGC0946) were used to test dose

dependency using doses spanning the previously reported

optimal concentrations used for each inhibitor (Daigle et al.

2011, 2013; Yu et al., 2012). These dose-dependent assays utilized

our previously reported 24-well organoid system (Liberti et al.,

2021).

Mouse lines

To generate a Dot1l conditional floxed allele, cryopreserved

Dot1ltm1a(KOMP) embryos from the KOMP Repository-UCDavis

(www.komp.org) were reimplanted into surrogate dams to

generate the appropriate heterozygous floxed offspring. These

mice were bred to the FLPo deleter mouse line (JAX stock no.

012930) to remove the FRT-flanked neomycin resistance cassette.

The resulting Dot1lflox/+ mice were then bred to the previously re-

ported Shhcre or Sftpccre/ERT2 mice (Harfe et al., 2004; Chapman

et al., 2011). All animal experiments were performed under the

guidance of the University of Pennsylvania Institutional Animal

Care and Use Committee.

Lineage tracing and injury studies
Tamoxifen (Sigma) was dissolved in corn oil with 10% ethanol and

Sftpccre/ERT2:Dot1lflox/flox mice were injected intraperitoneally at a

dose of 200 mg/kg body weight for 3 consecutive days, 14 days

before mice were injured using H1N1 influenza or hyperoxia treat-

ment. For the influenza injury studies, 2 weeks after tamoxifen in-

duction, PR8 H1N1 influenza (a kind gift from Dr. JohnWherry at

theUniversity of Pennsylvania) was delivered to anesthetizedmice

intranasally as reported previously (Liberti et al. 2021). For

mailto:emorrise@pennmedicine.upenn.edu
http://www.komp.org


hyperoxic lung injury studies, 2 weeks after tamoxifen induction,

micewere exposed to 95%oxygen for 3 days as reported previously

(Penkala et al., 2021), and allowed to recover at room air for the

days indicated in each experiment.

Histology

Embryonic lungs were collected from embryos at the days post

conception as indicated and fixed in 2% paraformaldehyde for 24

h. Adult lungs were perfused with PBS via the right ventricle to re-

move blood, inflated with 2% paraformaldehyde, and allowed to

fix overnight. Tissue was processed as described previously (Zepp

et al., 2021; Penkala et al., 2021; Liberti et al., 2021). IHC was used

to detect protein expression using the following antibodies: Dot1l

(rabbit, 1:200, Abcam), H3K79Me2 (rabbit, 1:1,000, Abcam), GFP

(chicken, 1:200, Aves, GFP-1020), Sftpc (rabbit, 1:100, Millipore,

ABC99), Hopx (mouse, Santa Cruz, sc-514859), Ki67 (mouse,

1:200, Becton Dickenson, 550609), Nkx2.1 (rabbit, 1:50, Santa

Cruz), and gama-H2AX (mouse, 1:200, Invitrogen/Fisher). RNA-

scope was used to detect mRNA expression using the following

probes: Mm-Sfpc C1 (Advanced Cell Diagnostics, 314101-C1) and

Mm-Hopx C2 Red (Advanced Cell Diagnostics, 405161-C2).
Primer sequences for qPCR

Gene Forward Reverse

Gapdh AAATGGTGAAGGTCGGTGTGAACG ATCTCCACTTTGCCACTGC

Sftpc ACCCTGTGTGGAGAGCTACCA TTTGCGGAGGGTCTTTCCT

Hopx TTCAACAAGGTCAACAAGCACCCG CCAGGCGCTGCTTAAACCATTTCT

Aqp5 ATGAACCCAGCCCGATCTTT ACGATCGGTCCTACCCAGAAG
qPCR analysis

RNA was extracted using QIAGEN RNeasy Kit following the man-

ufacturer’s instructions, and was reverse transcribed using Invitro-

gen SuperScript IV First-Strand Synthesis System (Thermo Scienti-

fic, 18091050) SYBRGreen IMasterMIX and the following primers

were used for PCR reactions.

scRNA-seq
At day 14 after influenza infection, lineage-traced (EYFP-positive)

cells were collected from five controls and five mutants by FACS

isolation, then pooled and processed simultaneously following

the recommendationsprovidedby10XGenomics andaspreviously

reported for scRNA-seq and scATAC-seq analysis (Penkala et al.,

2021). In brief, libraries were prepared according to the manufac-

turer’s protocol using Chromium Single Cell 30 v.3.1 chemistry,

and then sequenced on the Illumina NovaSeq 6000 instrument

with paired-end 150-bp reads. During data processing, a QC violin-

plot was made to address differences in data quality between

samples and CD31+ cells were filtered out. The demultiplexing,

barcoded processing, and gene counting were made using

STARSolo 2.7.9a, and downstream analysis was performed using

Seurat v.4 as we have reported previously (Basil et al., 2022; Zepp

et al., 2021; Penkala et al., 2021). Pseudotime trajectory analysis

was performed using Slingshot (Street et al., 2018).

scATAC-seq analysis

Cells were isolated as for scRNA-seq and nuclei isolation and

counting were conducted according to the manufacturer’s proto-
col (10X Genomics, Single Cell ATAC v.1 reagents). Data process-

ing such as read filtering and alignment, transposase cut site iden-

tification, and peak accessibility was conducted using Cell Ranger

ATACpipeline. Datawere further processed using the Seurat exten-

sion Signac (https://satijalab.org/signac/). Cells were removed if

peak fragments were less than 3,000, percent reads in peaks was

less than 15%, a genome blocklist ratio was greater than 0.025,

and a mono-nucleosomal/nucleosome-free ratio was greater than

10. Normalization was performed using term frequency-inverse

document frequency (TF-IDF) and dimension reduction by

running singular value decomposition on the TF-IDF normalized

matrix. Non-linear reduction was performed similar to scRNA-

seq with UMAP and graph-based clustering with the Louvain algo-

rithm. Gene activity score was computed using the chromatin

accessibility reads associated with each gene. scATAC-seq and

scRNA-seq were integrated using a crossmodality integration and

label transfer method to identify shared correlation patterns in

the gene activity matrix and scRNA-seq dataset using the

FindIntegrationAnchors and IntegrateData functions and Covera-

geplots were created using Signac.

CUT&RUN analysis

GFP+/Epcam+ AT2 cells were FACS sorted from the SftpcEGFP mouse

line (Vanderbilt et al., 2015). CUT&RUNwas performed (usingCell

Signaling, cat. no. 86652) with 200,000 cells/per reaction, and 5 mL

Anti-H3K79me2 antibody (Abcam, 3594), 2 mL anti-H3K4me3 (as a

positive control), and IgG XP isotype-negative control. DNA was

purified using phenol/chloroform extraction followed by ethanol

precipitation. DNA libraries were prepared using DNA Library

Prep Kit for Illumina. Analysis was performed using the CUT&RUN

v.1Nextflowpipeline fromnf-core (https://nf-co.re/cutandrun). In

brief, fastq files were adapter trimmed using Trim-galore. Reads

were aligned to the mouse reference genome (Grcm38) using Bow-

tie2 and duplicate reads weremarked using Picard. Coverage tracks

were created using Bedtools. Peaks were called using SEACR and

consensus peaks were called using Bedtools. Plots were created us-

ing the UCSC genome browser.

Statistical analysis

qPCR and organoid colony counts used an unpaired t test for

measuring statistical significance.

Data access

The genomic data found in this report can be accessed at the GEO

under accession no. GSE210800.

Data and code availability

The genomic data found in this report can be accessed at the GEO

under accession no. GSE210800.
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