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Context-dependent roles of mitochondrial LONP1 in
orchestrating the balance between airway
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SUMMARY

While all eukaryotic cells are dependent on mitochondria for function, in a complex tissue, which cell type and
which cell behavior are more sensitive to mitochondrial deficiency remain unpredictable. Here, we show that
in the mouse airway, compromising mitochondrial function by inactivating mitochondrial protease gene
Lonp1 led to reduced progenitor proliferation and differentiation during development, apoptosis of terminally
differentiated ciliated cells and their replacement by basal progenitors and goblet cells during homeostasis,
and failed airway progenitor migration into damaged alveoli following influenza infection. ATF4 and the inte-
grated stress response (ISR) pathway are elevated and responsible for the airway phenotypes. Such context-
dependent sensitivities are predicted by the selective expression of Bok, which is required for ISR activation.
Reduced LONP1 expression is found in chronic obstructive pulmonary disease (COPD) airways with squa-
mous metaplasia. These findings illustrate a cellular energy landscape whereby compromised mitochondrial
function could favor the emergence of pathological cell types.

INTRODUCTION and idiopathic pulmonary fibrosis.’®'® Recent studies in the
lung revealed that disruption of mitochondria-mediated calcium
homeostasis, specifically in alveolar type 2 cells (AT2s), altered

surfactant secretion and cell differentiation after bacterial infec-

The human airway is composed of a rich array of cell types, each
with specialized function.”™ A balanced ratio of progenitor

versus progeny cells is essential for proper airway function.
Airway epithelium is also a source of progenitors that can migrate
into the alveolar region following influenza infection.”” How the
optimal balance of airway progenitor and progeny cell types is es-
tablished, maintained, and restored remains poorly understood.

Aside from their canonical role as the energy source of the
cell,>. mitochondria dynamically modulate many other funda-
mental cellular processes, including stem cell self-renewal and
differentiation.®~'® Mitochondrial dysfunction has been docu-
mented in many human disorders, including respiratory diseases
such as chronic obstructive pulmonary disease (COPD), asthma,

tion.?%?" Shortly after birth, decreased mitochondria abundance
and altered mitochondria subcellular localization in AT2s
impaired platelet-derived growth factor (PDGF) signaling from
these cells.>® During embryonic development, genetic inactiva-
tion of electron transport chain (ETC) complex | subunit Ndufs2
impaired AT2-to-AT1 cell differentiation.?® If and how diverse
cell types respond differently to disruption of mitochondrial ac-
tivity remains poorly understood. Given the complex cellular
composition and the cardinal role as the frontline barrier against
inhaled pathogens, the conducting airway epithelium serves as a
rich setting to explore mitochondria-dependent cell behaviors.

Cell Stem Cell 37, 1-19, October 3, 2024 © 2024 Elsevier Inc. 1
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Figure 1. Lonp1 is required for airway epithelial cell differentiation and homeostasis
(A and B) Western blot and quantification of ETC components in E13.5 lungs. n = 3 for each.
(C) Quantification of mitochondrial DNA copy number in E13.5 lungs. n = 10 for each.
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Precise synthesis, folding, and assembly of proteins in mito-
chondria are essential for their health and function. Mitochon-
drial protein quality is closely monitored by a group of resident
proteases that are specialized to degrade unfolded, misfolded,
or damaged proteins.?* AAA+ Lon protease 1 (LONP1) is a serine
peptidase that is evolutionarily conserved from bacteria to hu-
man. In eukaryotes, LONP1 homo-oligomerizes to form a soluble
hexameric ring in the mitochondrial matrix,”>?® where it binds
and cleaves a broad range of substrates.”’° In addition,
LONP1 was found to possess protease-independent chaperone
activity for protein stabilization,*® as well as DNA binding activity
for mitochondrial DNA maintenance.®’° Consistent with its
multifaceted roles in maintaining mitochondrial health, a
decrease in LONP1 transcripts and genetic mutations in the
gene are associated with multiple human diseases.*®*' For
example, mutations in LONP1 were repeatedly found in patients
with congenital diaphragmatic hernia (CDH), and we showed
that inactivation of Lonp1 in mice led to severe lung hypoplasia,
recapitulating a key pathological feature of CDH.*?

Respiratory distress is a leading cause of CDH infant death.
Work from us and others shows that multiple CDH genes play
essential roles in lung development, suggesting lung-intrinsic re-
quirements for these genes.**>™*° To dissect the mechanism of
Lonp1 function in lung, here we conditionally inactivated Lonp1
by using multiple cre lines targeting different cell types in lung.
We show that inactivation of Lonp17 in different cell types at
different stages led to distinct phenotypes, suggesting that
LONP1 plays an array of essential roles in controlling airway
epithelial progenitor versus progeny cell composition and
behavior in a context-dependent manner.

RESULTS

Lonp1 is required for balancing progenitor and progeny
composition in the airway epithelium
Analysis of published single-cell RNA sequencing (scRNA-seq)
showed that Lonp1 is ubiquitously expressed in all developing
and adult lung cell types, including epithelial, mesenchymal,
endothelial, and immune cells, consistent with its general role
in maintaining mitochondrial health’®*” (Figure S1A). Wide-
spread expression in the airway epithelium is validated by RNA-
scope co-detection of Lonp7 RNA with marker proteins for club,
ciliated, and basal cells (Figure S1B). To investigate the require-
ments for Lonp1 in lung, we inactivated Lonp1 in the developing
epithelium by generating Shh°®*;Lonp1*f°%  (hereafter
Shhcre;Lonp1) mutant mice (Figure S1C) and in the adult airway
epithelium by generating Sox2°"°ER72/+:| onp 17X/ (hereafter
Sox2creER;Lonp1) mutant mice (Figure 1H).

To determine how loss of Lonp1 impacts mitochondrial func-
tion in the lung, we investigated multiple key mitochondrial pa-
rameters, including protein levels of ETC subunits, mitochondrial
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DNA copy numbers, generation of reactive oxygen species
(ROS), protein solubility in the presence of detergent, and the ox-
ygen consumption rate (OCR). By western blot using whole lung
extracts at embryonic day (E) 13.5, we found that ETC compo-
nents from complexes I-IV were significantly decreased in the
Shhcre;Lonp1 mutant lungs (Figures 1A and 1B). The extents
of some of these decreases were even more so than the
decrease in LONP1, possibly due to different rate of turnover in
the cell or different proportional levels in the epithelium
compared with the remainder of the lung. Interestingly, level of
the nuclear-encoded subunit ATP5A1 (complex V) remained un-
changed in the mutant. Similar changes were also reported when
Lonp1 is inactivated in the cardiomyocytes of heart tissue.*®*°

Mitochondria are the major source of cellular ROS, which are
primarily generated by the reduction of oxygen and leaked elec-
trons from the ETC during oxidative phosphorylation. We quan-
tified mitochondrial ROS from isolated epithelial cells using
MitoSOX staining followed by flow cytometry®® and found
increased MitoSOX signal in the E13.5 Shhcre;Lonp1 mutant
lungs compared with control, consistent with increased ROS
as a result of disrupted ETC (Figure S1D). We also found that
the detergent-insoluble fractions of mitochondrial proteins, but
not the soluble or total protein fractions, were more enriched in
E13.5 Shhcre;Lonp1 mutant lungs compared with control (Fig-
ure S1F), in line with previous findings that inhibition of LONP1
activity led to accumulation of protein aggregates.®**>° Further-
more, we carried out seahorse mitochondria stress tests, which
demonstrated a significant reduction of both basal and coupled
mitochondrial respiration in sorted airway epithelial cells of
Lonp1 adult mutant compared with control (Figure S1E). Using
quantitative PCR, we additionally found a significant reduction
of mitochondrial DNA copy number in E13.5 Shhcre;Lonp1
mutant lungs compared with control (Figure 1C). These results
together suggest that Lonp1 is essential for maintaining mito-
chondrial proteostasis and mitochondrial health in lung.

Shhcre;Lonp1 mutants died at birth, mimicking CDH pa-
tients.*? Mutant mouse lungs show severe growth and branching
morphogenesis defects that were evident at E13.5, suggesting
that Lonp1 is essential for normal lung development (Figures S1G
and S1H). We found no change in apoptosis marker-cleaved
caspase-3 staining (Figures S1l and S1J). By contrast, there is
a significant loss of cell proliferation that is specific to the epithe-
lium as indicated by reduced EdU labeling (Figures S1K and
S1L). Consistent with this, there is a significant increase in cell
cycle negative regulator CDKN1A protein (also termed P21) by
staining (Figures S1M and S1N). These data suggest that
reduced cell proliferation is likely a primary mechanism for the
growth defect.

To investigate if Lonp1 is required for cell differentiation, we
examined major epithelial cell type markers in Shhcre;Lonp1 air-
ways compared with controls. At E16.5, while the alveolar type 1

(D-G) Immunostaining and quantification of club, ciliated, and basal cells (quantification of luminal KRT5) in E18.5 trachea. n = 3 for each. Scale bars, 50 pm.

(H) Experimental scheme for adult inactivation of Lonp1.

(I-P) Immunostaining and quantification of club, ciliated, basal (quantification of luminal KRT5), and goblet cells at indicated days after the last dose of tamoxifen.
Boxed regions are magnified on the right. n = 3 for each. Scale bars: 50 pm for trachea, 200 pm for lung, and 20 pm for magnified panels on the right in (l). Scale
bars: 30 um for trachea and 500 um for lung in (L). Scale bars: 50 um in (M) and (O).

Student’s t test was used for (B), (C), (E), (G), (J), (K), (N), and (P).
See also Figure S1.
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Figure 2. Lonp1 is required cell-autonomously for ciliated cell survival

(A) Experimental scheme for analyzing apoptosis in Sox2creER;Lonp1.

(B and C) Immunostaining and quantification of cleaved caspase-3 for apoptotic cells (denoted by arrowheads) at day 14 post gene inactivation with quantifi-
cation at multiple time points in (C). Regions marked by yellow asterisks were magnified in the upper inserts. Scale bars, 50 um.

(D and E) Immunostaining and quantification of cleaved caspase-3 with ciliated, club, and basal cells at day 14 post gene inactivation. n = 3 for each. Scale
bars, 30 pm.

(legend continued on next page)
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and type 2 cell markers remain present (Figures S10 and S1P),
there is a near complete loss of both club (SCGB1A1,
SCGB3A2) and ciliated cell (FOXJ1) markers in the entire mutant
epithelium at E18.5 (Figures 1D, 1E, S1Q, and S1R). Focusing on
airway progenitor cells, while TRP63+KRT5+ basal cells were
found on the basal side of the tracheal epithelium, similar to con-
trol, there is an ectopic emergence of TRP63-KRT5+ cells,
constituting a majority of the mutant airway luminal cells
(Figures 1F and 1G). These Iluminal cells also express
KRT17 and KRT13, genes present in subsets of basal cells
(Figures S1T-S1X).%' These luminal cells have already taken on
basal characteristics at E15.5, the stage of basal cell specifica-
tion (Figure S1S). Based on a recent study delineating the pro-
gression of airway cell differentiation during development,?
these results suggest that in the absence of Lonp1, primordial
airway progenitor cannot differentiate into club and ciliated cells
and instead differentiate into TRP63-KRT5+KRT13+KRT17+
luminal cells.

Altered airway progenitor/progeny composition was also
observed in the Sox2creER;Lonp1 adult mutants, including a
clear reduction of club and ciliated cells (Figures 1I-1K) and an
increase of TRP63-KRT5+ cells in the luminal layer of the trachea
(Figures 1L, 1N, S1Y, and S1Z). Furthermore, we found that a
group of basal-like cells (TRP63+KRT5+ or TRP63+KRT5-)
ectopically appeared in the intrapulmonary airway of Sox2-
creER;Lonp1 mutants in various regions, some with multi-
layered metaplastic characteristics (Figures 1L, 1M, and S1Y).
Interestingly, goblet cells were significantly increased in the in-
trapulmonary airway but not in the trachea of the Lonp7 mutant
(Figures 10 and 1P). It is notable that the metaplastic basal and
goblet cells observed in the Lonp1 mutant airway recapitulate
the hallmarks of COPD pathology.

Lonp1 is required for the survival of terminally
differentiated ciliated cells

Given that airway epithelial cells are relatively quiescent during
homeostasis,’>* It is therefore intriguing that a severe airway
phenotype developed within 1 month following Lonp1 inactiva-
tion in the Sox2creER;Lonp1 mutants. To explain the mechanism
of this increased cellular turnover, we found a clear increase of
cleaved caspase-3 staining in the mutant epithelium compared
with control, where minimal signal was observed across all
examined time points (Figures 2A-2C). This increase in
apoptosis was observed as early as day 10, peaked at day 22,
and remained elevated during the emergence of ectopic basal
cells at day 30 (Figure 2C). After co-staining with major airway
cell type markers, apoptosis was exclusively found in ciliated
cells but not in either basal or club cells (Figures 2D and 2E).
Release of cytochrome c from permeabilized mitochondrial
membrane into the cytosol is considered a key step of apoptosis.

¢ CellP’ress

We found that compared with ciliated cells in the control airway
where cytochrome ¢ remained colocalized with mitochondria,
which are enriched in the apical region, cytochrome c was de-
tected in non-apical regions of ciliated cells in mutant airway,
away from the apically localized mitochondria (Figures S2A-
S2C). Notably, in the Sox2creER;Lonp1 mutant, cell cycle
arrest marker CDKN1A was detected only in few airway epithelial
cells in the mutant airway, similar to the control (Figures S2D
and S2E).

In the adult airway, to address if Lonp1 is required in progen-
itor club or basal cells, or the terminally differentiated ciliated
cells for the phenotypes, we inactivated Lonp1 in club cells in
Scgb1a1°reERT2/*+| onp 170X/fox (hereafter ScgblalcreER;Lonp1)
mutants (Figure S2F), in basal cells in Trp63°®ERT2:| onp 17ox/fiox.
Rosa'@™omat (hereafter Trp63creER;Lonp1;tdT) mutants (Fig-
ure S2L), and in ciliated cells in Foxj1°®E T2 onp 17¥/% (here-
after Foxj1creER;Lonp1) mutants (Figure 2F), respectively. Neither
club nor basal cell mutants showed any baseline phenotypes, un-
like that in Sox2creER;Lonp1 mutants. We subjected these mu-
tants to naphthalene-induced injury (275 mg/kg). At this dose,
naphthalene is known to ablate club cells in the intrapulmonary
airway and both club and ciliated cells in the trachea
(Figures S2G and S2M).>° During the regenerative process,
Lonp1-deficient club cells in the Scgb1aicreER;Lonp1 mutant in-
trapulmonary airways maintained a comparable potential for self-
renewal as control, as demonstrated by the nuclear staining of
proliferative marker KI67 (Figures S2H and S2I). At day 21 post
injury, previously lost club cells were similarly restored in the
mutant airway as in the control (Figures S2J and S2K). In the tra-
chea of Trp63creER;Lonp1;tdT mutants, KRT5+ transient ampli-
fying cells were similarly expanded to the luminal side of the
injured airways at day 3 post injury (Figure S2N). By day 9 post
injury, proper basal/club/ciliated cell composition was restored
in both the mutant and control, likely from basal cells that were
lineage-traced by tdTomato (Figures S20-S2Q). We found no
significant differences of cell numbers between control and
mutant mice at any examined time points (Figures S2R and
S28). These data suggest that Lonp1 is dispensable for either
club or basal cells during airway reconstitution following injury.
By contrast, in the ciliated cell mutant compared with the
control, robust apoptotic signal was enriched in ciliated cells
starting at day 18 following Lonp7 inactivation at baseline
(Figures 2G and 2H), suggesting that Lonp1 is cell-autonomously
required in ciliated cells for the maintenance of cell survival.
Noticeably, the apoptotic signal appeared in different time points
post tamoxifen administration in the Lonp7 mutants driven by
either FoxjicreER (day 18) or Sox2creER (day 10). This discor-
dance may be caused by different cre efficiency.*®*’ Alternatively,
it is possible that in the Sox2creER;Lonp1 mutant airways, addi-
tional cell non-autonomous factors from surrounding mutant

F) Experimental scheme for inactivating Lonp1 in ciliated cells.

(
(G and H) Immunostaining and quantification of cleaved caspase-3 in ciliated cells at multiple time points. n = 3 for each. Scale bars, 30 um.
(I) Experimental scheme for continuous tamoxifen administration in Foxj1creER;Lonp1.

(J-L) Immunostaining and quantification of club and ciliated cells at denoted time points. n = 3 for each. Scale bars, 30 um.

(M-O) Immunostaining and quantification of basal cells at day 60 on tamoxifen. Boxed regions are magnified in (N). Asterisks denote non-specific staining
underneath the airway. n = 3 for each. Scale bars: 25 pm for trachea, 1 mm for lung, and 50 um for magnified images in (N).

Student’s t test was used for (C), (H), (K), (L), and (O). One-way ANOVA test was used for (E).

See also Figure S2.

Cell Stem Cell 37, 1-19, October 3, 2024 5




Please cite this article in press as: Xu et al., Context-dependent roles of mitochondrial LONP1 in orchestrating the balance between airway progenitor
versus progeny cells, Cell Stem Cell (2024), https://doi.org/10.1016/j.stem.2024.08.001

¢ CelPress Cell Stem Cell

A g PR D .
S} } oo Integrated stress response T 8 Control a
] A 3 .
) K Striated muscle contraction 56 Shhere;Lonp1 x l
T 2 1
a Cell cycle related genes aE:_ 4 *% YL,
S e X f
i Collagen assembly ©olns s ns ms ”SF 1
=2 + 2
= © = 1 b3
' Hedgehog signaling K o 3 TR E s 5 : :
° 0246 8101214 @ Clpp Hspd1 Em1 Xbp1 Atf6 Atf4 Ddit3 Asns Trib3
-6 -4 -2 0 4 6 ——
Log2(Shhcre; Lonp 1/Control) -Log10(P-value) mtUPR IRE ATF6 ISR
Cell
B zsoe e ISR ATF6 IRE mUPR E Control Shhore.Lonp? F1 o o
-1.0 1 % -
o ©0.8
Control < g
(=) £0.6
= 0.
3 04
Shhcre; A <0.
Lonp1 F 00.2
E &
) < 0
&\b« ,\(\Qs?\(\(:’ oK \\a" . Control Shhcre;
0 Q £13.5 Lonp1
G H I Siweas J Control  =m Sox2creER;Lonp1
® Control s Club cell
® Sox2creER; ol Cycling club cell Cvai C:uk; ce::
Lonp1 BASCs ycling cl ;Ascgs
N . ~Btressed PNEC tr BA!
. : 5 S escslifate dsccei fuoreon Expreccion Stressed BASCs
) L 8 Ciliated cell
. y i . Stressed ciliated cell In Stressed ciliated cell
£ ;Qé‘g?, A o Deuterosomal{es- - 1 Deuterosomal
£ % LR Basal cellfoe-- oo Fepen Searcensd Basal cell
- Serous cell-« 0oz Serous cell
idlomato Goblet el Jer Gabet ol
. PNEC fee -
b 2 Stressed PNEC
St ed cell
ressed aiway 8l . oyeipg club cel Stressst;edszfrt\:’lv aP;\l(Ii(ﬁ l Stressed aiway cell
0.0 0.5 1.0
3 P o = ) o Ratio
et
Z-Score
K &5 L M s N ISR ATF6  IRE1
03 8 03 ISR pathway e en W 415 ns
Integrated stress response o L P L .

N
=)

Glycolysis
Mitochondrial apoptotic factors
Mitochondrial protein import
Cell cycle checkpoint
Senescence heterochromatin
TP53 DNA repair

Adherens junction

Tight junction

Heme biosynthesis
Lipoprotein assembly

FGFR2 ligand binding

lon transport

Fatty acids

R o2 oo
o\\g;%%”%% oG @%0 % ;;%\@\“ a@(} Vo

o
=)

poseanu

12 1.05

Pathway
enrichment score
2 ;

peseanag
o
X

1.00

1.00.

EControl M Sox2creER;Lonp1

5\@ @" 5\@0

(o) Tmx Analyze
ControI. Q + 0.4— @ Control *k
SoxzcreER;LonpT 4570 46810 14 18 22Days S 0.3] = SoxzcreER;Lonp1 I\**

P Control Sox2creER;Lonp1 o y
L 02 \
0.1 7 T
2 - 3

0.0

T T T T

6 8 10 14 18 22
days post Tam

s}

*%
*%

100%- oge

Airway composition
of ATF4+ cells
N
o
N

Ciliated  Club Basal

D10 Lung
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epithelial cells could function as pro-apoptotic signals, which syn-
ergized with factors in ciliated cells to accelerate their apoptotic
process.

A previous study showed that airway cell type composition re-
turned to normal after one-time genetic ablation of ciliated
cells.>* However, in Sox2creER;Lonp1 mutant mice, every time
a lost ciliated cell is replaced by a new one derived from progen-
itors such as club cells, it is already mutant for Lonp1, and it
would be on the path to die. Such continuous ciliated cell death
would cause a drain of progenitors in the Sox2creER;Lonp1
mutant airways. To test this hypothesis, Foxj1creER;Lonp1 mu-
tants were subjected to repeated tamoxifen administration, lead-
ing to Lonp1 recombination in nascent ciliated cells (Figure 2I).
Aside from continued ciliated cell loss, there was also a signifi-
cant decrease of club cells at day 30, progressing in severity at
day 60, consistent with a continuous drain of progenitor club
cells (Figures 2J-2L). Basal cell hyperplasia in the trachea and
appearance of ectopic basal cells in the intrapulmonary airways
were similarly found in the FoxjicreER;Lonp1 mutant mice
following repeated tamoxifen injections (Figures 2M-20 and
S2T-S2W), even though at a lesser frequency compared with
Sox2creER;Lonp1 mutants. Taken together, these data suggest
that despite similar imbalance of airway cell types found in the
developing and adult Lonp7 mutant airways, distinct cellular
mechanisms are at play.

Transcriptome profiling revealed activation of ISR
pathway in Lonp1 mutant airways

To dissect the molecular changes leading to the Lonp1 mutant
phenotypes, we first performed bulk RNA-seq analysis using
Shhcre;Lonp1 and control lungs at E13.5. With cutoff at
p < 0.01 and fold change > 1.5, 511 upregulated genes and
439 downregulated genes were identified in the mutant
compared with control (Figure 3A). Among them are increased
cell cycle negative regulator Cdkn1a and its direct target
Gadd45a (Figure 3B), consistent with decreased cell proliferation
described above. Aside from these, gene ontology analysis of
differentially expressed genes revealed that integrated stress
response (ISR), one of the three branches of endoplasmic retic-
ulum (ER) stress responses, ranked at the top of enriched terms
(Figure 3C). Activation of this stress pathway is highly selective,
as neither IRE1 and ATF6 pathways, the other two branches of

¢ CellP’ress

ER stress response, nor the canonical mitochondrial stress
pathway were affected in the Lonp7 mutant (Figures 3B and
3D). We next validated ISR activation at the protein level by im-
munostaining of activating transcription factor 4 (ATF4), the
key effector of the ISR pathway.*® We found a clear increase of
ATF4 in the nucleus of epithelial cells of Lonp7 mutants
(Figures 3E and 3F). Consistent with this, by immunostaining,
phosphorylation of ATF4 upstream regulator elF2q. is increased
in the Lonp1 mutant lung (Figures S3A and S3B). Further up-
stream, as the principal kinase triggering the elF20-ATF4
cascade, phosphorylated PERK was significantly increased in
the Shhcre;Lonp1 mutant lungs compared with control
(Figures S3C and S3D). These results demonstrate the activation
of the PERK-elF2a-ATF4 cascade in the Lonp1 mutant airways
compared with control.

In the adult mutant, to systematically profile the cellular het-
erogeneity and dissect the underlying molecular mechanisms,
we carried out single-cell transcriptomic analysis of lineage-
labeled epithelial cells sorted from Sox2°EF™2*:| onp1™/f:
Rosa™@™™ma® mutant and control lungs at day 39 following
Lonp1 inactivation. A total of 27,402 epithelial cells (9,682 in con-
trol, 17,720 in mutant) passed quality control cutoffs and were
used for further dimension reduction and integration. Unsuper-
vised clustering and cell type identification using canonical
marker genes from Lung CellCards®® revealed the expected
airway cell types in the control lung (Figures 3G-3l). In compari-
son in the mutant lung, club and ciliated cells were greatly
reduced while basal and goblet cells were increased
(Figures 3J and S3E), consistent with the results from immuno-
staining (Figures 1H-1P).

We note that for multiple cell type clusters, a portion of the
mutant cells segregated away from equivalent control clusters
(Figures 3G and 3H). Pathway enrichment analysis revealed that
cell junctions and mitochondria-associated metabolic processes,
such as heme and fatty acids biosynthesis, were reduced in the
mutant cells (Figure 3K). Conversely, ISR, glycolysis, cell cycle
checkpoint, and P53-mediated DNA repair were elevated in
most of the mutant cell types (Figure 3K). Focusing in on the cell
clusters that have shifted position in the mutant, even though
they are characterized by the same cell type markers as
their equivalent control cell type, these mutant cells show remark-
ably decreased expressions of marker genes and increased

(
(D) RT-gPCR quantification of stress-related genes at E13.5. n = 4 for each.
(

(

on the lower right.

H) UMAP with annotations of different cell types.

1) Dot plot showing expression levels of identified marker genes.

J) Ratio of control versus mutant cell numbers in each cell type.
K) Heatmap showing Z scores of differentially enriched pathways.

C) Top biological processes from GO analysis of differentially expressed genes.

E and F) ATF4 immunostaining and quantification with epithelium outlined by E-cadherin at E13.5. n = 4 for each. Scale bars, 50 um.
G) Integrated UMAP of control and Sox2creER;Lonp1 adult lungs with individual conditions shown on the right. Feature plot of lineage reporter tdTomato shown

L) ISR pathway enrichment score projected onto UMAP. Red dashed lines outline mutant-specific clusters.

N) Violin plots showing enrichment scores for branches of the ER stress pathway.

0O) Experimental scheme for analyzing ISR activation in Sox2creER;Lonp1.

P and Q) Immunostaining and quantification of ATF4 with FOXJ1 at denoted time points. Arrowheads denote ATF4+ ciliated cells. Scale bars, 50 um.
R) Quantifications of ATF4 co-staining with ciliated, club, and basal cell markers at day 10 post gene inactivation. n = 3 for each.
Student’s t test was used for (D), (F), and (Q). Wilcox test was used for (N). One-way ANOVA test was used for (R).

(
(
(
(
(
(M) Feature plots of core ISR genes.
(
(
(
(

See also Figure S3 and Table S2.
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expressions of stress-responsive genes in the ISR pathway, such
as Atf4, Ddit3, Gadd45a, and Trib3 (Figure 3l). We therefore
named them stressed ciliated cells, stressed PNECs, and
stressed bronchioalveolar stem cells (BASCs). UMAP projection
of enrichment score of the ISR pathway genes (Figure 3L), expres-
sion features of individual ISR marker genes (Figure 3M), as well as
in vivo detections of Atf4 RNA transcripts at 10 days post Lonp1
inactivation (Figures S3F-S3H), revealed that ISR is broadly acti-
vated at the transcriptional level in the mutant airway epithelium.

Focusing on the ISR signature, highest on the spectrum is a
mutant-specific cluster that we named stressed airway cells,
which express minimum of the differentiated cell type marker
genes (Figure 3l) but are nevertheless high-quality airway cells
based on their expression of Sox2-lineage label tdTomato tran-
scripts (Figure 3G insets). The presence of these cells was
confirmed by immunostaining as E-cadherin+ airway epithelial
cells without expression of major epithelial cell type markers
(FOXJ1 for ciliated cells, SCGB1A1 for club cells, KRT5 for basal
cells, and MUCS5B for goblet cells) (Figure S3I). By single-cell tra-
jectory pseudotime analysis using either club or basal progenitor
cells as root cells, stressed airway cells were predicted at the
end of the trajectory, immediately preceded by stressed ciliated
cells (Figures S3J and S3K). Taken together, these data suggest
that failure to maintain airway cell fate can be a long-term conse-
quence of loss of Lonp1.

To confirm elevated ISR in the mutant, we assessed the pres-
ence of core ISR effector ATF4 at the protein level. In the Sox2-
creER;Lonp1 mutant airway but not in control, ATF4 protein was
specifically detected in the nucleus of ciliated cells starting at
day 8 (Figures 30-3R). Nuclear ATF4 was not detected in other
airway cell types, despite broader detection of its RNA signals
in the scRNA-seq, suggesting cell-type-specific regulation of
ATF4 at the post-transcriptional level, consistent with prior
knowledge.®® Nuclear ATF4 proteins peak at day 10 and
declined to near baseline level by day 22 and thereafter, despite
persistently elevated transcripts at day 39 in the scRNA-seq
data, suggesting temporal-dynamic post-transcriptional regula-
tion (Figure 3Q). Intriguingly, our scRNA-seq data revealed that in
the Lonp1-deficient ciliated cells, there is a clear increase in the
expression of the SCF ubiquitin ligase BTRCP (encoded by the
gene Btrc), which is known to mediate ATF4 protein degradation,
raising the possibility that this increase may further explain the
discordance between the presence of Atf4 transcripts and
absence of ATF4 protein (Figure S3L).°" For the other branches
of the ER stress response, in the scRNA-seq data, the ATF6
branch genes also showed a statistically significant increase,
while the IRE1 branch genes remained unchanged (Figures 3N
and S3M). However, the N-terminal activated form of ATF6
was not detected in the nucleus of Lonp7-deficient epithelial
cells across all time points examined, suggesting that the
elevated transcripts do not translate into functional protein
(Figure S3N).°?

In the scRNA-seq dataset, basal cells were found in both
control and mutant samples, expressing the same canonical
markers, Krt5 and Trp63 (Figure S30). To gain better resolution
on the molecular features of the basal cells, bona fide basal
cells with normalized expression value of Krt5 > 0.5 or
Trp63 > 0.5 were selected for further subclustering analysis.
Following unsupervised clustering, these basal cells were sepa-
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rated into two clusters, annotated as basal-1 and basal-2,
respectively (Figure S3P). Each cluster consists of cells origi-
nating from both the control and the Lonp1 mutant (Figure S3Q).
For basal-1, marker gene analysis revealed enrichment of Krup-
pel family members Kif4, Kif6, KIf9, and KIf17, AP-1 pathway
genes Fos and Jun, and Cav1 (Figures S3R and S3S). All of
these factors have been reported to promote squamous cell
commitment in stratified epithelium.®*°” These characteristics
of basal-1 cells resemble the molecular features of the basal
cell subpopulation localized on the dorsal side of the trachea,
which was shown to exhibit higher colony-forming capac-
ity.>""°® On the other hand, for basal-2, molecular features of
club cells, including Scgb7a? and Scgb3al, were relatively en-
riched in addition to their clear expression of basal markers,
suggesting that these cells may be primed for transition to
club cells (Figures S3R and S3S). Immunostaining experiments
revealed that, in the Sox2creER;Lonp1 mutant, KRT17 was
ectopically detected in basal cells on the ventral side of the tra-
chea, unlike their normal restriction to the dorsal side in the
control trachea (Figures S3T and S3U). Noticeably, many of
these basal cells in the mutant also express KRT13
(Figures S3V and S3W), a marker for squamous epithelium
and “hillock” cells of high proliferative capacity in the tra-
chea.’”®%7% Furthermore, the ectopic basal cells found in the
intrapulmonary airway of Sox2creER;Lonp1 also express
KRT17 (Figures S3X and S3Y). Taken together, our data sug-
gest that Lonp7-deficient adult airways show significant trans-
formation toward squamous basal cell and goblet cell charac-
teristics, mimicking the composition of COPD airways.

Elevated ISR is responsible for airway phenotypes in the
adult Lonp1 mutants

The striking ISR signature raised the possibility that it could be
responsible for the phenotypes in the Sox2creER;Lonp1 mutant
airway. To test this, we first explored if airway cell apoptosis can
be inhibited by treatment using ISRIB, a small-molecule inhibitor
of ISR (Figure S4A). The nuclear staining of ATF4 in the ciliated
cells of Sox2creER;Lonp1 mutant mice was significantly
reduced in the presence of ISRIB (Figures S4B and S4C), sug-
gesting that ISR activation was efficiently blocked by ISRIB in
the mutant lung. This led to a striking reduction of apoptotic cells
(Figures S4D and S4E), suggesting that ISR activation is the lead-
ing cause of ciliated cell death.

We also tested the requirement for Atf4 genetically by condi-
tionally inactivating Atf4 in the Lonp1 mutant background
through generating Sox2°/ERT2/+: onp 1710X/oX, Atfaflox/fiox (here.-
after Sox2creER;Lonp1;Atf4) compound mutants (Figure 4A).
Assay of cell death revealed that apoptosis was largely reversed
by Atf4 inactivation (Figures 4B and 4C). Moreover, the ectopic
subcellular localization of cytochrome ¢ in the Lonp7-deficient
ciliated cells was also largely rescued (Figures S4F and S4G),
as was the loss of ciliated and club cells and the increase of basal
cells (Figures 4D-4H).

ATF4 is known to control apoptotic genes through co-binding
with one of its direct transcriptional targets, DDIT3.”"""? To
address if DDIT3 is required for the Lonp1 mutant phenotypes,
we inactivated Ddit3 in the Lonp1 mutant background by gener-
ating Sox2°eERT2/+:| opp1fiox/fiox. pgjt3fiox/fiox  (hereafter Sox2-
creER;Lonp1;Ddit3) compound mutants (Figure 4l). Similar to
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Figure 4. Lonp1 maintains airway homeostasis through repressing ISR

(A and I) Experimental schemes for analyzing airway phenotypes in Sox2creER;Lonp1;Atf4 (A) and Sox2creER;Lonp1;Ddit3 (l).

(B-P) Immunostaining and quantification of proteins as labeled. Quantification of luminal KRT5+TRP63— cells is shown in (H) and (P). Arrowheads denote
apoptotic ciliated cells. n = 3 for each. Scale bars, 30 um.

One-way ANOVA test was used for (C), (E), (F), (H), (K), (M), (N), and (P).

See also Figure S4.

in the compound mutants, we showed that a similar extent of
Lonp1 RNA reduction was achieved between single and double

Sox2creER;Lonp1;Atf4 mutants, ciliated cell apoptosis was
largely rescued by Ddit3 inactivation in the Lonp1 mutant back-

ground (Figures 4J and 4K). The reduction of both ciliated and
club cells and the increase of basal cells were also significantly
reversed in the Sox2creER;Lonp1;Ddit3 compound mutant
(Figures 4L-4P). To ensure that these genetic rescues were not
due to reduced cre-mediated recombination of individual alleles

mutants (Figures S4H and S4l). These findings together suggest
that elevated ISR pathway is responsible for loss of ciliated cells
in the Lonp1 adult mutant airway, leading to a cascade of airway
phenotypes including the loss of club cells and ectopic increase
of basal cells.
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As elevated ATF4 was also observed in the Shhcre;Lonp1 em-
bryonic lung, we next determined if the branching defects of
Lonp1 mutant could be rescued by introducing Atf4 flox alleles
into the Shhcre;Lonp1 background. Intriguingly, we found that
inactivating Atf4 in the developing lung using Shhcre led to
drastic lung defects, including extremely hypoplastic trachea
and lung lobes (Figure S4J). This striking phenotype remained
in the Shh°™®"*;Lonp 1™ Atf4”" mutant background (Figure S4J).
These data suggest an unexpected requirement for ISR in pro-
moting early lung development. Such early phenotypes pre-
cluded us from addressing if elevated Atf4 plays a role in medi-
ating Shhcre;Lonp1 phenotypes during lung development.

Bok expression in ciliated cells is required not only for
apoptosis but also for increased ISR in the adult Lonp1
mutant airway

To address the molecular basis leading to ciliated cell-specific
death, we analyzed our scRNA-seq data for expression of both
pro-apoptotic and pro-survival genes of the BCL-2 family, the
central factors that control apoptosis’®~° (Figure S5A). Among
them, we noted that Bcl-2-related ovarian killer (BOK), a lesser
known pro-apoptotic effector in BCL-2 family proteins,’® is
greatly enriched in ciliated cells in both normal and Lonp7-defi-
cient airway epithelium (Figures 5A, 5B, S5B, and S5C). This
expression specificity was further confirmed by analysis
of published scRNA-seq data of the wild-type airway (Fi-
gures S5D and S5E). We validated this finding in vivo by RNA-
scope in Fox;j1°°ERT2/+:Rosa!dTomat |ineage-labeled ciliated cells
(Figures 5C-5E). Such specificity led us to hypothesize that BOK
may function to mediate ISR-induced apoptosis in ciliated cells.
To test this, we inactivated Bok in the Lonp7 mutant
background by generating Sox2°ERT2/+:| opp 1710x/flox. ggflox/fiox
(hereafter Sox2creER;Lonp1;Bok) compound mutants (Fig-
ure 5F). Caspase-3 and cytochrome c staining revealed that
apoptosis resulting from loss of Lonp1 was largely reversed by
Bok inactivation (Figures 5G, 5H, S5F, and S5G). So was the
loss of club and ciliated cells and the increase of basal cells
(Figures 51-5M). In cell culture, it has been shown that BOK
can also function upstream to control ATF4 expression.”’
Consistent with this, we found that the ectopic activation of
ATF4 in the airway of Lonp1 single mutant was fully reversed
by additional knockout of Bok (Figures 5N and 50). Taken
together, our data indicate that BOK functions downstream of
LONP1 to control ISR-induced cell death in ciliated cells.

Lonp1 promotes pathologic basal progenitor cell
migration through repressing ISR following influenza
infection

It has been shown that KRT5+ basal cells are induced in the lung
airway post influenza infection and migrate into the injured alveoli
with the capability to give rise to distinct progeny cell types.®®"®

¢ CellP’ress

To investigate if LONP1 plays a role in mediating such
injury response, we inactivated Lonp1 in airway stem cells while
performing lineage tracing by using Sox2°°5F72*:1 onp1™™;
Rosa™@™ma (hereafter Sox2creER;Lonp1;tdT) (Figure 6A).°""°
At 14 days post viral infection, we found a similar number of
airway KRT5+ cells in the Lonp7 mutant compared with control
(Figures 6B and 6C), suggesting that the ability of airway progen-
itors to give rise to these cells is not affected. Interestingly, unlike
in the control, where the airway-derived KRT5+ basal cells
migrated into the damaged alveolar region and formed KRT5+
“pods,” they were rarely seen in the damaged alveoli of Sox2-
creER;Lonp1;tdT lungs (Figures 6B and 6D). This phenotype is
unlikely a result of delayed migration, as the pathologic basal
cells continued to be absent from damaged alveolar region at
54 days post injury (Figures S6A-S6C). We also addressed
whether the reduced migration could be due to resistance to
influenza infection in Lonp7-deficient mice by examining weight
loss (Figure S6D) and viral load (Figure S6E) post viral infection.
Instead of a decrease, our results show increased weight loss
and virus persistence in the Sox2creER;Lonp1 mutant, suggest-
ing that reduced KRT5+ pod cell migration is not due to a
decrease in the severity of injury in the mutant. Collectively, these
in vivo data suggest that Lonp1 is required for KRT5+ pod cell
migration following influenza infection.

The lack of migration phenotype in the Lonp7 mutant is of in-
terest also because current knowledge on the molecular control
of KRT5+ pods migration remains limited.”®"*° Immunostaining
revealed that post influenza infection, ATF4 is highly expressed
in the nucleus of KRT5+ cells in the airways of Sox2creER;
Lonp1;tdT but not in control mice (Figures 6E and 6F). While
no evidence of apoptosis was observed (Figure 6G), one of the
ISR downstream factor CDKN1A was found upregulated in the
basal cells of the mutants (Figures 6H and 6l). To determine if
elevated ISR may be responsible for the failure of KRT5+ cell
migration, we carried out influenza infection in aforementioned
Sox2creER;Lonp1;Atf4 compound mutants and Sox2creER;
Lonp1;Atf4/+ single mutants as controls (Figure 6J). Interest-
ingly, KRT5+ pods returned in the damaged alveoli of the com-
pound mutants (Figures 6K-6M). These findings demonstrate
that loss of Lonp1 led to elevated ISR, which in turn suppress
KRT5+ cell migration into the alveolar region following injury.

Bok is required for ISR activation in stalled airway basal
progenitor cells in Lonp1 mutants following influenza
infection

Given that Bok is required for ISR activation in the ciliated cells,
we wondered if Bok would also play a role in stalled basal cells of
Lonp1 mutants after flu infection. To determine whether Bok is
expressed in the influenza-injured airway epithelium, we per-
formed scRNA-seq using control and injured lungs following
influenza infection at the start of ectopic airway basal cell

(C) Experimental scheme for analyzing Bok expression in Foxj1creER;tdTomato.

(D and E) RNAscope staining and quantification of Bok RNA with lineage reporter tdTomato. Arrowheads denote Bok-expressing ciliated cells. n = 3. Scale

bars, 20 pm.

(F) Experimental scheme for analyzing airway phenotypes in Sox2creER;Lonp1;Bok.
(G-O) Immunostaining and quantification of proteins as labeled. Arrowheads denote co-staining. n = 3 for each. Scale bars, 50 um.

One-way ANOVA test was used for (H), (J), (K), (M), and (O).
See also Figure S5.
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migration (day, day 11), as well as post migration (day 20) (Fig-
ure 7A). Unsupervised clustering showed that two separated
populations (I and Il) of KRT5+ cells appeared de novo after flu
infection (Figures 7B, 7C, and S7A). Population | was mainly
composed of cells from day 11, while population Il was
composed of cells from both day 11 and day 20 (Figures S7B
and S7C). Marker gene analysis revealed that ectopic basal cells
in population | express proliferating genes including Mki67,
Birc5, and TopZ2a. In comparison, cells in population Il express
multiple genes associated with cell migratory processes, such
as Alcam, Runx1, and Krt15%%° (Figures 7C, 7D, and S7A).
Trp63, recently reported to be responsible for regulating basal
cell migration,®® was also found upregulated in population Il
(Figures 7C and 7D). These data align well with the dynamics
that ectopic basal cells undergo proliferation in the airways be-
tween 7-11 days post flu infection and migrate into damaged al-
veoli thereafter.5>”

Through differentially expressed gene analysis, we found that
Bok was highly enriched in the proliferating ectopic basal cells
(Figures 7D and 7E). RNAscope assay showed that Bok tran-
scripts were preferentially detected in the ectopic basal cells
residing along the airway, compared with those that have
migrated into the alveolar regions (Figures 7F and 7G). This
Bok expression pattern led us to hypothesize that it may play a
role in the activation of ISR in Lonp7-deficient pathologic basal
cells and their migration. To test this, we performed influenza
infection in the lungs of Sox2creER;Lonp1;Bok compound mu-
tants and Lonp1 single mutants (Sox2creER;Lonp1;Bok/+) and
compared the migration of KRT5+ cells into the alveolar region
(Figure 7H). We found that the stalled airway basal cells in the
Lonp1 single mutants after flu injury regained their migratory ca-
pacity in the compound mutants and colonized in the damaged
alveoli after flu injury (Figures 71-7K). Immunostaining showed
that activation of ATF4 and the resulting increase of senes-
cence-associated factor CDKN1A in the stalled basal cells of
Lonp1 mutants were significantly diminished in the compound
mutants (Figures S7D-S7G). These in vivo findings suggest
that Bok expression predisposes airway ectopic basal cells to
be sensitive to ISR in the absence of Lonp1-mediated mitochon-
drial homeostasis.

LONP1 is reduced in squamous airway epithelium of
COPD lungs

The cellular phenotypes in the airway of adult Lonp7 mutants
recapitulate the common features of COPD airways, including
ciliated and club cell loss, squamous basal cell metaplasia,
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and goblet cell hyperplasia.®® To address if LONP7 could play
a conserved role in the human lung during COPD pathogenesis,
we assessed its expression levels in the lungs of normal and
COPD donors. Published data®” suggest that at the transcript
level, there is no change of LONP1 RNA expression in the airway
epithelial cells of COPD compared with control (Figure S7H).
Consistently, by antibody staining, similar protein levels of
LONP1 were detected between control and non- or low-grade-
squamous epithelium of COPD airways (Figures 7L and 7N).
However, in high-grade-squamous epithelium, where basal cells
are greatly increased in number and stratified (Figure 7M), we
found a significant reduction of LONP1 protein staining intensity
in samples from multiple patients (Figures 7L and 7N). Consistent
with the apoptotic phenotype of the adult Lonp7 mutant mice,
apoptosis was detected in ciliated cells in the COPD airway
(Figures S71 and S7J). Such downregulation of LONP1 protein
in the human airway epithelium is consistent with a potential
role in the pathogenesis of COPD.

DISCUSSION

While the roles of mitochondrial have been investigated in many
cell types, there is limited direct in vivo comparison of mitochon-
dria functional thresholds across progenitor and progeny cells.
Inactivation of Lonp1 simultaneously in multiple cell types pre-
sented a unique opportunity to determine how diverse cell types
respond to the same level of mitochondrial deficiency. Our in vivo
results demonstrate that, depending on context, disruption of
mitochondrial activity could affect the behavior of either progen-
itor cells or terminally differentiated progeny cells; it could affect
either cell proliferation, differentiation, survival, cell fate mainte-
nance, or migration.

The phenotypes of the Lonp1 mutant are informative not only
for what cell types are absent but also for what ectopic cell types
that emerged when mitochondrial threshold was lowered. These
findings led us to propose a cellular energy landscape that is
inspired by the Waddington landscape widely used to depict ep-
igenomic states. In this cellular energy landscape (Figure 70),
certain early developmental events, such as primordial airway
progenitor cell proliferation, demand over the threshold of en-
ergy supply in the Lonp?1 mutant and therefore cannot be
executed. In comparison, the energy requirement for primordial
progenitor differentiation into P63+Krt5+ basal cells is under the
threshold and thereby occurred normally in the mutant. In the
adult airway, the results that Lonp1 is selectively required in cili-
ated cells are in line with the knowledge that the high-frequency

Figure 6. Lonp1 promotes influenza-infection-induced pathologic basal progenitor cell migration through repressing ISR

(A) Experimental scheme for influenza infection.

(B) H&E analysis (left) and lineage tracing of SOX2+ airway progenitor cells (right) in virus-injured lungs. Boxed regions are magnified on the right to show that,
compared with control, KRT5+ basal cells are stalled in the mutant airway. Scale bars, 1 mm for whole lung H&E and immunostaining. 50 um for magnified images.

AW, airway.
C) Quantification of KRT5+ basal cells in injured airways. n > 5 for each.

(
(D) Quantification of damaged areas covered by KRT5+ basal cells. n > 5 for each.
(E-l) Immunostaining and quantification of proteins as labeled. n = 3 for each. Scale bars, 20 pm. AW, airway.

(J) Experimental scheme for influenza infection.

(K-M) Immunostaining of KRT5 and PDPN in virus-injured lungs. Boxed regions are magnified in (L). Percentage of damaged areas covered by KRT5+ basal cells

is quantified in (M). n = 4 for each. Scale bars: 1 mm in (K) and 100 pm in (L).
Student’s t test was used for (C), (D), (F), (I), and (M).
See also Figure S6.
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beating of cilia relies on a considerable amount of ATP produced
by mitochondria, which are localized adjacent to the basal
bodies of the cilia.?® In comparison to ciliated cells, ectopic
cell types such as metaplastic basal cells and goblet cells appear
less sensitive to mitochondrial perturbation, thereby having a se-
lective advantage, and are allowed to emerge in the Lonp1
mutant airway. The specific requirement for Lonp1 shifts after
injury, where airway-progenitor-derived KRT5+ cells elevated
into a higher energy state after they delaminated from the airway
heading into the alveolar region. Elucidation of other similar
cellular energy landscapes within and outside of the lung could
inform the hierarchy of cell types that are competitive to emerge
under changing constraints of energy supply in either disease
states or normal aging.

The findings that inactivation of Lonp1 affected different
cellular events in different settings suggest distinct downstream
molecular mechanisms. In the two adult settings, elevated ATF4
led to differential cell behaviors. It has been shown that ATF4 can
function acutely to relieve stress and secure cell survival, but
chronically to trigger apoptosis.®® ATF4 stability and transcrip-
tional activity can be regulated by various post-translational
modifications, including phosphorylation, acetylation, methyl-
ation, and ubiquitination.®"%%°° Furthermore, ATF4 heterodime-
rization with different binding partners is associated with a
switch between pro-survival versus pro-apoptotic out-
comes.”"?" In addition, various chromatin modifications on
target genes are required for transcriptional regulation by
ATF4.92°% We postulate that these context-dependent mecha-
nisms, either alone or in combination, serve as key contributors
to the distinct outcomes in the airway epithelium of Lonp7
mutants.

To be able to predict which cell types are more sensitive than
others to mitochondrial deficiency, we show that the selective
presence of BOK may contribute to this specificity. BOK was
identified as a pro-apoptotic BCL-2 family protein with restricted
expression in reproductive tissues.® Recent studies show that
BOK is required for ER stress-triggered apoptosis’’; however,
this role remains debated.®>°® Our findings here show that in
the adult airway, BOK is not only specifically expressed in cili-
ated cells but is also essential for ISR activation and apoptosis
of these cells. In our model, BOK bridges the gap between mito-
chondrial proteostasis and ER stress signaling. This is further
supported by data suggesting that BOK protein is localized at
the mitochondria-associated ER membrane and regulates cal-
cium flux between these organelles.®”
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Following influenza infection, while transcription factors,
including HIF1a and TRP63, have been shown to play critical
roles in rewiring the transcriptional programs of airway cells
into basal pods and potentiate their migration,”**° molecular
regulators of the process remain poorly understood. Here, our
results suggest that compared with the formation of these
ectopic basal cells, their migration is most sensitive to mitochon-
drial deficiency. In a normal airway, LONP1, acting to limit ISR,
functions as a rheostat in airway progenitors to fine-tune their
response to injury.

In summary, our findings here demonstrate that in a complex
tissue, different progenitor or progeny cell types, as well as
different cellular behaviors, present distinct sensitivity to
impaired mitochondrial function. The presence of Bok could
serve as a predictor for which cell types may be prone to cellular
stress from mitochondria. Such context-dependent specificity
informs how manipulating mitochondrial activity could be lever-
aged to promote healthy cell behavior and prevent disease in
selected cell types.

Limitations of the study

Aside from targeting Lonp1, exploring other avenues to tune
mitochondrial function would address how different thresholds
impact different airway cell types. In humans, whether reduction
of LONP1 or compromised mitochondrial function would trigger
remodeling of the human airways could be explored using hu-
man iPSCs or primary cell-derived organoids.
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Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
o Lead contact
o Materials availability
o Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
o Mice
o Human donors and tissue collection
e METHOD DETAILS
o Tissue preparation and immunofluorescent staining
EdU analysis for cell proliferation
RNAscope
Mitochondrial DNA copy number analysis
Mitochondrial ROS measurement by MitoSOX
Mitochondrial OCR analysis
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Scale bars, 50 pm.
(H) Experimental scheme for influenza infection.

C) Feature plots showing marker genes in proliferative (denoted by red arrowheads) and migratory (denoted by blue arrowheads) infection-induced basal cells.
D) Volcano plot showing differentially expressed genes between proliferative and migratory ectopic basal cells. Arrowhead denotes Bok.

E) Feature plot of Bok showing its preferential expression in proliferative ectopic basal cells (denoted by arrowhead).

F and G) RNAscope staining and quantification of Bok expression at day 14 post viral infection. Arrowheads denote Bok-expressing basal cells. n = 3 for each.

(I-K) Immunostaining and quantification of KRT5 at day 14 post viral infection. Boxed regions are magnified in (J). n = 4 for each. Scale bars: 1 mm in (I) and

100 pm in (J).

(L and M) Immunostaining of LONP1 protein (L) and KRT5+ basal cells (M) in the adjacent sections of human control and COPD airways. Dashed line denotes low-

grade to high-grade transition of squamous epithelium. Scale bars, 30 um.

(N) Quantification of LONP1 protein levels in control and COPD airways. n = 3 for each.

(O) Cellular energy landscape of the airway epithelium.

Student’s t test was used for (G) and (K). One-way ANOVA test was used for (N).

See also Figure S7 and Table S1.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xin Sun
(xinsun@health.ucsd.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Bulk and single cell RNA-seq data have been deposited at the Gene Expression Omnibus and are publicly available as of the date of
publication. Accession numbers are listed in the key resources table. Original western blot images have been deposited at Mendeley
and are publicly available as of the date of publication. The DOl is listed in the key resources table. No custom code was generated in
this study. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Shh®™® %8 Lonp1™°X *2 Foxj1°m*ERT256 and Trp63°°ERT2%° mice have been described previously. Sox2°°ERT2 (#017593), Krt5°eERT2
(#029155), Scgb1a1°ER™2 (#016225), R26R-SL19Temate (4007914) and Ddit3™ (#030816) mice were purchased from JAX. Atf47ox
was a kind gift from Dr. Michael Karin at UCSD with permission from Dr. Christopher Adams at University of lowa.'°° Bok™ mice
were a kind gift from Dr. Samuel G. Katz at Yale University.”” Embryos used in this study were harvested from time-mated mice,
counting noon of the day when the vaginal plug was found as EO0.5. All mice were in B6 background or have been back crossed
to B6 background for at least 3 generations. Littermates were used as controls in all experiments. Both males and females were
randomly assigned to experimental groups. Tamoxifen (T5648, Sigma) dissolved in corn oil was administrated intraperitoneally at
a dose of 50 mg/kg. For continuous tamoxifen administration in Foxj1creER;Lonp1, tamoxifen was delivered every other day from
DO to D60. Mice aged between 8 to 10 weeks were treated with naphthalene (PHR1275, Sigma) at a dose of 275 mg/kg body weight
during 9-10 AM in the morning. ISRIB (A14302, AdooQ) was dissolved in DMSO at 4.17 mg/ml and subsequently diluted in corn oil at
0.25 mg/ml as working solution. Mice were administrated intraperitoneally at the dose of 2.5 mg/kg every other day following the last
dose of tamoxifen until lung harvesting. All mice were housed in facilities accredited by American Association for Accreditation of
Laboratory Animal Care (AAALAC) at University of California San Diego. All animal husbandry and experiments were approved by
the Institutional Animal Care and Use Committee (IACUC).

Human donors and tissue collection

Disease lung samples were obtained from diagnosed COPD patients who underwent lung transplantation. Tissues were collected
rapidly (within 15 minutes post explant) to minimize ischemic time and preserve gene expression.' %' Lobectomy tissues without path-
ological lesion were collected as controls (n=3, non-COPD lobectomy controls). Sample details were listed in Table S1. All proced-
ures for procuring human lung samples were IRB approved by the University of California San Diego Human Research Protections
Program. Informed consent was obtained for all procedures. Immunostaining was performed on paraformaldehyde fixed, paraffin
embedded lung samples.

METHOD DETAILS

Tissue preparation and immunofluorescent staining

Tracheas and lungs from embryos or adults were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) diluted in PBS over-
night at 4°C. Samples were embedded in either paraffin or OCT (Electron Microscopy Sciences) for sectioning. Antigen retrieval was
performed before serum-mediated blocking by using high-PH retrieval buffer (10 mM Tris, 1 mM EDTA, pH 9.0). Primary antibodies
with final concentrations used for immunofluorescence staining are: rabbit anti-SCGB1A1 polyclonal antibody [5 mg/ml] (WRAB-
3950, Seven Hills Bioreagents), goat anti-SCGB3A2 Polyclonal antibody [5 mg/ml] (AF3465, R&D Systems), mouse anti-FOXJ1
monoclonal antibody [8 mg/ml] (14-9965-80, eBioscience), mouse anti-TRP63 monoclonal antibody [8 mg/ml] (CM163a, Biocare
Medical), rabbit anti-KRT5 polyclonal antibody [5 mg/ml] (905501, Biolegend), chicken anti-KRT5 polyclonal antibody [5 mg/ml]
(905901, Biolegend), rabbit anti-MUC5B polyclonal antibody [10 mg/ml] (PAA684Mu01, CLOUD-CLONE CORP.), rabbit anti-pro-
SFTPC polyclonal antibody [8 mg/ml] (AB3786, Millipore), mouse anti-HOPX monoclonal antibody [5 mg/ml] (sc-398703, Santa
Cruz), mouse anti-E-cadherin monoclonal antibody [5 mg/ml] (610181, BD Transduction Laboratories), mouse anti-Cytokeratin 17
monoclonal antibody [8 mg/ml] (sc-393002, Santa Cruz), mouse anti-Cytokeratin 13 monoclonal antibody [5 mg/ml] (MA1-35542,
Invitrogen), rabbit anti-Cleaved Caspase-3 polyclonal antibody [5 mg/ml] (9661, CST), rabbit anti-ATF4 monoclonal antibody
[5 mg/ml] (11815, CST), rabbit anti-p-elF2e. monoclonal antibody [5 mg/ml] (3597, CST), rabbit anti-p-PERK polyclonal
antibody [5 mg/ml] (PA5-102853, Invitrogen), rabbit anti-CDKN1A monoclonal antibody [5 mg/ml] (ZRB1141, Sigma), syrian hamster
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anti-PDPN polyclonal antibody [5 mg/ml] (8.1.1, Developmental Studies Hybridoma Bank), rabbit anti-ATP5A1 polyclonal antibody
[10 mg/ml] (14676-1-AP, Proteintech), rabbit anti-Cytochrome ¢ monoclonal antibody [5 mg/ml] (ab133504, Abcam), rabbit anti-ATF6
polyclonal antibody [10 mg/ml] (24169-1-AP, Proteintech) and rabbit anti-LONP1 polyclonal antibody [8 mg/ml] (15440-1-AP,
Proteintech). The following secondary antibodies were used with final concentration: Cy3-conjugated goat anti-mouse IgG
[2 mg/ml] (115-165-003, Jackson ImmunoResearch), Cy3-conjugated goat anti-rabbit IgG [2 mg/ml] (111-165-144, Jackson
ImmunoResearch), AF488-conjugated goat anti-mouse IgG [2 mg/ml] (A-11001, Invitrogen), AF488-conjugated goat anti-rabbit
19G [2 mg/ml] (A-11008, Invitrogen), AF647-conjugated goat anti-syrian hamster IgG [2 mg/ml] (A-21451, Invitrogen), Cy3-conjugated
goat anti-syrian hamster IgG [2 mg/ml] (107-165-142, Jackson ImmunoResearch), AF488-conjugated goat anti-chicken IgG
[2 mg/ml] (A32931, Invitrogen), AF594-conjugated donkey anti-goat IgG [2 mg/ml] (A-11058, Invitrogen), AF488-conjugated donkey
anti-rabbit IgG [2 mg/ml] (A-21206, Invitrogen). All images were acquired on the ZEISS Axiolmager 2, except for slide scans on
Olympus SLIDEVIEW VS200. 20X or 40X IF images were used to quantify cells labeled by specific markers. For each condition, at
least 3 sections per mouse, and 3 mice per genotype were analyzed.

EdU analysis for cell proliferation

Click-it EAU Cell Proliferation Kit (C10337, Invitrogen) was used to measure the proliferation signal. For EdU analysis in embryos, 1 ml
of 400 mM EdU solution (diluted in PBS, Invitrogen) was intraperitoneally injected into pregnant females. Lungs were harvested 2
hours post injection. Samples were fixed in 4% PFA overnight at 4°C before incubation in 30% sucrose followed by OCT embedding.

RNAscope

Multiplex Fluorescent v2 Assay Kit (323110, ACD) was used to detect Lonp1, Atf4 and Bok RNAs. 4% PFA fixed-frozen sample were
prepared and processed following the RNAscope protocol. Lonp7 RNA probe (#497251), Atf4 RNA probe (#405101) and Bok RNA
probe (#801861-C2) were purchased from ACD. RNA probes stained with the Opal 570 fluorophore were then counter stained with
DAPI and one of the FOXJ1/SCGB1A1/TRP63/KRT5 antibodies accordingly.

Mitochondrial DNA copy number analysis

Analysis of the mitochondrial DNA copy number is performed according to published protocol.'®? Briefly, embryos at E13.5 were
harvested and subjected to total DNA extraction. Two pairs of gqPCR primers specific to mitochondrial DNA (mtDNA) were used
for quantification by gPCR: a) 16S rRNA, FWD: 5”-CCGCAAGGGAAAGATGAAAGAC-3’, REV: 5°-TCGTTTGGTTTCGGGGTTTC-3’
b) ND1, FWD: 5’-CTAGCAGAAACAAACCGGGC-3’, REV: 5’-CCGGCTGCGTATTCTACGTT-3'. Nuclear DNA (nDNA) specific gene
HK2 (FWD: 5’-GCCAGCCTCTCCTGATTTTAGTGT-3’, REV: 5’-GGGAACACAAAAGACCTCTTCTGG-3’) was used for normalization.
The final ratio of mMtDNA/nDNA was used as the readout for mtDNA copy number variation.

Mitochondrial ROS measurement by MitoSOX

The specific detection and measurement of mitochondrial ROS in embryonic epithelium was conducted by using MitoSOX Red mito-
chondrial superoxide indicator (Invitrogen). Embryonic lungs at E13.5 were harvested and dissociated in the lysis buffer (PRMI 1640
(Thermo Scientific) with 10% FBS, 1 mM HEPES (Life Technology), 1 mM MgCI2 (Life Technology), 1 mM CaCl2 (Sigma-Aldrich),
0.525 mg/ml collagenase D (Roche), 5 unit/ml Dispase (Stemcell Technologies) and 0.05 mg/ml DNase | (Roche)). Incubation of
the lysate on the rotator at 150 rpm at 37°C for 15 min, followed by the removal of red blood cells by RBC lysis buffer (Biolegend).
Remaining cells were resuspended and blocked by FcBlock antibody (5 mg/ml, BD) for 10 min at RT. The following antibodies were
added to label the corresponding cells: CD326-APC (118213, Biolegend) for epithelial cells, CD31-AF700 (102444, Biolegend) for
endothelial cells, CD45-BV510 (103137, Biolegend) for immune cells, Ghost dye red 780 for cell viability (13-0865, TONBO) and
the MitoSOX. After 20 min incubation at RT, cells were fixed with the BD stabilizing fixative and kept at 4°C until FACS. FlowJo soft-
ware (BD) was used to analyze the acquired data.

Mitochondrial OCR analysis

The Oxygen Consumption Rate (OCR) of airway epithelial cells was measured by the Seahorse platform (XF96 extracellular flux an-
alyser, Agilent Bioscience). Briefly, trachea and extrapulmonary bronchi were harvested from Sox2creER;Lonp1 and control adult
mice at D8 post tamoxifen administration. Cell suspension was prepared according to the lung dissociation protocol described else-
where in the method. After blocking with the Fc Block Reagents (553141, BD Biosciences), cells were incubated with biotin conju-
gated CD31 (553371, BD Biosciences) and CD45 (553078, BD Biosciences) antibodies. These biotin-labeled cells were completely
removed by streptavidin conjugated magnetic beads (19860, STEMCELL). Next epithelial cells were labeled with biotin conjugated
EPCAM antibody (13-5791-82, Invitrogen), and were isolated by magnetic beads.

2.0 x 10* epithelial cells were seeded each well on the Agilent 96-well plate precoated by Cell-Tak (354240, Corning). Basal mito-
chondrial respiration was calculated by subtracting the non-mitochondrial OCR, acquired with 0.5 pM Rotenone (R8875, Sigma),
from baseline OCR. Coupled mitochondrial respiration was calculated by subtracting the OCR in the treatment of 1.5 uM oligomycin
(75351, Sigma) from baseline OCR. Data were analyzed with Agilent Seahorse Wave software (v.2.6).
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Mitochondria isolation and protein fractionation

Pooled embryonic lungs of Shhcre;Lonp1 and control mice (6 for each) at E13.5 were used for isolating mitochondria using Mitochon-
dria Isolation Kit for Tissue (89801, Thermo Scientific) according to the manufacturer’s protocol. Mitochondria pellets were resus-
pended in TBS buffer with 0.05% Triton X-100, and the total mitochondrial proteins were immediately aliquoted for future use. After
incubation on ice for 20 min, the insoluble protein fractions were separated from soluble fractions by centrifuge at 13,600 rpm for
15 min. Total and insoluble protein fractions were further dissolved in RIPA buffer (9806, CST) supplemented with protease inhibitors
(11697498001, Roche). Protein concentration of each fraction was measured by Pierce BCA Protein Assay kit (23225, Thermo Sci-
entific), and followed by protein electrophoresis on a 4%-12% SDS-PAGE gel (NP0321BOX, Invitrogen). Silver staining was per-
formed using Pierce Silver Stain Kit (24612, Thermo Scientific) according to the manufacturer’s protocol.

Quantitative PCR (qPCR)

Total RNA from embryonic and adult lungs were extracted by using Trizol (Invitrogen) and RNeasy Micro RNA extraction kit (Qiagen).
Reverse transcription was then carried out to obtain corresponding cDNA using iScript Select cDNA Synthesis Kit (Bio-Rad). gPCR
master mix was prepared using SYBR Green reagents (Bio-Rad) and amplification signals were obtained by CFX ConnectTM system
(Bio-Rad). At least three biological replicates were assayed for each gene unless otherwise noted. Primers used for gPCR analysis are
listed in Table S2.

Western blot analysis

Embryonic lungs at E13.5 were collected in RIPA Lysis and Extraction Buffer (9806, CST) supplemented with cOmplete Protease In-
hibitor Cocktail tablets (11697498001, Roche). Samples were homogenized in a QIAGEN TissueLyser Il and proteins were purified
from the supernatant after high-speed centrifugation. Protein concentrations were measured by Pierce BCA Protein Assay kit (23225,
Thermo Scientific). 10 pug protein sample was loaded in each well and run on a 4%-12% SDS-PAGE gel (NP0321BOX, Invitrogen),
then transferred to the nitrocellulose membrane (1620112, 0.2 um, Bio-Rad) by the Trans-Blot Turbo Transfer System (Bio-Rad). Then
the membranes were blocked in TBST (0.1% Tween-20) with 5% BSA for 1.5 hours at room temperature (RT) before incubation in
primary antibodies overnight at 4°C. After 3 rounds of washing with TBST, membranes were incubated in the secondary antibody for
1 hour at RT. Images were acquired by Odyssey DLx Imager (LI-COR) and quantified by Imaged. The following primary antibodies
were used: LONP1 (28020, CST, 1:1000), NDUFAS9 (459100, Invitrogen, 1:1000), SDHA (5839S, CST, 1:1000), UQCRB (10756-1-
AP, Proteintech, 1:1000), COX | (ab14705, Abcam, 1:500), COX Il (55070-1-AP, Proteintech, 1:1000), ATP5A1 (14676-1-AP, Protein-
tech, 1:500) and beta-Actin (Novus Biologicals, NB600-501, 1:5000). Secondary antibodies used were: donkey anti-Mouse IgG IR-
Dye 680RD (LI-COR, 926-68072, 1:10000) and donkey anti-Rabbit IgG IRDye 800CW (LI-COR, 926-32213, 1:10000). Three biological
replicates were analyzed for each condition or genotype.

Bulk RNA-seq and data analysis

Total RNA from embryonic lungs at E13.5 were extracted as described above. cDNA libraries were constructed using lllumina TruSeq
RNA Library Prep Kit V2 (lllumina) and sequenced on the HiSeq4000 platform (lllumina) at the Institute for Genomic Medicine (IGM) at
UCSD. FASTQ files were aligned to the mouse reference genome (mm10) by using Bowtie2'%® with default settings. Differential gene
expression analysis was performed using Cufflinks.'%* Heatmaps and volcano plots were generated by ggplot2 (version 3.3.2).

Tissue dissociation and sorting of epithelial cells
Sox2creER;Lonp1;tdTomato and the corresponding control mice at 39 days post Lonp1 inactivation were used for cell dissociation
followed by scRNA-seq. Briefly, to remove the circulating blood cells, every mouse was transcardially perfused with 12 ml of cold
DPBS (Life Technology) before harvest. Lungs were then inflated intratracheally with cold lysis buffer (recipe referred to the mitoSOX
method). Trachea and lungs from control mice, and lungs without trachea and extrapulmonary bronchi from Lonp1 mutant mice,
were chopped into the lysis buffer and mechanically homogenized by GentleMACS dissociator (Miltenyi Biotec). Tissues were further
incubated in the lysis buffer on the rotator (150 rpm) for 30 min at 37°C, then filtered through a 70 um MACS SmartStrainer. Red blood
cells were removed by ACK lysis buffer (A1049201, Gibco). Cells were further collected by centrifugation at 1500 rpm at 4°C for 5 min
(acceleration/deceleration=7), counted with a hemocytometer and then diluted to ~1X10° cells per ml. After blocking with FcBlock
antibody (5 mg/ml) for 10 min at RT, endothelial cells and immune cells were labeled with biotinylated CD31 (13-0311-82, eBio-
science) and CD45 (13-0451-82, eBioscience) antibodies respectively, and removed by the magnet-mediated EasySep Cell Isolation
technology (19860, STEMCELL). The remaining cells were stained with APC-Cy7 conjugated anti-CD326 (G8.8, Biolegend) and DAPI
(D9542, Sigma). Epithelial cells were sorted and collected as DAPI-;CD326(EPCAM)+;tdTomato+ on a FACSAria Il high speed sorter
(BD Biosciences).

Same protocols were utilized for cell dissociation in the lungs (without trachea and extrapulmonary bronchi) injured by influenza
infection. To enable the final acquirement of similar cell numbers from epithelial and mesenchymal compartments of the lung, sorted
cells are reproportioned in the ratio of 2:1 (epithelium: mesenchyme) before library construction.

Single-cell RNA-seq and data analysis
Following FACS, single cell libraries were generated from sorted cells by using Chromium Single Cell 3’ v3 kit (10X Genomics).
Sequencing was carried out on the NovaSeq (lllumina) platform at IGM, UCSD. For data analysis, Cell Ranger (version 3.0.2) was
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used to initially align the raw reads onto the mouse reference genome (mm10) and generate the feature-barcode matrix. Next, R
package Seurat (version 4.0)'° was used to perform data quality control, normalization, scaling, principal components analysis
(PCA) and the canonical correlation analysis (CCA) based data integration. Briefly, to filter out low-quality cells or doublets, cells
with fewer than 200 or more than 4,000 unique features, or more than 15% mitochondrial contents were removed from further anal-
ysis. Then "LogNormalize" was used to normalize the feature expression. A total of 2,000 top variable features were identified by
function FindVariableFeatures and kept for PCA. Top 20 significant components were chosen to conduct dimensional reduction
by uniform manifold approximation and projection (UMAP) with default parameters. The expression features of marker genes
were profiled and visualize by R package ggplot2 (version 3.3.2). Density plots were generated by R package Nebulosa (1.0.2)."%°
Integration of flu injured cells are accomplished by Harmony algorithm.'®” Lineage trajectory analysis was performed by Monocle
3198199 sing resolution = 1e-3 in the step of cell clustering.

To determine the proper threshold for purifying bona fide basal cells used in Figures S3P-S3S, general basal cell cluster in the in-
tegrated dataset was further subclustered. These cells were filtered against low-quality basal signatures by requiring expressions of
two key gene factors, Krt5 and Trp63. Applying normalized expression cutoffs from “Krt5 > 0 or Trp63 > 0" to “Krt5 > 1 or Trp63>1”,
we found that the proportion of bona fide basal cells were gradually increased to near 100%, at the cost of losing their absolute cell
numbers as dropped off with other Krt5/Trp63 low or negative cells. At Krt5 > 0.5 or Trp63 > 0.5, most of the Krt5-low and Trp63-low
cells were removed (26 out of 32), and a majority of bona fide basal cells were retained (153 out of 163). This balanced cutoff was
therefore chosen for following analysis.

Pathway enrichment analysis

Gene set enrichment analysis in single cells was carried out by using the R package irGSEA."'° The enrichment of pathways in KEGG
and Reactome was initially scored for individual cells by using four different gene set enrichment methods (AUCell, UCell, Singscore
and Ssgsea). Next Wilcox test was performed to all enrichment score matrices and gene sets with adjusted p value < 0.05 were used
to integrate through R package Robust Rank Aggregation (version 1.2.1)."'" Density scatterplot of enriched pathway scores (AUCell)
on the UMAP was generated by R package Nebulosa (1.0.2).

Influenza PR8 infection

Mouse adapted influenza strain HIN1/PR8 was obtained from ATCC (VR-95PQ) and used in all viral infection. Both male and female
mice between 10-12 weeks were used. Deep mouse anesthesia was achieved by ketamine-xylazine (K, 100 mg/kg; X, 10 mg/kg)
injection. PR8 was intranasally administrated at a dose of ~0.5 LDsq in a total volume of 35 uL per mouse. PBS is used for virus dilution
and delivered in the same way to the control group. To preempt the influence of baseline phenotypes associated with long-term loss
of Lonp1, both Sox2creER;Lonp1 mutant and control mice were subjected to virus inoculation just 4 days after the last injection of
tamoxifen, and lungs were analyzed 14 days post infection. All procedures were conducted in the BSL2 facility at UCSD.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantification using sections, 3 sections per sample were analyzed. The sections were selected from equivalent depths from
sample to sample. Different quantification methods were used based on the nature of the data, as noted in individual figure legend.
One-way ANOVA Tukey’s multiple comparisons test, Wilcox test or Student’s t test were used depending on data types. All statistical
analyses were performed using Prism 9 (GraphPad). Significance in the Figures: ns, not significant, p > 0.05; * for p < 0.05; ** for
p < 0.01. Error bars represent mean = SD.
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