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ORIGINAL RES

Efficiency and Specificity of Gene Deletion in Lung Epithelial

Doxycycline-Inducible Cre Mice
Meenal Sinha and Clifford A. Lowell

Department of Laboratory Medicine and Program in Immunology, University of California, San Francisco, California

ORCID ID: 0000-0002-4008-4080 (M.S.).

Abstract

The transgenic mouse strains surfactant protein C-reverse tetracycline
transactivator (SP-C-rtTA), club cell secretory protein (CCSP)-rtTA,
and tetracycline operator (TetO)-Cre have been invaluable for
spatiotemporally regulating gene deletion in the pulmonary epithelium.
In this study, we measured the efficiency and specificity of gene deletion
that can be achieved in these mice using the Rosa26-eYFP reporter.
Triple-transgenic mice (tTg or rtTA/TetO-Cre/Rosa-eYFP) were bred
and treated with various doxycycline (dox) regimens to induce gene
deletion, which was then quantified in various cell populations by flow
cytometry. In these crosses, we found that the TetO-Cre transgene must
be transmitted through the female parent to avoid germline gene
deletion. With dox exposure during lung development, SP-C-tTg mice
deleted in ~65-75% of alveolar epithelial type II (ATII) cells, but in only
~45-50% of the integrin 4 population, which consisted of club cells
and distal lung progenitor cells. In contrast, CCSP-tTg mice deleted in
~50% of ATII cells and ~80% of integrin B4 cells. Upon dox
treatment of adults, deletion in ATTI cells and integrin 34 cells in SP-C-
tTg mice dropped significantly to ~20% and ~6%, respectively, whereas
CCSP-tTg mice deleted in ~57% of ATII and ~40% of integrin B4 "

cells. Interestingly, untreated CCSP-tTg mice also deleted in ~~40% of
integrin B4 cells, indicating significant leakiness of CCSP-tTg in 34"
cells. In all mouse groups, minimal deletion occurred in mouse tracheal
epithelial cells or in mesenchymal or hematopoietic cells. These data
provide the first quantitative, side-by-side comparison of the deletion
efficiency for these widely used transgenic mouse strains.

Keywords: lung epithelial cells; gene deletion; doxycycline;
TetO-Cre; rtTA

Clinical Relevance

The study of lung epithelial biology has benefited from the
use of transgenic mouse strains that allow inducible cell-
specific deletion. In this study, we accurately quantified the
efficiency, specificity, and inducibility of gene deletion that is
achievable with these widely used strains. As such, this
report serves as a guide for using and interpreting studies
that utilize these transgenic mouse strains.

Lung epithelial cells play important roles
in gas exchange, maintaining the fluid
balance in the distal airways, and
coordinating the tissue response to
immune challenges. In the conducting
airways, club cells are responsible for
generation of the mucus layer as well as
production of antimicrobial peptides, both
of which provide the first line of defense

against pathogen infection (1, 2). In the
alveoli, alveolar epithelial type II (ATII)
cells produce surfactants and are the
major source of chemokines and
chemoattractants for the coordination of
pulmonary immune responses (3). The
study of any given protein or functional
response of club and ATII cells has been
dramatically enhanced by the ability to

direct specific genetic mutations to these
cell types in mouse models.

To target genes specifically in lung
epithelial cells in vivo, surfactant protein
C-reverse tetracycline transactivator
(SP-C-rtTA), club cell secretory protein
(CCSP)-rtTA, and tetracycline operator
(TetO)-Cre mice were generated ~15 years
ago (4, 5). The SP-C-rtTA transgene drives
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Figure 1. Breeding scheme, doxycycline (dox) treatment regimen, and mechanism of gene deletion in lung epithelial cell-specific, dox-inducible Cre
deleter mice. Surfactant protein C—reverse tetracycline transactivator (SP-C-rtTA), club cell secretory protein (CCSP)-rtTA, and tetracycline operator
(TetO)-Cre mice were crossed to Rosa26"™ /Y™ single-transgenic (sTg) mice to generate Rosa26"™ Y P/SP-C-rtTA™ ", Rosa26"™™""F/CCSP-rtTA™® ™,
and Rosa26" Y P/TetO-Cre™ ™" double-transgenic (dTg) mice, respectively. To avoid widespread dox-independent gene deletion, these dTg mouse
strains were maintained by using a breeding scheme (A, mating I) in which the rtTA was always transmitted by the male and the TetO-Cre was of female
origin. To generate triple-transgenic (tTg) mice, dTg mice were bred together (A, mating ll), again making sure that the TetO-Cre was present in the female
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expression of the rtTA from a 3.7 kb
fragment of the human SP-C gene
promoter. When bred to the TetO-Cre
transgene—carrying mouse strain and
treated with doxycycline (dox), loxP
flanked (“floxed”) genes of interest are
deleted during lung development in utero
and in adult mice (6, 7). The CCSP-rtTA
line drives rtTA expression from a 2.3 kb
fragment of the rat CCSP gene promoter,
which allows deletion in club cells as well as
in ATII cells (4). These mice have been
used extensively by the pulmonary sciences
community, mostly in applications
involving developmental biology, cancer
research, immunology, and inflammation.
Because these transgenic mice allow for
spatiotemporal gene regulation in lung
epithelial cells, they have proven especially
useful in scenarios where whole-body
gene knockout leads to lethality or
complex systemic phenotypes. However,
the use of these strains is not without
accompanying complications, which
include leaky (i.e., non-dox-induced)
expression of Cre and issues with rtTA
toxicity or off-target dox toxicity (8-10).
Perhaps more limiting is the efficiency of
deletion for any given floxed gene using
either of these strains. Optimizing the
duration of dox exposure during lung
development has been suggested to help
decrease potential toxicity as well as
improve gene deletion frequency (11).
Although much is known about
the characteristics, advantages, and
limitations of the SP-C-rtTA, CCSP-rtTA,
and TetO-Cre systems, no reports have
directly compared the efficiency and
specificity of gene deletion, using a
quantitative method, that can be
achieved with these systems. Thus, in
the course of our studies of immune
signaling molecule expression in lung
epithelium (12), we realized that we
needed a better assessment of the utility
of these Cre deleter strains to help with
interpretation of our findings. To facilitate
that, we crossed SP-C-rtTA, CCSP-rtTA,
and TetO-Cre mice to the Rosa26-

enhanced yellow fluorescent protein (eYFP)
reporter strain, which is one of the
mostly widely used reporter strains for
lineage-marking studies (13). In these
mice, cells and their descendants are
permanently marked eYFP positive after
Cre activity. Here, we report the deletion
efficiency, specificity, and dox inducibility
achieved in these triple-transgenic

(tTg) mice during lung development

and in adulthood using different dox
treatment regimens.

Materials and Methods

Mice and Genotyping

Rosa26-eYFP (Gt(ROSA)26Sor™ (EYFPICos)
mice (14) (referred to as Rosa26 7/ YFP
from here on) were obtained from The
Jackson Laboratory (Sacramento, CA).
SP-C-rtTA (line 2), CCSP-rtTA (line 2),
and TetO-Cre mice were received from
Dr. Jeffrey Whitsett. All mouse strains
were backcrossed 15 generations to the
C57BL/6 background, maintained in a
specific pathogen-free facility at the
University of California, San Francisco
(UCSF), and used according to
protocols approved by the UCSF
Institutional Animal Care and Use
Committee.

Genotyping for human SP-C-rtTA,
rat CCSP-rtTA, and TetO-Cre transgenes
(4, 5), as well as the Rosa26 "/ Y? Jocus
(15), was performed as described earlier.
Please refer to the online supplement for
the reagents and antibodies used.

Mouse Breeding and Dox Treatment
SP-C-rtTA, CCSP-rtTA, and TetO-Cre mice
were bred with Rosa26""™*Y** single-
transgenic (sTg) mice to generate
Rosa26 *YFP/Sp_C-(or CCSP)-rtTA and
Rosa26""*""P/TetO-Cre double-transgenic
(dTg) mice (Figure 1A, mating I).
Thereafter, Rosa26 *"YF?/SP-C-(or
CCSP)-rtTA male mice were crossed to
Rosa26""*/YF?/TetO-Cre female dTg mice
to generate Rosa26 " "Y*P/SP-C-(or CCSP)-

rtTA/TetO-Cre tTg mice (Figure 1A,
mating II). To avoid germ-line deletions,
TetO-Cre was maintained in the female
for all of the matings (I and II). The mating
strategy also kept the transgene copy
numbers the same across breedings.

To induce gene deletion during lung
development, pregnant females (mating II)
were dox treated from embryonic day 0.5
(E0.5) until the birth of pups (long in utero
dox) or for shorter time durations (short in
utero dox, Figure 1B) based on the SP-C
and CCSP promoter activities described
previously (4).

For adult gene deletion, mice were
dox treated from 6 to 8 wk of age
(adult dox, Figure 1B). To determine
dox-independent gene deletion,

i.e., promoter leakiness, mice were not
treated. Mice were killed between 10
and 12 wk for eYFP expression analyses.

Dox (Alfa Aesar, Haverhill, MA) was
reconstituted in cell-culture-grade DMSO
(Sigma-Aldrich, St. Louis, MO) at 100
mg/ml, aliquoted, and stored at —20°C.
Dox was diluted to 1 mg/ml in autoclaved
5% sucrose-supplemented drinking water,
administered to mice in foil-wrapped water
bottles, and changed every other day.

Dispase Digestion of Lungs and
Trachea

Lungs and trachea from each mouse were
digested into a single-cell suspension using
dispase and DNase as described previously
(12, 16). More details are provided in the
online supplement.

Flow-Cytometric Staining and

Analysis

For lung and tracheal cells, lineage markers
were stained using a cocktail of biotinylated
antibodies (anti-CD45, anti-CD16/32,
anti-Ter119, and anti-CD31), which included
anti-integrin 34 only for lung cells, followed
by staining with streptavidin-Pacific Orange.
All epithelial cells were marked with anti-
epithelial cell adhesion molecule (EpCAM)-
allophycocyanin (APC) (12, 16). Blood,
spleen, and bone marrow single cells were Fc

Figure 1. (Continued). breeder mouse. (B) To induce gene deletion in tTg mice during embryonic development, pregnant females were treated with

1 mg/ml dox in drinking water either for the entire duration of the pregnancy (long in utero dox) or for a shorter time (short in utero) during which the SP-C
or CCSP promoters are known to be most active. In some experiments, gene deletion was induced in adult tTg mice by treating them with 1 mg/ml dox
in drinking water from 6 to 8 wk of age (B). To assess dox-independent gene deletion (leak), some mice were not treated with dox at all. (C) In tTg mice,
the nTA protein, the expression of which is driven by either human SP-C or rat CCSP promoters, binds the (tetO)7/CMV promoter in the presence

of dox. This in turn drives expression of the Cre recombinase protein, which deletes the lox P flanked STOP sequence upstream of the eYFP gene, leading
to stable expression of eYFP protein, which is then detected and quantitated by flow cytometry to assess deletion efficiency and specificity.
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Figure 2. Flow cytometric cell gating strategy for analysis of gene deletion efficiency and specificity. Triple-transgenic mice (tTg or Rosa26" ¥/ Sp-C-

(or CCSP)-rtTAT*/TetO-Cre™® ™) were bred and treated with dox as outlined in MaTeriALs AND METHoDs and in Fig. 1. Dispase-digested single-cell

suspensions of lungs (A) and trachea (C) from wild-type (WT) or dox-treated tTg mice were stained for EpCAM, a pan-epithelial marker, along with several
lineage markers. The lineage markers CD45 and CD16/32 were used for hematopoietic cells, CD31 for endothelial cells, and Ter119 was used for erythroid
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blocked and then stained using anti-mouse
CD45-PE. Dead cells were excluded by
propidium iodide. Data were acquired using
an LSRFortessa (BD Biosciences) with
FACSDiva software (BD Biosciences) and
analyzed by FlowJo (TreeStar, Ashland, OR).

Statistical Analysis

Data are displayed as mean = SD. ANOVA
with Tukey’s post hoc test was performed
using Prism software, Windows version
6.07 (GraphPad, La Jolla, CA), to
statistically analyze the significance of

the difference between multiple groups.

P < 0.05 (*) was considered significant.

P < 0.01 is represented as (**), P < 0.001
is represented as (***), and not significant
is shown as (ns).

Results

Breeding Scheme, Dox Treatment
Regimen, and Mechanism of Gene
Deletion

To quantify the gene deletion efficiency that
can be achieved in lung epithelial cells using
lung epithelial cell-specific, dox-inducible
Cre deleter mice, both the activator
(SP-C-rtTA and CCSP-rtTA) and
operator (TetO-Cre) sTg lines were
crossed to Rosa26" /P reporter sTg

mice to generate dTg mice as shown in
mating I, Figure 1A. To generate tTg mice,
dTg mice were bred as shown in mating II,
Figure 1A. This resulted in the tTg mice
Rosa26" """ P/SP-C-rtTA™®'" /TetO-
Cre™™ (referred to as SP-C-tTg) and
Rosa26""""*F/CCSP-rtTA™ "/ TetO-
Cre™™* (referred to as CCSP-tTg).
Importantly, because we noticed a very
high frequency of litters that were reporter
positive (with 98-99% peripheral blood
leukocytes being eYFP fluorescent; data
not shown) in a dox- and genotype-
independent manner when the TetO-

Cre gene was transmitted via the male,

we routinely maintained the TetO-Cre
transgene in the female parent in all
breedings. In addition, the activator and
operator lines were never bred to
homozygosity.

To delete genes during lung
development, pregnant female mice were
treated either from E0.5, which was
determined by checking for vaginal
plugs, until the birth of pups (long in
utero dox for both SP-C and CCSP mice)
or from E7.5 to E16.5 (short in utero dox
for SP-C mice) or from E12.5 to E20.5
(short in utero dox for CCSP mice)
(Figure 1B). The shorter dox treatment
timings were based on the transgenic
SP-C and CCSP promoter activities
reported by Perl and colleagues (4).

To delete genes in adult mice, dox

was administered to mice in drinking
water from 6 to 8 wk of age. Additionally,
to determine the levels of dox-independent
gene deletion and promoter leakiness,
some mice were left untreated.

The dox-inducible mechanism of
gene deletion in these mice (Figure 1C)
involves the binding of rtTA, which is
produced constitutively under lung-specific
promoters, to the (TetO)7/CMV promoter
in the presence of dox to drive downstream
expression of Cre recombinase, which then
deletes the floxed transcription STOP
sequence to permanently turn on eYFP
reporter expression. However, this
mechanism can exhibit “leakiness,”

i.e., low-level expression of Cre
recombinase and gene deletion in
the absence of dox treatment.

Flow Cytometric Gating Scheme
Single-cell suspensions of lung digests
were stained for lineage (Lin) markers
(CD45, C16/32, CD31, Terl19, and
integrin $4) and EpCAM, a pan-epithelial
marker (Figure 2A). As previously shown
(12, 16), cells in the Lin~ EpCAM™ (or
ATTII) gate were routinely ~99% positive
for pro-SP-C, a specific marker for ATII
cells (Figure 2B). Whereas the whole-lung,
single-cell digest contained ~20% pro-
SP-C™ cells (Figure 2B, left panel), cells
sorted from the Lin~ EpCAM " gate very
reproducibly consisted of ~99% pro-SP-C*
cells (Figure 2B, right panel). Events in
the integrin 4" gate, which were also high
for EpCAM expression (EpCAM™),

consisted of club cells and distal lung
progenitor cells (12), whereas the Lin™
EpCAM ™ gate consisted of mesenchymal
cells (Figure 2A). Tracheal cell
suspensions were stained similarly,
except that they were not stained for
integrin 34 (Figure 2C). The Lin~
EpCAM " gate consisted of mouse
tracheal epithelial cells (mTECs),
whereas the Lin~ EpCAM ™~ dual-negative
population consisted of tracheal
mesenchymal cells. Single-cell
suspensions from blood, spleen, and
bone marrow were stained for CD45
and then gated on all CD45" cells to
identify all hematopoietic cells

(Figure 2D). To accurately record the
deletion frequency in all populations,
true eYFP fluorescence was distinguished
from autofluorescence.

Deletion Efficiency in Lung Epithelial
Cell Populations
For gene deletion in ATII cells, the
highest efficiency, ~74%, was observed
in SP-C-tTg mice treated with dox in
utero for the long duration, i.e., E0.5 to
the birth of pups (Figure 3A). SP-C-tTg
mice treated with dox in utero for the
short duration deleted in ~65% ATII
cells (Figure 3A). In contrast, CCSP-tTg
mice deleted in a significantly lower
percentage of ATII cells, ~52%, under
both short and long dox treatment
conditions (Figure 3A).

When dox was administered to
adult mice, gene deletion in ATII cells
significantly dropped to ~20% in SP-C-tTg
mice (Figure 3A). Interestingly, however,
similarly treated CCSP-tTg mice did
not display such a reduction in gene
deletion efficiency in ATII cells, with ~57%
ATII cells being eYFP reporter positive.
Untreated SP-C-tTg mice deleted in ~5%
ATII cells and untreated CCSP-tTg
mice deleted in ~2% ATII cells, indicating
that neither promoter was significantly
leaky in ATII cells. Further, no deletion
was observed in ATII cells from any of
the groups when the mice were sTg or
dTg and lacked either one or both of

Figure 2. (Continued). cells. In lung-cell preparations, but not tracheal preparations, anti-integrin 84 antibody was also included in the lineage antibody
cocktail to mark club cells and distal lung progenitor cells. (B) To confirm that the ATII gating strategy for lung cells as shown in (A) was reliable, lung single-
cell preparations and cells sorted using the ATIl gating strategy were stained intracellularly for pro-SP-C, a specific marker for ATl cells. Shown are
histograms and cytospin pro-SP-C stains of the same. All hematopoietic cells were marked with CD45 staining in single-cell preparations from spleen
(D) and blood and bone marrow (not shown). Events displayed in the dot plots are gated on live, singlet events. APC, allophycocyanin; ATII, alveolar
epithelial type Il; EpCAM, epithelial cell adhesion molecule; mTEC, mouse tracheal epithelial cells.
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Figure 3. Efficiency of dox-induced gene deletion in lung epithelial cells. Shown are the percentages

of eYFP reporter fluorescence—positive cells within populations of ATl cells (4) and integrin B4™

EpCAMm epithelial cells (B) from dispase-digested lung single-cell preparations. The graphs represent

data pooled from dox-treated or untreated mice generated in three to five separate breedings, as
outlined in MaTeriALs AND METHODS, with each bar representing the mean = SD of 5-13 mice. The
genotypes of the mouse groups were as follows: Rosa26""""" (sTg), Rosa26"™"*P/SP-C-(or
CCSP)-rtTATY™ (dTg - rTA), Rosa26 ™" P/TetO-Cre™* (dTg — TetO-Cre), and Rosa26" "/
SP-C-(or CCSP)-rtTATY */TetO-Cre™* (tTg). *P < 0.05, ***P < 0.001; ns, not significant.

the activator (rtTA) and operator
(TetO-Cre) elements (Figure 3A).

The deletion frequency in the EpCAM"
integrin B4 gate, consisting of club cells

and distal lung progenitor cells, was also
quantified in the same mouse groups. A
trend opposite to that seen with the ATII
cells was observed, with CCSP-tTg mice

Sinha and Lowell: Gene Deletion in Mouse Lung Epithelium

deleting the most in the integrin B4
cell population, ~81%, when treated
with dox in utero regardless of the
treatment duration (Figure 3B). In
SP-C-tTg mice, the deletion frequency
in integrin B4 cell population was
significantly lower, being ~45% and ~50%
with short and long dox treatment,
respectively. Upon treatment of adult
mice with dox, SP-C-tTg mice deleted
in only ~6% of EpCAM™ integrin 34"
cells, whereas CCSP-tTg mice deleted

in ~42% of the same cell population.
Interestingly, however, in both SP-C-tTg
and CCSP-tTg mice, the adult dox
deletion frequency was similar to that
observed when the mice were not treated
with dox at all (~3% for SP-C-tTg and
~37% for CCSP-tTg mice), indicating
that the deletion observed in adults in
the EpCAM™ integrin 84" cells was due
to promoter leakiness rather than dox
treatment (Figure 3B) No delet1on was
observed in EpCAM™ integrin B4

any of the sTg or dTg mice from any of
the groups (Figure 3B). Thus, SP-C-tTg
mice are better suited to delete genes

in ATII cells during in utero lung
development, and CCSP-tTg mice are
apt for deleting genes in ATII cells in
adult mice and also in club cells and
distal lung progenitor cells. However,

at least half of the CCSP-tTg-driven in
utero gene deletion in club and progenitor
cells was constitutive (not regulated

by dox).

Deletion Efficiency in mTECs

Deletion in mTECs was also assessed and
was found to be significantly lower than
that observed for either ATII cells or
integrin B4 cells, regardless of the
strain or dox treatment group (Figure 4).
A deletion frequency of only ~2-3% was
observed in SP-C-tTg mice that were
either untreated or treated with dox as
adults. When SP-C-tTg mice were
treated with dox in utero for either the
short or long duration, a higher deletion
frequency of ~11% was observed. In

the CCSP-tTg mice, deletion in mTECs
was higher, being ~17-19% with or
without dox treatment in any regimen.
Regardless of the mouse group and dox
treatment, a deletion frequency of ~2-3%
was observed in dTg mice that were
positive for the TetO-Cre transgene

but negative for the rtTA transgene. This
shows a small degree of leakiness of the
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Figure 4. Efficiency of dox-induced gene deletion in tracheal epithelial cells. Shown are the
percentages of eYFP reporter fluorescence—positive cells within mTECs from dispase-digested
tracheal single-cell preparations. The graphs represent data pooled from dox-treated or untreated
mice generated in three to five separate breedings, as outlined in MaTeriALS AnD MeTHODS, with each
bar representing the mean =+ SD of 5-13 mice. The genotypes of the mouse groups were as follows:
Rosa26 ™™ (sTg), Rosa26"™"™P/SP-C-(or CCSP)-rtTA™ ™ (dTg-rtTA), Rosa26" /Y "/TetO-
Cre'* (dTg-TetO-Cre), and Rosa26" ™Y F/SP-C-(or CCSP)-rTATY*/TetO-Cre'¥ ™ (tTg). **P <

0.01, P < 0.001.

TetO-Cre gene in mTECs, which was
not observed in lung epithelial cells. No
deletion was observed in sTg mice from
any of the groups. In summary, the
overall deletion frequency in mTECs
was small and was not inducible in
CCSP-tTg mice.

Deletion in Nonepithelial Cells

Overall, a minimal deletion frequency

was observed in mesenchymal cells from
lungs (< 5%) and trachea (< 3%)
(Figures 5A and 5B). Similarly, a very

low deletion frequency (< 5%) was
observed in hematopoietic cells (< 5%)
from blood, spleen, and bone marrow
(Figures 6A-6C) in all mouse groups

with or without dox treatments. This shows
that the deletion is highly specific to

lung epithelial cells in dox-treated SP-C-tTg
and CCSP-tTg mice.

Discussion

In this study, we report the efficiency and
specificity of deletion in the most widely
used lung epithelial cell-specific, dox-
inducible Cre deleter mice. Deletion during
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lung development, induced by dox
treatment of pregnant females, was

most efficient in ATII cells in the
Rosa26" """ F/SP-C-rtTA™®' "/ TetO-
Cre'®+ (SP-C-tTg) mice compared with
the Rosa26™"""""/CCSP-rtTA ¥ "/ TetO-
Cre"®™" (CCSP-tTg) mice. By contrast,
deletion in ATII cells induced by
treatment of adults was significantly
better in CCSP-tTg mice compared with
SP-C-tTg mice. Similarly, deletion in

the EpCAM™ integrin 84" population,
consisting of club cells and distal lung
progenitor cells, induced during lung
development was significantly better in
CCSP-tTg mice compared with SP-C-tTg
mice. In adults, CCSP-tTg mice also
showed a significant deletion in EpCAM™
integrin B4 cells, whereas the SP-C-tTg
mice were minimally active. To our
surprise, however, approximately half of
the deletion in this cell lineage during
lung development and almost all of it in
adult CCSP-tTg mice was due to CCSP-
rtTA transgene leakiness, i.e., it was not
regulated by dox. The difference between
SP-C-tTg and CCSP-tTg mice is expected
based on the described activity of the
transgenic human SP-C and rat CCSP

promoters (4, 11). There is no report

on the deletion that can be achieved in
tracheal epithelial cells using these mice.
Our study using the Rosa26-eYFP
reporter showed low levels of deletion

in mTECs in all groups of mice under all
conditions examined, thus demonstrating
the unsuitability of these strains for
targeting genes in the tracheal epithelium.
Interestingly, all deletions observed in
the mTECs in CCSP-tTg mice were

dox independent (i.e., due to leaky

Cre expression). Finally, deletion in
mesenchymal hematopoietic cells in

all groups was minimal (< 5%).

In the majority of studies using
SP-C-rtTA and CCSP-rtTA transgenic
mice, deletion has been induced in utero
during lung development. Such approaches
are useful, of course, to study the
effects of any particular gene on lung
development, but may not be feasible
for studying gene function in adults (due
to potential lethality caused by lung
dysfunction at birth). To study the role
of any gene in adults (for example, in
immune responses to a pathogen or
ischemic challenge), treatment of adult
mice with dox has been used (17),
although it is generally recognized that
this is less efficient because both of these
transgenes tend to be downregulated in
mature epithelium and are not as dox
inducible as they are before birth (4).

Our study shows that the CCSP-rtTA
transgene is more for efficient for
deletion in adults, but is also quite leaky
(i.e., not regulated by dox) in club cells.

To potentially rectify these issues,
Duerr and colleagues (18) generated a
second-generation CCSP-rtTA2°%-M2
transgene, using a modified version of
the rtTA that has reduced basal activity
(i.e., leakiness) and increased dox sensitivity
(19). When expressed with the LC-1
reporter strain, which drives both luciferase
and Cre recombinase under an rtTA-
responsive, bidirectional promoter (20),
this improved CCSP-rtTA2°-M2 transgene
drove highly regulated luciferase expression
(i.e., with no leakiness) when mice
were treated with dox. The promoter
was ~v10-fold more active when mice were
treated in utero versus as adults, based
on total luciferase expression in lung
homogenates. The efficiency of
gene deletion was estimated by
immunohistochemistry for Cre protein
expression. Approximately 80% of
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Figure 5. Gene deletion in lung and tracheal mesenchymal cells from dox-treated or untreated
lung epithelial cell-specific Cre deleter mice. Shown are the percentages of eYFP reporter
fluorescence—positive cells within (A) lung mesenchymal cells and (B) tracheal mesenchymal cells
from single-cell lung and tracheal preparations, respectively. The graphs represent data pooled from
dox-treated or untreated mice generated in three to five separate breedings, as outlined in MATERIALS
AND METHODS, with each bar representing the mean = SD of 5-13 mice. The genotypes of the mouse
groups were as follows: Rosa26" ™" " (sTg), Rosa26" ™" */SP-C-(or CCSP)-rtTA™ ™" (dTg-ItTA),
Rosa26"™"™P/TetO-Cre' " (dTg-TetO-Cre), and Rosa26" ™Y F/SP-C-(or CCSP)-rtTA™ */TetO-
Cre'* (tTg).

SP-C-positive ATII cells expressed Cre previously reported (5) and which we
protein using the most active CCSP- formally document here.

rtTA2°-M2 transgene. Hence, this Since the Rosa locus is robustly and
improved CCSP transgene clearly reduces  ubiquitously expressed (21), and, unlike the
the leaky expression observed in the Z/AP and Z/EG reporters, is not silenced in

traditional CCSP system, which has been adults (22, 23), we have likely quantitated
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the highest deletion efficiencies achievable
with SP-C-tTg and CCSP-tTg mice.
However, the deletion efficiency varies
with the gene being targeted and must be
determined for each. It is widely
recognized that different floxed genes in
the murine genome are rearranged with
different efficiencies by the same Cre
deleting strain (24). Moreover, the
deletion frequency of any given floxed
gene may also vary depending on
ongoing diseases in the target tissue. For
example, a variable frequency of deletion
of the IL-4a receptor gene by the LysM-
Cre deleting strain was reported in mice
infected with schistosomiasis (25).
Additionally, our study was limited to
the use of mice on the C57BL/6] genetic
background. Different gene deletion
frequencies may be observed in different
genetic backgrounds, especially during
disease states, given the well-appreciated
differences in immune responses between
different inbred strains of mice.
Therefore, although we provide a
quantitative Rosa26-eYFP reporter-based
comparison of deletion frequency with
SP-C-rtTA and CCSP-rtTA systems,
these results can only serve to guide the
use of these deleting strains to target
other genes in the murine lung
epithelium in various disease models on
other genetic backgrounds.

Because the various lung epithelial cell
populations can be identified by flow
cytometry, one could perform surface or
intracellular staining for the protein of
interest to look for deletion efficiency
quantitatively, depending on the availability
of high-quality antibodies. In the absence of
that, lung epithelial populations can be
sorted out by using fluorescence-activated
cell sorting (12, 16) and then interrogated
by PCR or quantitative real-time reverse-
transcription PCR to quantitate the deletion
efficiencies. This method would yield
superior lung epithelial cell-specific
quantitation compared with the more
traditional methods, such as whole-lung
Western blotting, reverse-transcription
PCR, and lung tissue immunostaining. We
believe that a quantitative assessment of
deletion efficiency and specificity is crucial
for interpretation of data.

Finally, it is not clear why ~20-30% of
the ATII cells could not be targeted with
either transgene system. It is likely that
lower expression of the SP-C or CCSP
promoters, as heterologous transgenes
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Figure 6. Gene deletion in hematopoietic cells in dox-treated or untreated lung epithelial cell-specific
Cre deleter mice. Shown are the percentages of eYFP reporter fluorescence—positive cells within CD45*
hematopoietic cells from (A) blood, (B) spleen, and (C) bone marrow single-cell preparations. The graphs
represent data pooled from dox-treated or untreated mice generated in three to five separate breedings,
as outlined in MaTERIALS AND METHODS, with each bar representing the mean + SD of 5-13 mice. The
genotypes of the mouse groups were as follows: Rosa26" ™Y (sTg), Rosa26"™ Y F/SP-C-(or CCSP)-
HTA™* (dTg - fTA), Rosa26" ™Y /TetO-Cre"* (dTg - TetO-Cre), and Rosa26"™""™/SP-C-(or

CCSP)-rtTA™* /TetO-Cre™®* (tTg).

(i.e,, human and rat gene promoters in
mice) is an issue. Nearby endogenous
genetic elements, such as enhancers or
silencers, may affect the transgenic
promoters, especially during epithelial
disease states. In addition, the low deletion
efficiency we observed in ATII cells in

SP-C-tTg mice treated with dox as adults
was similar to that reported in a previous
study using the same human SP-C
transgenic promoter construct but coupled
downstream to a tamoxifen-inducible
Cre-ER™ (26). In contrast, higher adult
deletion efficiencies in ATII cells might be

achievable in endogenous SP-C promoter
Cre-ER™ knock-in mice (27, 28). However,
even with these newer-generation knock-in
mice, the adult deletion in ATII cells may
not be complete, given that the SP-C
promoter is active in ~63% of adult ATII
cells, as determined by means of a
constitutive nuclear green fluorescent
protein reporter downstream of the
endogenous SP-C promoter (29). Further,
they may not be suited for deletion in utero
given the reproductive toxicity of tamoxifen
exposure.

It should also be noted that the
breeding schemes in most papers are
not clearly outlined. We found that
transmission of the TetO-Cre transgene
via the male breeder mouse led to a high
frequency of litters in which all the pups
were reporter positive or gene deleted in a
genotype- and dox-independent manner.
Thus, in all of our breedings, we consistently
maintained the TetO-Cre gene in the female
breeders. Also, with the breeding scheme
we followed, we were able to control for
the copy number of each transgene.
None of the transgenes, except the
Rosa-eYFP reporter, were bred to
homozygosity. This is important in terms
of reducing potential off-target and
toxic effects of the protein products of
the transgenes.

In summary, our study provides a
quantitative assessment of the deletion
efficiency, specificity, and dox-inducibility
of the SP-C-rtTA"®*/TetO-Cre™®™, and
CCSP-rtTA¥*/TetO-Cre™™ mouse
strains using the ROSA26-eYFP reporter.
Because these deleter strains have been used
by many investigators, this study will assist
in interpreting past studies and guiding
future ones. W

Author disclosures are available with the text
of this article at www.atsjournals.org.

Acknowledgments: The authors thank Mike
Lee at the DERC Flow Cytometry and Cell
Sorting Core Facility at UCSF for technical
assistance, Yongmei Hu for mice genotyping,
and Dr. Harold A. Chapman for helpful
discussions and advice.

References

1. Tam A, Wadsworth S, Dorscheid D, Man SF, Sin DD. The airway
epithelium: more than just a structural barrier. Ther Adv Respir Dis

2011;5:255-273.

256

2. Ganesan S, Comstock AT, Sajjan US. Barrier function of airway tract
epithelium. Tissue Barriers 2013;1:€24997.

3. Guillot L, Nathan N, Tabary O, Thouvenin G, Le Rouzic P, Corvol H,
Amselem S, Clement A. Alveolar epithelial cells: master regulators of

lung homeostasis. Int J Biochem Cell Biol 2013;45:2568-2573.

American Journal of Respiratory Cell and Molecular Biology Volume 57 Number 2 | August 2017


http://www.atsjournals.org/doi/suppl/10.1165/rcmb.2016-0208OC/suppl_file/disclosures.pdf
http://www.atsjournals.org

ORIGINAL RESEARCH

4. Perl AK, Tichelaar JW, Whitsett JA. Conditional gene expression in the
respiratory epithelium of the mouse. Transgenic Res 2002;11:21-29.

5. Perl AK, Wert SE, Loudy DE, Shan Z, Blair PA, Whitsett JA. Conditional
recombination reveals distinct subsets of epithelial cells in trachea,
bronchi, and alveoli. Am J Respir Cell Mol Biol 2005;33:455-462.

6. Tichelaar JW, Lu W, Whitsett JA. Conditional expression of fibroblast
growth factor-7 in the developing and mature lung. J Biol Chem 2000;
275:11858-11864.

7. Akeson AL, Greenberg JM, Cameron JE, Thompson FY, Brooks SK,
Wiginton D, Whitsett JA. Temporal and spatial regulation of VEGF-A
controls vascular patterning in the embryonic lung. Dev Biol 2003;264:
443-455.

8. Morimoto M, Kopan R. rnTA toxicity limits the usefulness of the SP-C-
rtTA transgenic mouse. Dev Biol 2009;325:171-178.

9. Perl AK, Riethmacher D, Whitsett JA. Conditional depletion of airway
progenitor cells induces peribronchiolar fibrosis. Am J Respir Crit Care
Med 2011;183:511-521.

10. Sisson TH, Hansen JM, Shah M, Hanson KE, Du M, Ling T, Simon RH,
Christensen PJ. Expression of the reverse tetracycline-transactivator
gene causes emphysema-like changes in mice. Am J Respir Cell Mol
Biol 2006;34:552-560.

11. Perl AK, Zhang L, Whitsett JA. Conditional expression of genes in the
respiratory epithelium in transgenic mice: cautionary notes and toward
building a better mouse trap. Am J Respir Cell Mol Biol 2009;40:1-3.

12. Sinha M, Lowell CA. Immune defense protein expression in highly purified
mouse lung epithelial cells. Am J Respir Cell Mol Biol 2016;54:802-813.

13. Chen SX, Osipovich AB, Ustione A, Potter LA, Hipkens S, Gangula R,
Yuan W, Piston DW, Magnuson MA. Quantification of factors
influencing fluorescent protein expression using RMCE to generate
an allelic series in the ROSA26 locus in mice. Dis Model Mech 2011,
4:537-547.

14. Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, Jessell TM,
Costantini F. Cre reporter strains produced by targeted insertion of
EYFP and ECFP into the ROSA26 locus. BMC Dev Biol 2001;1:4.

15. Abram CL, Roberge GL, Hu Y, Lowell CA. Comparative analysis of the
efficiency and specificity of myeloid-Cre deleting strains using
ROSA-EYFP reporter mice. J Immunol Methods 2014;408:89-100.

16. Sinha M, Lowell CA. Isolation of highly pure primary mouse alveolar
epithelial type Il cells by flow cytometric cell sorting. Bio Protoc
2016;6:e2013.

17. Han CZ, Juncadella IJ, Kinchen JM, Buckley MW, Klibanov AL, Dryden K,
Onengut-Gumuscu S, Erdbriigger U, Turner SD, Shim YM, et al.
Macrophages redirect phagocytosis by non-professional phagocytes
and influence inflammation. Nature 2016;539:570-574.

Sinha and Lowell: Gene Deletion in Mouse Lung Epithelium

18. Duerr J, Gruner M, Schubert SC, Haberkorn U, Bujard H, Mall MA. Use
of a new-generation reverse tetracycline transactivator system for
quantitative control of conditional gene expression in the murine
lung. Am J Respir Cell Mol Biol 2011;44:244-254.

19. Urlinger S, Baron U, Thellmann M, Hasan MT, Bujard H, Hillen W.
Exploring the sequence space for tetracycline-dependent
transcriptional activators: novel mutations yield expanded range and
sensitivity. Proc Natl Acad Sci USA 2000;97:7963-7968.

20. Schénig K, Schwenk F, Rajewsky K, Bujard H. Stringent doxycycline
dependent control of CRE recombinase in vivo. Nucleic Acids Res
2002;30:e134.

21. Soriano P. Generalized lacZ expression with the ROSA26 Cre reporter
strain. Nat Genet 1999;21:70-71.

22. Lobe CG, Koop KE, Kreppner W, Lomeli H, Gertsenstein M, Nagy A.
Z/AP, a double reporter for cre-mediated recombination. Dev Biol
1999;208:281-292.

23. Novak A, Guo C, Yang W, Nagy A, Lobe CG. Z/EG, a double reporter
mouse line that expresses enhanced green fluorescent protein upon
Cre-mediated excision. Genesis 2000;28:147-155.

24. Sharma S, Zhu J. Immunologic applications of conditional gene
modification technology in the mouse. Curr Protoc Immunol 2014;
105:10.34.11-10.34.13.

25. Vannella KM, Barron L, Borthwick LA, Kindrachuk KN, Narasimhan PB,
Hart KM, Thompson RW, White S, Cheever AW, Ramalingam TR,
et al. Incomplete deletion of IL-4Ra by LysM(Cre) reveals distinct
subsets of M2 macrophages controlling inflammation and fibrosis in
chronic schistosomiasis. PLoS Pathog 2014;10:e1004372.

26. Gui Y-S, Wang L, Tian X, Feng R, Ma A, Cai B, Zhang H, Xu K-F. SPC-
Cre-ERT2 transgenic mouse for temporal gene deletion in alveolar
epithelial cells. PLoS One 2012;7:e46076.

27. Chapman HA, Li X, Alexander JP, Brumwell A, Lorizio W, Tan K,
Sonnenberg A, Wei Y, Vu TH. Integrin a6p4 identifies an adult distal
lung epithelial population with regenerative potential in mice. J Clin
Invest 2011;121:2855-2862.

28. Rock JR, Barkauskas CE, Cronce MJ, Xue Y, Harris JR, Liang J,
Noble PW, Hogan BLM. Multiple stromal populations
contribute to pulmonary fibrosis without evidence for epithelial to
mesenchymal transition. Proc Nat/ Acad Sci USA 2011;108:
E1475-E14883.

29. Lee JH, Kim J, Gludish D, Roach RR, Saunders AH, Barrios J, Woo AJ,
Chen H, Conner DA, Fujiwara Y, et al. Surfactant protein-C
chromatin-bound green fluorescence protein reporter mice reveal
heterogeneity of surfactant protein C-expressing lung cells. Am J
Respir Cell Mol Biol 2013;48:288-298.

257



	link2external
	link2external
	link2external



