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Abstract

Chronic lung disease has been attributed to stem cell aging and/or exhaustion. We

investigated these mechanisms using mouse and human tracheobronchial tissue-specific

stem cells (TSC). In mouse, chromatin labeling and flow cytometry demonstrated that

naphthalene (NA) injury activated a subset of TSC. These activated TSC continued to

proliferate after the epithelium was repaired and a clone study demonstrated that

�96% of activated TSC underwent terminal differentiation. Despite TSC attrition, epi-

thelial repair after a second NA injury was normal. The second injury accelerated prolif-

eration of previously activated TSC and a nucleotide-label retention study indicated

that the second injury recruited TSC that were quiescent during the first injury. These

mouse studies indicate that (a) injury causes selective activation of the TSC pool;

(b) activated TSC are predisposed to further proliferation; and (c) the activated state

leads to terminal differentiation. In human TSC, repeated proliferation also led to termi-

nal differentiation and depleted the TSC pool. A clone study identified long- and short-

lived TSC and showed that short-lived TSC clones had significantly shorter telomeres

than their long-lived counterparts. The TSC pool was significantly depleted in

dyskeratosis congenita donors, who harbor mutations in telomere biology genes. The

remaining TSC had short telomeres and short lifespans. Collectively, the mouse and

human studies support a model in which epithelial injury increases the biological age of

the responding TSC. When applied to chronic lung disease, this model suggests that

repeated injury accelerates the biological aging process resulting in abnormal repair and

disease initiation.
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Significance statement

Results of the present study identify biological aging as an important aspect of tracheobronchial

tissue-specific stem cell phenotype and function and one that could impact the development of

chronic lung disease.
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1 | INTRODUCTION

Age has two components. Chronological age is the number of years

since birth. In contrast biological age accounts for external factors

which modify function. Accordingly, biological age can differ from chro-

nological age and discordance has been detected in whole organisms as

well as individual cells. In two chronic lung diseases, idiopathic pulmo-

nary fibrosis (IPF) and chronic obstructive pulmonary disease (COPD),

the biological age of lung cells is greater than their chronological age.1,2

While these studies identified accelerated aging as a novel pulmonary

disease process, translational initiatives require a better understanding

of chronological aging and the factors that increase biological age.

A tissue-specific epithelial stem cell is defined as an epithelial cell

that replaces itself and acts as a progenitor for each of the specialized

epithelial cell types that are found in the stem cell's trophic unit. These

properties are controlled by intrinsic processes that are subject to regu-

lation by niche-derived extrinsic signals. Several studies indicate that

tissue-specific stem cell self-renewal and multilineage differentiation

declines over time and that these changes decrease regenerative capac-

ity.3 This loss of function, which is an indication of aging, may cause the

tissue-specific stem cell and its home tissue to be biologically older than

its chronological age. In IPF and COPD, aging was detected across lung

cell types and led to the idea that many types of tissue-specific stem

cells were biologically older than their chronological age.1,2

Conducting airway epithelial remodeling is a hallmark of many

chronic lung diseases, including cystic fibrosis, asthma, COPD, and IPF.4

In these diseases, repeated injury and aberrant repair alter the frequency

of differentiated airway epithelial cells (reviewed in2,5). The resulting epi-

thelial remodeling has been attributed to stem/progenitor cell aging

and/or exhaustion. However, the underlying mechanism, including

whether loss of function is due to intrinsic and/or extrinsic factors, is

unclear.

This study examined biological aging of the tracheobronchial epi-

thelial tissue-specific stem cell (TSC). TSC regenerate the pseudo-

stratified airway epithelium and reside in the tracheobronchial regions

of the mouse and human upper respiratory tract. Clonal analysis in

human6 and lineage-tracing in mice7-10 indicated that the TSC was a

basal cell subtype which generated basal, ciliated, secretory epithelial

cells, and a variety of rare epithelial cell types.

We previously used in vitro clonal analysis to investigate the

intrinsic behavior of TSC and avoid the confounding variables associ-

ated with their niche. These studies demonstrated that mouse TSC

generated a specific clone type, the rim clone, in vitro.11 Serially pas-

saged TSC terminated when they generated a unipotential basal

(UPB) cell, which was the last clone forming TSC descendant. The

TSC-to-UPB transition was indicated by formation of UPB-derived

non-rim clones. Our previous studies demonstrated that the terminal

differentiation process was driven by repeated cell division.11-13 Col-

lectively, these studies challenged the idea that the TSC maintains its

function throughout an individual's life and suggested a cell-intrinsic

proliferation-based biological aging mechanism.

Biological aging, particularly at the cellular level, has been associ-

ated with telomere shortening.3 Telomeres are 6 base pair repeats

that are generated by the reverse transcriptase telomerase (TERT) and

form the ends of chromosomes. Mouse telomeres are �200 kilobases

(kb) in length; whereas, human telomeres are �25 to 50 kb.14 Conse-

quently, telomere length studies are frequently conducted in human.

Telomeres prevent loss of genetic information during DNA repli-

cation.3 In parallel, the shelterin protein complex interacts with telo-

mere repeats and prevents recognition of the single-stranded

chromosome end as a double-strand break. Most mammalian somatic

cells express little or no TERT, consequently telomeres shorten as the

cells divide in response to normal cell turnover or injury-induced cell

death. In vivo and in vitro studies demonstrated that telomere length

was inversely correlated with biological age and that critically short

telomeres led to a decrease in stem cell frequency.3

Dyskeratosis congenita (DC) is a disease of premature aging that is

caused by mutations in telomere biology genes.15 Most disease-causing

mutations (TERT, TERC, DKC1, NOP10, NHP2, TPP1, WRAP53) compro-

mise TERT/TERC dependent telomere lengthening. In contrast, mutation

of TINF2 and CTC1 prevent assembly of the shelterin complex and allow

telomere ends to be detected by the DNA damage pathway.

Although DC is a multisystem disorder, patients typically present

with nail dystrophy, changes in skin pigmentation, and oral leukopla-

kia. Many conditions with prominent cutaneous findings also have sig-

nificant pulmonary manifestations16 and �20% of DC patients

develop usual interstitial pneumonia which is a form of pulmonary

fibrosis (reviewed in Reference 17). Like IPF and COPD, fibrotic

lesions in DC involve both the bronchial and alveolar regions. Fibrosis

in DC patients may overlap with pulmonary arteriovenous mal-

formations which are a recently recognized and common feature of

DC-lung disease.17 The most severe forms of DC lead to bone marrow

failure and analysis of telomere length in leukocytes from DC patients

associated telomere shortening with hematopoietic stem cell attrition.

The multisystem nature of DC and presence of pulmonary disease

suggested that telomere biology gene mutations might alter TSC num-

ber or lifespan.

This project evaluated biological aging in mouse and human TSC.

Based on the association between TSC proliferation and terminal dif-

ferentiation, we used single and repeated injuries to determine the

impact of TSC proliferation on lifespan. In mice, naphthalene

(NA) exposure was used to model injuries that result in epithelial cell

death. TSC mitotic frequency was quantified in vivo using chromatin

and nucleotide labeling. Terminal differentiation was quantified in

TSC clones that were serially passaged in vitro. As previously reported

for analysis of hematopoietic stem cell number and lifespan,18 serial

passage of human TSC from normal and DC donors was used to

model the cell death and decreased epithelial cell density which are

characteristic of epithelial injury. Human TSC number, lifespan, differ-

entiation potential, and telomere length were quantified.

2 | MATERIALS AND METHODS

2.1 | Human and mouse study approvals

The Institutional Review Board at Nationwide Children's Hospital

approved the human studies. Written informed consent and assent
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was obtained from every participant. All procedures involving animal

use were approved by the Institutional Animal Care and Use Commit-

tee at National Jewish Health or Nationwide Children's Hospital. Mice

were maintained in AAALAC-approved facilities and screened quar-

terly for pathogens.

2.2 | Mouse models

NA was prepared and administered by intraperitoneal injection as pre-

viously reported.19 NA dose was selected to cause >95% depletion of

the Clara cell secretory protein (CCSP) positive cell population by

recovery day 3. The Keratin 5-reverse tetracycline trans-activator/

tetracycline responsive element-Histone 2B:green fluorescent protein

(K5-rtTA/TRE-H2B:GFP) chromatin-labeling model facilitates purifica-

tion of basal cells that proliferate frequently or infrequently after

injury.20 Male and female K5-rtTA21/TRE-H2B were used for the

label-retention studies. Mice were fed doxycycline chow and treated

with 250 mg/kg NA as detailed in Results. Female FVB/n mice, 6 to

8 weeks old, were treated with 300 mg/kg NA. Groups of mice were

treated with 50 mg/kg Bromodeoxyuridine BrdU and/or 42 mg/kg

5-ethynyl-20-deoxyuridine (EdU) as detailed in Results.

2.3 | Immunofluorescence studies

Tracheal tissue sections (5 μm) were generated from paraffin-

embedded tissues and processed as described previously.22 All

antibodies (K5, CCSP, BrdU, and ACT), and staining methods were pre-

viously described.19 EdU was detected using the ClickIt method and

followed the manufacturer's instructions. Images were acquired using

an upright Zeiss Imager Z1 fluorescent microscope and AxioVision soft-

ware (Carl Zeiss) or an inverted Zeiss 200 M confocal microscope using

Intelligent Imaging Innovations Inc. software. Cell type frequency was

quantified as previously indicated22 and values were expressed as a

percent of total epithelial cells. N = 6 tracheas/group.

2.4 | Mouse TSC quantification

Tracheal epithelial cells were recovered by dispase/collagenase/tryp-

sin (DCT) digestion and clone forming cell frequency (CFCF) was

determined by limiting dilution.11 Mouse cells were plated on irradi-

ated NIH3T3 (ATCC #CRL-1658) feeder layers and cultured in mouse

tracheal epithelial medium (MTEC+,23). On culture day 10, the cells

were fixed and stained with Geimsa. TSC clones were identified as

previously reported.11 Time points are noted in Results.

2.5 | Mouse flow cytometry

Tracheal epithelial cells were recovered by digestion with DCT. A

Moflo high-speed cell sorter (Dako Cytomation) was used to identify:

(a) cells that were CD45-/CD31�/TER119-/DAPI-; (b) quantify GFP-

fluorescence intensity in each cell; and (c) to separate CD49f+/Sca1+

cells into GFPbright and GFPdim subsets.

2.6 | Mouse serial passage analysis

Passage (P) 0 TSC clones were derived from NA treated mice that had

been recovered 40 days. One thousand tracheal epithelial cells were

plated in each well of a 6-well plate that contained an irradiated

NIH3T3 fibroblast feeder cell layer. The cells were cultured in MTEC+

medium for 10-days. TSC clones were identified by their characteristic

rim morphology and isolated at each passage using cloning cylinders

as previously reported.11 This process was repeated with P1-P4 TSC-

clones. At P5, the number of cells/clone and the TSC- and UPB-CFCF

were used to calculate the number of TSC and UPB derived clones.

2.7 | Gene expression analysis

Quantitative reverse transcription polymerase chain reaction (qRT-

PCR) methods and Assays-on-Demand probe primer pairs were as

previously reported.13 Single Cell RNA sequencing (scRNAseq) was

done at the Ohio State University Shared Genomics Resource and

used the 10XGemomics platform. Analytical methods are detailed in

the supplement.

2.8 | Human TSC recovery, culture, and
enumeration

Human bronchial and nasal TSC were recovered as previously

described.24,25 Normal donor demographics were described previ-

ously.24 DC donor demographics are presented in Table S1. The modi-

fied conditional reprogramming culture (mCRC) method25 was adapted

from Suprynowicz et al.26 The major change from this protocol was the

use of irradiated NIH3T3 fibroblast feeder layers. Differentiation was

evaluated in air-liquid-interface cultures and quantified as previously

described.25 The CFCF assay11 was used to determine TSC number.

2.9 | Telomere length determination

Genomic DNA was purified using the DNeasy Blood & Tissue Kit

(69506, Qiagen); 40 ng of gDNA was used for telomere and 36B4 sin-

gle copy gene control assays. Targets were amplified using previously

reported standards and primers.27 Previously published cycling param-

eters for telomeres28 and 36B427 were used. Magnesium concentra-

tion in the PowerSYBR Green Master Mix (Applied Biosystems

4367659) was lowered through the addition of 0.5 M EDTA

(0.0385 μL per 20 μL reaction for a final concentration of 0.9625 mM)

for the telomere assay.28 Jurkat (ATCC) and U1301 (human T-cell

leukemia cell line (01051619, Sigma) were used as short and long
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telomere controls, respectively. A standard curve was generated for

each experiment and was used to insure a linear relationship between

DNA input and telomere length. Three technical replicates were gen-

erated for each standard curve point and biological sample. Relative

telomere length was calculated according to the Telomere/Single copy

gene control (T/S) ratio.27

2.10 | Statistical analyses

All statistical analyses were performed using Graph Pad Prism. Data

normality was evaluated by the Shapiro-Wilk test, the Anderson-

Darling test, and/or the D'Agostino & Pearson test. For normally dis-

tributed data sets, differences were evaluated using Student's t-test.

For non-normally distributed data sets, differences were evaluated by

the Mann-Whitney test and data are presented as the median and the

interquartile range. Trends were analyzed by regression analysis.

The definition of center and dispersion precision measures are indi-

cated in the figure legends. Data sets containing multiple variables

were analyzed by analysis of variance (ANOVA) and a post hoc Tukey

test (normally distributed data sets) or Kruskal Willis test (non-

normally distributed data sets). Sample size is indicated in the figure

legends. P-values <.05 were considered significant.

3 | RESULTS

3.1 | TSC continue to proliferate after the
epithelium is repaired

Tissue-specific stem cells are typically characterized as cells that

divide infrequently. This property is demonstrated by retention of a

chromatin or DNA label.20 In this study, the chromatin labeling

approach was used to determine the mitotic frequency of TSC 6 to

80 days after a single NA exposure. K5/H2B:GFP mice and mono-

transgenic controls were fed Dox chow for 3 days, treated with NA

on day 0, and switched to standard chow on day 3 (Figure 1A). Mice

were recovered to day 6, 40, or 80. Flow cytometry was used to eval-

uate GFP fluorescence intensity (Figure 1B). The frequency of GFP-

Bright, -Dim, and -Negative cells within the CD49f-Bright/Sca1+

basal cell population was quantified across three experiments

(Figure 1C-E).

The frequency of GFP-bright cells decreased significantly

between days 6 and 40 but did not change between days 40 and

80 (Figure 1F). The frequency of GFP-Dim cells did not vary as a

function of time (Figure 1G). However, the frequency of GFP-

Negative basal cells was significantly increased on days 40 and

80 (Figure 1H). These data indicated that a single NA injury gener-

ated a GFP-Bright population and that most of these cells prolifer-

ated by 80.

A previous study reported that a 2-fold decrease in GFP mean

fluorescence intensity (MFI) occurred with each cell division.29 The

MFI was 6 � 104 for GFP-Bright cells, 5 � 103 GFP-Dim cells, and

4 � 103 for GFP-Negative cells (Figure 1B). These data indicate that

many GFP-Bright cells divided �3 times between days 6 and 40 and

another 3 times between days 40 and 80. Knowing that the tracheal

epithelium is repaired within 13 days of NA injury19 and that most

GFP-Bright cells are TSC13 these data indicated that TSC continued

to proliferate after the epithelium was repaired.

3.2 | A second injury accelerates TSC proliferation

The previous study indicated that a subset of TSC retained the GFP

label to day 40. To determine if these cells proliferated in response to

a second injury, K5/H2B:GFP mice and controls were fed Dox chow

between days �3 and + 3 and treated with NA on day 0. The mice

were recovered to day 40 (Figure 2A). A second group of mice was

retreated with NA on day 40 and recovered to day 80 (Figure 2B).

Flow cytometry was used to evaluate GFP fluorescence 40 days after

the first or second injury (Figure 2C,D).

The frequency of GFP-Bright cells did not change significantly in

response to the second injury (Figure 2E). However, the MFI for GFP-

Bright cells decreased (compare Figure 2C,D). The frequency of GFP-

Dim cells (Figure 2F) was significantly decreased after the second injury

and the frequency of GFP-Negative cells increased (Figure 2G). This

analysis indicated that GFP-Bright cells proliferated in response to the

second injury and that the second injury accelerated the proliferation

of TSC within the GFP-Dim population. These data suggested that the

initial injury/repair process generated a pool of “activated” TSC which

were predisposed to proliferate in response to the second injury.

3.3 | Terminal differentiation depletes the
TSC pool

In contrast with the idea that TSC proliferate and then exit the cell

cycle, results from the first two studies indicated that activated TSC

continued to proliferate. Since our previous studies demonstrated

that TSC have a finite lifespan and that proliferation in vivo or

in vitro promoted terminal differentiation to a UPB cell,11,13 we

hypothesized that TSC clones from injured mice would generate

fewer TSC than UPB. TSC clones were isolated from K5/H2B:GFP

mice were treated with NA as indicated (Figure 1A). On day 40, nine

TSC were recovered, cloned, and serially passaged. This study dem-

onstrated that 100% of TSC recovered from NA-injured mice sur-

vived at least three passages (Figure 3A). A similar analysis of

sixteen TSC from uninjured mice also demonstrated 100% survival

to passage 3 (Figure 3B).

To determine the fate of TSC at passage 3, the clone forming cell

frequency (CFCF) assay was used to determine the frequency of rim

(TSC-derived clones) and non-rim (UPB-derived clones). TSC from

injured mice formed two subsets: 62% of clones generated more TSC

than UPB, whereas 38% of clones generated fewer TSC than UPB

(Figure 3C). In contrast, most TSC from uninjured mice (88%) pro-

duced equal numbers of TSC and UPB (Figure 3D).

STEM CELL ATTRITION 1699



The finding that TSC from uninjured mice generated UPB indi-

cated that terminal differentiation was not unique to activated TSC.

However, the injury-associated skewing of TSC fate was unexpected.

To examine this process, we serially passaged TSC clones 1 and

2 which generated significantly more TSC clones than UPB cell clones

and TSC clones 3 and 4 which generated significantly fewer TSC

clones than UPB cell clones. Clone 4 was not evaluated because it ter-

minated at passage 3.
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To further evaluate the behavior of TSC, limiting dilution was

used to generate clonal sublines from the three long-lived TSC clones

(clones 1-3). The clone-1 sublines generated only TSC clones at P4

(Figure 4A). Sub-cloning generated 40 clones at P5 (Figure 4B). Two

of the P5 sub-clones (5%) generated only TSC clones; whereas, the

remaining 38 clones (95%) generated a mixture of TSC and terminally
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differentiated UPB clones. Each of the mixed sub-clones generated

more TSC clones than UPB clones.

Clone-2 sublines generated both TSC and UPB clones at P4

(Figure 4C). Sub-cloning of 31 TSC identified 29 clones (94%) that sur-

vived to P5 (Figure 4D). Among the surviving TSC clones, 2 (6.9%)

generated only TSC, 14 (48%) generated fewer TSC clones than UPB

clones, and 12 (41%) generated only UPB clones.

Three clone-3 sublines generated only TSC clones at P4, while

the fourth subline generated both TSC and UPB clones (Figure 4E).

Sub-cloning of 28 TSC identified 27 clones (96%) that survived to P5

(Figure 4F). Seven of these clones (26%) generated both TSC and UPB

clones; whereas 18 clones (67%) generated only UPB.

This analysis demonstrated that only 4.3% of TSC clones self-

renewed at P5 and that the vast majority of TSC had entered the ter-

minal differentiation pathway. Since our previous study suggested a

role for WNT signaling in TSC cell fate decisions,13 we used qRT-PCR

to examine this mechanism in TSC subclones at passage 5 (Figure S1).

This study identified a unique gene expression signature for clone

1 subclones. However, additional studies are needed to delineate a

molecular mechanism. Collectively, these studies indicated that

repeated proliferation and terminal differentiation depleted the acti-

vated TSC pool.

3.4 | Comparable TSC proliferation within 6 days
of the first and second NA injuries

TSC depletion suggested that injury might compromise reparative

potential. To address this issue, we compared the mitotic frequency

of TSC after the first and second NA exposures. Group 1 consisted of

K5/H2B:GFP mice and controls which were fed Dox chow for 3 days,

treated with NA on day 0, switched to standard chow on day 3, and

recovered to day 6 (Figure 5A). Group 2 consisted of K5/H2B:GFP

mice and controls which were treated with NA on day 0, switched to

Dox chow on day 37, retreated with NA on day 40, switched to stan-

dard chow on day 43, and recovered to day 46 (Figure 5B). Analysis

of GFP fluorescence demonstrated that group 2 contained GFP-bright

cells and that the pattern of GFP fluorescence was indistinguishable

from that observed in group 1 (Figure S2A). Flow analysis of epithelial

cell phenotype in groups 1 and 2 did not detect differences in the fre-

quency of epithelial, basal, GFP-Dim, or GFP-Bright cells (Figure 5D).

These data indicate that the early TSC response to the first and sec-

ond injuries were similar.

3.5 | Divergent TSC proliferation 40 days after the
first and second NA injuries

To compare TSC mitotic frequency at later time points, we evaluated

GFP fluorescence and cell phenotype 40 days after the first or the

second NA injury. Group 3 mice were treated with Dox and NA as

indicated for croup 1 and were recovered to day 40 (Figure 5A).

Group 4 mice were treated with Dox and NA as indicated for group

2 and were recovered to day 80 (Figure 5B). Analysis of GFP fluores-

cence and epithelial phenotype demonstrated that group 3 had signifi-

cantly more CD49f-Bright/Sca1+ cells than group 4 and that group 3

had significantly fewer GFP-Bright cells than group 4. These data indi-

cated that group 3 cells proliferated more frequently than group

4 cells.

The previous study suggested that two mitotically distinct

populations of TSC were involved in epithelial repair. To evaluate this

idea, we compared GFP fluorescence and cell phenotype in group

4 mice with K5/H2B:GFP mice and controls which were fed Dox

chow for 3 days, treated with NA on day 0, switched to standard

chow on day 3, retreated with NA on day 40, and recovered to day

80 (group 5, Figure 5C). Analysis of GFP fluorescence showed distinct

profiles for groups 4 and 5 (Figure S2B). Quantification demonstrated

that the frequency of epithelial and basal cells did not differ for groups

4 and 5 (Figure 5F). However, the frequency of GFP-Dim and GFP-

Bright cells was significantly decreased in group 5 relative to group

4. These data further supported the idea that cells labeled during the

first injury continued to proliferate after the second injury and raised

the possibility that the second injury activated a distinct cohort

of TSC.

3.6 | The second injury activates a new cohort
of TSC

To determine if the same set of TSC responded to the first and second

injuries, we used the nucleotide label-retention technique. Mice were

treated with NA on day 0 and mitotic cells were labeled with BrdU

(Figure 6A, upper panel). The frequency of BrdU label-retaining cells

was assayed on days 40 and 80. Another group of mice was reinjured

and mitotic cells were labeled with EdU (Figure 6A, lower panel). The

frequency of EdU+, BrdU+, and BrdU+/EdU+ label-retaining cells

was assayed on day 80.

Histological analysis (Figure 6B-D) and quantification demon-

strated that the frequency of BrdU+ cells decreased significantly

between days 40 and 80 (Figure 6E). These data are consistent with

the chromatin labeling studies (Figure 2) and indicate that many BrdU-

tagged cells proliferated in response to the second injury. On Day 80,

the frequency of EdU+ cells was significantly greater than the fre-

quency of BrdU+ and BrdU+/EdU+ cells and the frequency of BrdU

+ and BrdU+/EdU+ cells was similar (Figure 6F). Furthermore, the

frequency of EdU+ cells within the label-retaining cell population was

significantly greater than that of the BrdU+ or BrdU+/EdU+

populations (Figure 6G). These data supported the idea that the sec-

ond injury activated a new cohort of TSC.

3.7 | Telomere shortening in serially passaged
human TSC

TSC depletion in mice resembled the loss of clone forming cells in

serially-passaged human TSC,24 (Figure 7A) and raised the possibility
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that short-lived TSC had proliferated repeatedly prior to isolation.

Since proliferation of somatic cells and TSC attrition has been associ-

ated with telomere shortening,30 we used PCR to determine telo-

mere length in serially passaged human TSC. This study

demonstrated that telomeres shortened as a function of passage

(Figure 7B). To determine if serial passage was selecting TSC with

relatively long telomeres, human TSC were cloned at P3 and telo-

mere length was determined for the parental populations and clonal

isolates at P4-P11. Telomere length was significantly greater in

clones than in populations at P4 to P6 (Figure 7C). These data indi-

cate that short-lived TSC enter culture with relatively short

telomeres and that a further decrease in telomere length contributes

to TSC attrition over P1 through P5.

The telomere length study also found that telomere length was

stable, but short, at later passages (Figure 7C). To determine if long-

lived TSC expressed telomere maintenance genes TERT and TERC, we

used RNAseq to evaluate expression of these genes as a function of

time after plating. This study did not detect TERT or TERC mRNA at

any time point (Figure 7D) and was in agreement with other studies

which did not detect TERT gene expression or function.25,31 However,

TERT activity has been reported in TSC26,32 and it was possible that

these population studies may have overlooked TERT and TERC
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F IGURE 3 Lifespan and fate analysis of TSC clones. A, K5/H2B:GFP mice and mono-transgenic controls were treated with dox chow from
day �3 through day +3 and then switched to standard chow. NA treatment occurred on day 0. On day 40, TSC were recovered, cloned, and
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expression in a rare subpopulation. To address this issue, we queried a

scRNAseq data sets for expression of telomere biology genes.3 Analy-

sis of freshly isolated human lung cells as well as TSC that were

proliferating in vivo did not detect a TERT- or TERC-expressing sub-

population (Figure S3). Collectively, these data indicate that TSC do

not express TERT or TERC.
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F IGURE 7 Telomere length and secretory differentiation in human TSC. A, The clone forming cell frequency (CFCF) assay was used to
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3.8 | TSC undergo secretory cell specification

Our demonstration of terminal differentiation in mouse TSC

(Figures 3 and 4) coupled with our previous report that human

TSC upregulated secretory cell associated genes as they were

passaged,25 suggested that human TSC underwent terminal differen-

tiation to an airway secretory cell. Expression of secretory cell type

signature genes including secretoglobins (1A1, 3A1, 3A2), mucins

(5B, 5Ac), and others33 indicates that the cell has become a club or

goblet cell. Importantly, the gene products assayed in this study are

cell differentiation markers and are distinct from those which define

the senescence associated secretory phenotype. To further assess

TSC to secretory cell differentiation, we used RNAseq to evaluate

expression of the secretary cell type signature genes in P2 TSC as a

function of time after plating (Figure S4). This study indicated that

expression of most secretory cell signature genes increased as a

function of time.

To further evaluate human TSC differentiation, we used flow

cytometry to examine expression of CD151, a tetraspanin which

defined a subset of human TSC12 and CD66ace, a marker for secre-

tory primed basal cells.33 CD66ace + cells were a subset of the

CD151+ population (Figure 7E). Although these markers defined TSC

subsets (Figure 7F), their frequency did not vary over time (Figure 7F).

These data suggested that accumulation of secretory-primed cells

contributed to stabilization of progenitor cell frequency at later pas-

sages (Figure 7A).

3.9 | Increased proliferation and shelterin gene
expression in moderate lifespan TSC

We previously used serial passage to identify TSC clones with dis-

tinct lifespans.24 (These clones were cryopreserved at various pas-

sages for future analysis. To investigate differences among

moderate (termination at p9) and long lifespan (termination at p16)

TSC clones, their transcriptional profile was compared at p5 using

scRNAseq. Uniform manifold approximation and projections

(UMAP) identified four clusters (Figure 8A). Comparison with previ-

ously reported basal cell subtype signatures,34 (Figure 8B) indicated

that cluster-0 was composed of proliferating basal cells (basal

subtype-2) and that cluster-3 contained canonical basal cells (basal

subtype-1). Approximately 75% of Cluster-1 cells were secretory-

primed basal cells (basal subtype-3) and 25% were β-catenin high

basal cells (basal subtype-5). Cluster-2 contained a mixture of acti-

vated basal cells (basal subtype-4) as well as basal subtypes-1 and

-5. Analysis of CD151 mRNA showed expression in all clusters

(Figure 8C); whereas, CEACAM6 (CD66c) was limited to a subset

of cluster-1 cells (Figure 8D). Expression of CEACAM1 (CD66a)

and CEACAM5 (CD66e) was similar to CEACAM1 (data not

shown). The frequency of CD66-expessing cells and cluster-1 was

similar for the two clones (Figure 8E). The moderate lifespan clone

contained more cluster-0 and cluster-3 cells and fewer cluster-2

cells than the long-lived clone (Figure 8E). These data indicate that

the moderate-lifespan clone had more proliferating cells than the

long lifespan clone. Analysis of telomere biology genes did not

detect TERT or TERC but demonstrated upregulation of shelterin

genes in the moderate lifespan clone. Collectively, these data indi-

cate that the moderate lifespan clone, which had shorter telomeres

(Figure 7), was biologically older than its counterpart and that its

short telomeres were protected through upregulation of the

shelterin complex genes.

3.10 | TSC number and function are
decreased in DC

In contrast with TERT and TERC, our RNAseq study detected expres-

sion of telomere biology genes including DKC1, NAF1, NOT10,

TERF1, TERF2, TPP1, and WRAP53 (Figure 7D) and raised the possi-

bility that long-lived TSC used this complex to protect their relatively

short telomeres. To address this question, we evaluated TSC from

donors who harbor mutations in telomere biology genes, including

two shelterin genes (TINF2 and CTC1). The study group contained

12 DC patients and 16 parents (Table S1). The nasal respiratory epi-

thelium was sampled since previous studies indicated that TSC from

this region were largely indistinguishable from those in other airway

locations.35,36

Within family 1, the mother and the proband (DC patient) har-

bored a mutation in RTEL1. A previous study reported telomere short-

ening in their peripheral blood leukocytes.37 Although the father

exhibited premature aging and telomere shortening, exome sequenc-

ing did not identify a telomere biology gene mutation.37 The parents

and the proband had significantly fewer TSC than control at P1 and

the proband had fewer TSC than the parents (Figure 8A). To further

examine this finding, we compared TSC number in 12 DC probands

and 16 parents. This study demonstrated that DC probands had fewer

TSC than their adult relatives at P1 (P = .0037). To determine if there

was a difference in telomere length in the parents relative to the pro-

band, each parent was compared with their child (Figure 8B,C). This

study showed that telomere length was significantly shorter in the

proband than in the parent.

Serial passage of family 1 TSC demonstrated that TSC were

depleted more rapidly in the parents and proband than in control

(Figure 8A). TSC from the proband terminated at P4. Similar results

were obtained for the other DC Families (data not shown). The ability

of TSC from family 1 to generate functional secretory and ciliated

cells was quantified at P2 using air-liquid-interface cultures. Cultures

from all donors polarized and indicated that TSC were present. How-

ever, cell density and the frequency of secretory cells and ciliated

cells was significantly decreased relative to control (Figure 8D-F).

Similar results were obtained for additional DC families (data not

shown). These data indicate that mutations in telomere biology

genes, including TERT and shelterin genes, decrease TSC number

and function.
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3.11 | TSC from DC patients have abnormally
short telomeres

An analysis of telomere length in TSC from family 1 demonstrated

that the father had significantly longer telomeres than the mother and

that telomere length in TSC from the mother and the proband were

similar (Figure 8G). An analysis of additional DC families demonstrated

that telomeres were significantly longer the parents relative to the

proband in five of six comparisons (Figure 8H). These data extend

the previously reported telomere shortening in DC-leukocytes to

include airway epithelial TSC and supported the idea that shelterin

genes are critical for protection of short telomeres in long-lived TSC.

4 | DISCUSSION

This study examined biological aging of TSC. Our previous study indi-

cated that human TSC lifespan was �40 to 50 population doublings
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and that it conformed to the Hayflick limit.38 Like stem cells from

other tissues, TSC are thought to conserve their finite mitotic poten-

tial by limiting the number of times they divide. We refined this con-

cept by showing that injury activated a fraction of the mouse TSC

population11 and suggested that this process conserved mitotic

potential of the quiescent subpopulation.

We now show that activated mouse TSC continued to proliferate

after the epithelium was repaired (Figure 1) and that a second injury

accelerated their proliferation (Figure 2). Analysis of the TSC response

to a second injury (Figures 2, 5, and 6) demonstrated activation of a

new cohort of TSC which were able to regenerate the epithelium.

Thus, partial activation of the TSC pool conserved the mitotic poten-

tial of the remaining TSC.

However, our analysis of mouse TSC clones also demonstrated

that proliferation of activated TSC resulted in terminal differentiation

(Figures 3 and 4). The majority of activated mouse TSC, 96%, did not

self-renew, became UPB, and were lost from the TSC pool (Figure 4).

These studies indicate that the mechanism underlying terminal differ-

entiation was a shift from asymmetric cell division (which maintains

the TSC) to symmetric cell division (which generates two UPB). Addi-

tional experiments are needed to determine if this process is unique

to the terminal differentiation process and the relative contribution of

intrinsic and extrinsic signals.

Collectively, our mouse clone analyses indicate that injury cau-

sed activated TSC, and possibly their supportive niche, to age at a

faster rate than their nonactivated counterparts. Our analysis of

secretory cell differentiation in human TSC cultures (Figure 7F,G,

Figure S4) complements our analysis of terminal differentiation in

mouse TSC clones. Both results indicate that generation of termi-

nally differentiated cells squanders TSC mitotic potential. These data

indicate that many injury/repair cycles decrease the reparative

potential of the epithelium and that the magnitude of this decrease

is dependent on the number of TSC that are activated by each

injury.

Biological aging has been associated with telomere shortening

and indicated cell intrinsic processes.3 Since mice have extremely

long telomeres and TERT knockout mice have complex phenotype,

we analyzed telomere length in human TSC. As previously reported

for postnatal somatic primary cell isolates including tissue-specific

stem cells from non-pulmonary tissues,39 our analysis showed that

telomere length decreased as the cells were passaged (Figure 7) and

that TSC clones had longer telomeres than the population from

which they were derived. Functional significance was supported by

our finding that TSC frequency was significantly decreased in DC

patients relative to non-DC controls, long-lived TSC were not

detected in DC patients, and TSC from DC patients had short telo-

meres (Figure 8). These data suggested that the TSC pool contains

subpopulations that are characterized by short and long telomeres

and that these subsets are comprised of biologically old and

young TSC.

Our finding that human TSC frequency plateaus after passage

5 suggested the presence of an additional TSC conservation mecha-

nism. Although some studies reported that TERT was active,26,32 our

RNAseq studies did not identify a population of TERT expressing

TSC (Figure 7D, Figure S3, Figure 8). However, we did detect

expression of many telomere and shelterin complex genes and our

analysis of TSC from DC patients and carriers suggested that

shelterin complexes may protect the relatively short telomeres

found in long-lived TSC (Figure 9). Upregulation of shelterin genes in

moderate lifespan TSC clones and correlation of this change with an

increase in the frequency of proliferating cells (Figure 8) further sup-

ports an association between telomere length, mitotic frequency,

and biological aging.

Finally, our data indicate that telomere shortening occurs as

TSC divide and that differences in telomere length reflect the

number of times a TSC has undergone cytokinesis. Accordingly, it

is likely that freshly isolated human TSC contain subsets that are

defined by the number of times they proliferated in vivo. TSC

which are lost over passages 1 to 5 are likely to be cells that had

proliferated many times in vivo and had expended 60% to 70% of

their lifespan prior to culture. In contrast, TSC which could be

passaged 15 to 20 times are likely to be a subset that proliferated

fewer times in vivo and had expended only 30% to 40% of their

lifespan. Thus, differences in passage-potential reflect the TSC's

contribution to epithelial homeostasis and repair prior to

isolation.

5 | CONCLUSION

The biological aging concept suggests that abnormal TSC function

leads to airway epithelial remodeling in chronic lung disease. Our data

indicate that repeated TSC proliferation results in terminal differentia-

tion and that this process is intrinsic to the TSC. Collectively, these

studies identify biological aging of TSC as a process that could drive

the development of chronic lung disease.
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