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Abstract ErbB4 receptor and thyroid transcription factor

(TTF)-1 are important modulators of fetal alveolar type II

(ATII) cell development and injury. ErbB4 is an upstream

regulator of TTF-1, promoting its expression in MLE-12

cells, an ATII cell line. Both proteins are known to promote

surfactant protein-B gene (SftpB) and protein (SP-B) ex-

pression, but their feedback interactions on each other are

not known. We hypothesized that TTF-1 expression has a

feedback effect on ErbB4 expression in an in-vitro model of

isolated mouse ATII cells. We tested this hypothesis by

analyzing the effects of overexpressing HER4 and Nkx2.1,

the genes of ErbB4 and TTF-1 on TTF-1 and ErbB4 protein

expression, respectively, as well as SP-B protein expression

in primary fetal mouse lung ATII cells. Transient ErbB4

protein overexpression upregulated TTF-1 protein expres-

sion in primary fetal ATII cells, similarly to results previ-

ously shown in MLE-12 cells. Transient TTF-1 protein

overexpression down regulated ErbB4 protein expression

in both cell types. TTF-1 protein was upregulated in prima-

ry transgenic ErbB4-depleted adult ATII cells, however SP-

B protein expression in these adult transgenic ATII cells

was not affected by the absence of ErbB4. The observation

that TTF-1 is upregulated in fetal ATII cells by ErbB4 over-

expression and also in ErbB4-deleted adult ATII cells sug-

gests additional factors interact with ErbB4 to regulate

TTF-1 levels. We conclude that the interdependency of

TTF-1 and ErbB4 is important for surfactant protein levels.

The interactive regulation of ErbB4 and TTF-1 needs fur-

ther elucidation.

Keywords Alveolar type II cells . ErbB4 . Lung

development . SP-B . TTF-1

Abbreviations

ATII cells Alveolar type II cells

BPD Bronchopulmonary dysplasia

RDS Respiratory distress syndrome of the

neonate

ErbB4 Receptor tyrosine-protein kinase

HER4 Human ErbB4 encoding gene

TTF-1 Thyroid transscription factor 1

Nkx2.1 TTF-1 encoding gene

SP-B Surfactant protein B

SftpB SP-B encoding gene

4ICD ErbB4 intracellular domain

MLE-12 Mouse lung epithelium 12 cell line

BSA Bovine serum albumin

DMEM Dulbecco’s modified eagle medium

FBS Fetal bovine serum

E Embryonic day

HBSS Hank’s buffered salt solution

PBS Phosphate buffered saline solution

HER4heart(−/−) Homozygote ErbB4 negative transgene

HER4heart(+/-) Heterozygote transgene

EGFP Enhanced green fluorescent protein
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HITES Hydrocortisone, insulin, transferrin,

estrogen and selenium

BCA Bicinchoninic acid

Background

Surfactant deficiency causes neonatal respiratory distress syn-

drome (RDS) and the development of bronchopulmonary dys-

plasia (BPD), both severe diseases of immature lungs in pre-

term born infants (Northway 1967). While the severity of

RDS in preterm born infants has decreased in recent decades

with better pre- and postnatal care including the application of

antenatal corticosteroids, postnatal surfactant supplementa-

tion, and more gentle modes of mechanical ventilations

(Jobe 1993), the incidence of BPD has only minimally

changed (Kair 2012). Despite the growing knowledge of in-

flammatory (Bose 2008) and oxidative injury (Saugstad 2003)

contributing to BPD pathogenesis, treatment options for BPD

still have limited success (Beam 2014). Increasing knowledge

of the regulation of growth and transcription factor signaling

impacting surfactant protein levels in RDS and lung remodel-

ing in BPD should contribute important insights into new

therapeutic strategies to prevent or treat BPD.

ErbB receptors are important regulators of cell prolifera-

tion, maturation and differentiation (Gassmann 1995). In the

fetal lung, ErbB4 protein is highly expressed in fetal alveolar

type II (ATII) cells (Liu 2007) and is necessary for the timely

initiation of surfactant expression and synthesis (Dammann

2003) and the progression of morphologic lung development

(Liu 2010). ErbB4 is unique in the ErbB family of tyrosine

kinase receptors, since it can be cleaved by presenillin

(Hoeing 2011; Fiaturi 2014), expresses strong nuclear signal-

ing (Williams 2004) and interacts with transcription factors

such as Stat5A (Zscheppang 2011) and TTF-1 (Zscheppang

2013) that are important in promoting Sftpb expression in

ATII cells.

TTF-1 is a nuclear transcription factor that activates tran-

scription of genes in lung, brain and thyroid (Bingle 1997).

TTF-1 plays an important role in the developing lung by reg-

ulating branching morphogenesis (Minoo 1995) and surfac-

tant protein gene expression (DeFelice 2003). The localization

of Nkx2.1 – the gene encoding for TTF-1 – expression in

human fetal lung tissue follows the pattern of distribution of

Sftpb, and is down regulated in pathologic situations like in-

flammation (Stahlman 1996). Surfactant Protein B (SP-B), the

protein product of the SftpB gene, is the most critical function-

al component of surfactant for lowering surface tension

(Perez-Gil 2008). Heterozygous dysfunction of Nkx2.1 leads

to respiratory dysfunction and recurrent pulmonary infections

likely due to decreased SP-B levels (Devriendt 1998). The

regulation of Nkx2.1 expression is only partially understood

(Hamdan 1998).

Little is known about the regulation of ErbB4 and TTF-1

signaling mechanisms in the fetal lung around the time of

initiation of surfactant production or about their interactions

with each other. We hypothesized that expression of ErbB4

and TTF-1 proteins are regulated in a feedback loop to coor-

dinate their mutual activity on regulating Sftpb expression.We

here show negative feedback regulation between TTF-1 and

ErbB4, and speculate that TTF-1 plays a key role in compen-

sating for ErbB4 loss to maintain Sftpb expression.

Materials and methods

Materials

The immortalizedmouse lung alveolar epithelial cell lineMLE-

12 was obtained from the American Type Culture Collection

(Manassas, VA); time-dated pregnant wild type Swiss Webster

Mice were obtained from Taconic (Hudson, NY). Rabbit poly-

clonal TTF-1 antibody (H-190) was obtained from Abcam

(Cambridge, MA), rabbit polyclonal ErbB4 antibody (C-18)

and rabbit polyclonal SP-B antibody were obtained from

Santa Cruz Biotechnology (Santa Cruz, CA); mouse monoclo-

nal β-actin antibody, IRDye 680LT goat anti-rabbit IgG anti-

body (H + L) and IRDye 800CWand goat anti-mouse antibody

IgG (H + L) were obtained from Li-Cor (Lincoln, NE). Bovine

serum albumin (BSA) was obtained from Sigma (St.Louis,

MO); Dulbecco’s Modified Eagles Medium (DMEM) and

Ham’s F12 culture media were obtained from Invitrogen

(Grand Island, NY); fetal bovine serum (FBS) was from

Thermo Fisher Scientific (Waltham, MA); Plasmid Midi Kit

was from Qiagen (Germantown, MD). FuGene® HD

Transfection Reagent was obtained from Promega (Madison,

WI); Dispase was from BD Bioscience (Franklin Lakes, NJ);

Collagenase type 2 was obtained from Worthington

(Lakewood, NJ), Trypsin 1:250 was from USB Corporation

(Cleveland, OH) and Desoxyribonuclease I was from Sigma

Aldrich (St. Louis, MO); Ketamine hydrochloride was from

Fort Dodge Animal Health (Fort Dodge, IA) and Rompun®

(Xylazine) was obtained from Bayer Agriculture Division

(Shawnee Mission, KS). DAPI was from Vector Laboratories

(Burlingame, CA). pEGFP N3 (control), and pHER4 (full

length human ErbB4 receptor) plasmids (Lee 2002; Williams

2004) were used as previously published (Zscheppang 2011).

pRC/CMV/Nkx2.1 (Nkx2.1 expression plasmid) was kindly

provided by Dr. Jeffrey Whitsett (Cincinnati Children’s

Hospital Medical Center, Cincinnati, OH) (Zhou 2008).

Preparation of primary fetal mouse ATII epithelial cell

cultures

All animal use was performed according to an animal research

protocol approved by the institutional IACUC. Primary ATII

E. Marten et al.



cells were freshly isolated from time-dated pregnant Swiss

Webster mice as previously described (Zscheppang 2013).

Briefly, pregnant Swiss Webster mice were sacrificed at

E17.5 of gestation by CO2 inhalation followed by cervical

dislocation. Fetal lungs were removed from the isolated fe-

tuses, washed in sterile HBSS, minced with a razorblade,

and incubated with collagenase type II diluted in serum-free

DMEM for 2 h at 37 °C. The reaction was stopped on ice for

30 min. Cells were centrifuged and resuspended in DMEM.

After a second centrifugation the pellet was resuspended in

DNase and trypsin and incubated for 12 min at 37 °C. The

reaction was stopped by DMEM containing 10 % fetal calf

serum (FBS). The cells were filtered through a 40 μm nylon

filter, centrifuged, resuspended in DMEM containing 10 %

FBS, and plated in culture flasks for 60 min at 37 °C

(21 %02/5 %C02) to allow for differential adherence of lung

fibroblasts. For ATII cell isolation the supernatant from the

first differential adherence was centrifuged, the cell pellet re-

suspended in DMEM containing 10 % FBS, and plated again

in the same conditions for a second differential adherence.

Supernatants were removed and centrifuged. The cell pellet

was resuspended and cells were plated in 6-well plates in

DMEM containing 20 % FBS. After 24 h of incubation

200 μg of cis-4-Hydroxy-L-Proline was added to each well

for another 24 h to minimize the proliferation of the residual

fibroblasts (Kao 1977). Wells were washed three times with

PBS before transfection experiments were started.

Preparation of primary ATII epithelial cell cultures

from adult male ErbB4-transgenic mice

HER4heart(−/−) mice (hereafter designated HER4heart mice), a

transgenic mouse line in which fetuses homozygous for

ErbB4 deletion were rescued from their lethal cardiac defects

by expressing a human ErbB4 (HER4) cDNA under the

cardiac-specific α-myosin heavy chain promoter (MHC)

(Tidcombe 2003), were used for these experiments. Micewere

genotyped by PCR (Supplemental Fig. 1A), and the absence

of ErbB4 receptors was confirmed in lung fibroblasts

(Supplemental Fig. 1B). All animals were housed in a

pathogen-free animal facility at Tufts University. Primary

ATII cells were freshly isolated from adult male HER4heart

mice as previously published with slight changes (Corti

1996; Warshamana 2001). Briefly, mice were narcotized with

a ketamine-xylazine solution (153 mM ketamine, 24.5 mM

xylazine). After rinsing the lung blood vessels free from cells

with PBS, 1 mL of dispase was installed into the lung via the

trachea. The lung was removed from the mouse and incubated

in dispase on ice for 40 min, minced with a razorblade, incu-

bated with DNase in DMEM at 37 °C for 10 min, sequentially

filtered through 100, 40, and finally 20 μm nylon filters, cen-

trifuged and resuspended in DMEM containing 10 % FBS.

For differential adherence of fibroblasts, cells were plated in

culture plates for 60 min at 37 °C (21 %02/5 %C02). For ATII

cell isolation, the supernatant was collected, centrifuged, and

the resuspended pellet plated for a second and third differen-

tial adherence under the same conditions for 45 and 30 min,

respectively. After the third differential adherence, cells were

centrifuged, the pellet was resuspended in DMEM containing

10 % FBS, and cells were plated in one well of a 6-well plate.

After 48 h of incubation, 200 μg of cis-4-Hydroxy-L-Proline

was added to each well for another 24 h to inhibit the prolif-

eration of the residual fibroblasts (Kao 1977). Cells were

grown on plastic in DMEM for another 24 h before harvest-

ing. Growth conditions for fetal and adult ATII cells were

similar, since they conserve the expression of ATII cell

markers in both cell types (Dey Hazra 2011).

Transfection experiments

To examine the effects of HER4 and Nkx2.1 (the genes

encoding for ErbB4 and TTF-1) overexpression on SP-B,

ErbB4, and TTF-1 protein expression levels, MLE-12 cells

and primary fetal ATII cells were transfected with plasmid

expressing human ErbB4 (HER4), or Nkx2.1, or an empty

control construct (EGFP) (Zhou 2008; Zscheppang 2011,

2013). The MLE-12 cells were only transfected with Nkx2.1

or EGFP, since we have already published the effects of

ErbB4 overexpression in MLE-12 cells on surfactant protein

expression (Zscheppang 2013). The cells were transfected for

24 h using FuGene® transfection reagent in accordance with

the manufacturer’s suggestions. Briefly, cells were grown on

6-well plates up to 30–50 % confluence for primary ATII cells

and MLE-12 cells, respectively. Two micrograms of DNA

were diluted in serum free medium and FuGene® reagent

and incubated for 15 min at room temperature before the mix-

ture was added drop-wise into the serum-containing media.

Primary ATII cells were grown in DMEM containing 20 %

FBS.MLE-12 cells were grown in serum-supplemented (2%)

HITES medium. To quantify the transfection efficiency, the

numbers of green fluorescent EGFP positive cells and total

DAPI stained cells were counted under fluorescence micros-

copy. The transfection efficiency was 30–40 % in MLE 12

cells (Supplemental Fig. 2A), and about 20 % in primary fetal

ATII cells (Supplemental Figure 2B).

Western blotting

After 24 h of incubation the cells were washed three times

with PBS (pH 7.2; 137 mM NaCl, 10.14 mM Na2HPO4,

2.7 mM KCl, 1.76 mM KH2PO4) and scraped in 100–

300 μL lysis buffer per well (20 mM Hepes (pH 7.4),

150 mM NaCl, 1 mM EDTA, 1 % NP-40, 1 mM Na3VO4,

4.5 mM Na4P2O7, 10 mM β-glycerol phosphate, 1 mM

Na3VO4, 1 mM ZnCl2, 1 mM NaF, 1 mM PMSF and 10 μg

each of aprotinin, leupeptin and pepstatin). After 15 min of

ErbB4 and TTF1 in type II cells



incubation on ice, cells were scraped and lysates were cleared

bymicrocentrifugation for 15min at 4 °C. Pierce BCA protein

assay (Thermo Fisher Scientific, Waltham, MA) was used to

determine the concentration of total protein. To detect individ-

ual proteins, cell lysates with an amount of 30 ng of total

protein were boiled in Laemmli buffer for 5 min at 100 °C.

Proteins were separated by 7 % SDS polyacrylamide gel elec-

trophoresis and transferred to a 0.45 μm nitrocellulose mem-

brane. For SP-B and TTF-1 detection, a 9 % SDS polyacryl-

amide gel and a 0.2 μm membrane were used. Blots were

blocked in 1 % BSA and incubated with antibodies against

individual proteins. Proteins were visualized by scanning the

membranes with a Li-Cor® Odyssey infrared imaging system.

Membranes were stripped in stripping buffer (pH 2; 25 mM

glycine and 52mMSDS) for 30 min at 50 °C and reprobed up

to a maximum of 5 times.

Data analysis

All protein expressions of ErbB4, TTF-1, or SP-B were mea-

sured by densitometry, normalized to the control condition (set

to 100 %) and presented as mean±SEM. The results of all

transfection experiments were also expressed as percentage of

their EGFP-transfected experiment-specific control (set to

100 %). The effect of ErbB4 depletion in adult homozygous

mutant HER4heart mice on SP-B and TTF-1 protein expression

was expressed as percentage of the expression of the heterozy-

gous controls (set to 100 %). Statistical significance was eval-

uated using a paired two-tailed t-test except for one instance

when the a priori hypothesis tested was a one-way hypothesis.

Results

Nkx2.1 overexpression increases SP-B, but decreases

ErbB4 protein expression in MLE-12 cells

To determine the effect of Nkx2.1 overexpression in MLE-12

cells only experiments which showed an adequate (>400 %)

increase of TTF-1 protein expression were analyzed. These

experiments showed increased TTF-1 protein expression to

647±76 % of controls (N=8, P=0.0002) (Fig. 1a). This was

associated with a significant increase of SP-B protein expres-

sion to 130±10 % (N=8, P=0.022) and a significant decrease

of ErbB4 protein expression to 72±4 % (N=8, P=0.0003)

(Fig. 1b) when compared to the specific EGFP-transfected

control cells.

Nkx2.1 overexpression increases SP-B, but decreases

ErbB4 protein expression in primary ATII cells

In fetal mouse ATII cells only experiments which showed an

adequate (>150 %) increase of TTF-1 protein expression were

analyzed. In these experiments Nkx2.1 overexpression in-

creased TTF-1 protein expression to 224±43 % (N=8,

P=0.023) (Fig. 2a), resulting in a similar significant increase

in SP-B protein expression to 151±18 % (N=7, P=0.03) and

a significant decrease in ErbB4 protein expression to 75±3 %

(N=8, P=0.0001) (Fig. 2b) when compared to EGFP-

transfected control cells.

HER4 overexpression increases SP-B and TTF-1 protein

expression in fetal mouse ATII cells

Only experiments which showed an adequate (>150 %) in-

crease of ErbB4 protein expression were analyzed. HER4

overexpression increased ErbB4 protein expression in fetal

mouse ATII cells to 186±13 % (N=6, P=0.0013) (Fig. 3a).

This was associated with a significant increase in SP-B protein

expression to 133±1.7 % (N=6, P=0.0001) and in TTF-1

protein expression to 178±28 % (N=5, P=0.05) (Fig. 3b)

when compared to EGFP-transfected control cells.

ErbB4 deletion increases TTF-1 protein expression

but does not affect SP-B protein expression in adult male

HER4heart ATII cells

In primary male adult HER4heartATII cells, genetic deletion of

ErbB4 was associated with a significant increase in TTF-1

protein expression to 174±14 % (N=14, P=0.0002) when

compared to heterozygote control cells (100±9 %, N=14,

100±11 %, N=8, respectively). However, the loss of ErbB4

did not affect SP-B protein expression (103±15 %, N=8,

P=0.86) (Fig. 4).

Discussion

The TTF-1 transcription factor is a crucial regulator of the

development of the lung, the brain, and the thyroid (Bingle

1997). In the lung, acute inflammation, edema, hemorrhage,

and atelectasis inhibit expression of Nkx2.1, the gene

encoding for TTF-1, while in regeneration processes

(Stahlman 1996) or in compensatory growth (Takahashi

2010), TTF-1 protein levels are increased, indicating the im-

portance of TTF-1 in lung growth and remodeling. In acute

inflammation, cytokines like TNF-α have been shown to de-

crease TTF-1 proteins at the transcriptional level (Das 2011),

but little is known about how Nkx2.1 expression is otherwise

regulated and if expression feedback mechanisms are present.

We have previously shown that TTF-1 functions as a down-

stream signal for ErbB4-mediated upregulation of Sftpb ex-

pression (Zscheppang 2013). Here we show that TTF-1 pro-

vides feedback regulation on ErbB4 protein expression. Our

results also suggest that elevated TTF-1 levels may maintain

E. Marten et al.



SftpB expression to compensate for longstanding ErbB4

deletion.

TTF-1 is a tumor marker for thyroid and lung carcinomas

(Moldvay 2004). The role of TTF-1 in lung cancer cells is not

fully understood, but TTF-1 is an apparent positive prognostic

marker in adenocarcinomas of the lung (Berghmans 2006). In

non-small cell lung carcinoma cells, Nkx2.1 overexpression

represses the expression of the cell cycle protein Ki-67 and

Fig. 1 Nkx2.1 overexpression in MLE-12 cells increases SP-B protein

expression and decreases ErbB4 protein expression. MLE-12 cells were

transfected with a vector expressingNkx2.1 or a control vector expressing

only EGFP. a Nkx2.1 overexpression was confirmed byWestern blotting

for TTF −1 (upper panel) and quantified by densitometry (lower panel). b

A representative Western blot (upper panel) and densitometry (lower

panel) shows the effects of Nkx2.1 overexpression on SP-B (left) and

ErbB4 (right) protein expression. β-actin reprobing was used to control

for protein loading. Means of the controls were set to 100 %. Data are

presented as means±SEM of 8 independent experiments each. *P<0.05,

**P<0.01

Fig. 2 Nkx2.1 overexpression in primary fetal ATII cells increases SP-B

protein expression while decreasing ErbB4 protein expression. Primary

fetal ATII cells were transfected with Nkx2.1 or a control vector express-

ing only EGFP. a Nkx2.1 overexpression was confirmed by Western

blotting for TTF-1 (upper panel) and quantified by densitometry (lower

panel). b A representative Western blot (upper panel) and densitometry

(lower panel) shows the effects of Nkx2.1 overexpression on SP-B (left)

and ErbB4 (right) protein expression. β-actin reprobing was used to

control for protein loading. Means of the controls were set to 100%. Data

are presented asmeans±SEM of the numbers of independent experiments

displayed in the figure. *P<0.05, **P<0.01
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may serve as a tumor suppressor gene (Zu 2012). It also re-

presses Muc5b, one of the major mucin genes of the respira-

tory tract, which is highly expressed in human lung adenocar-

cinoma (Jonckheere 2010). On the other hand, Nkx2.1 pro-

motes survival of cancer cells if the gene is amplified, func-

tioning as a lung cancer specific oncogene (Kwei 2008), while

Nkx2.1 suppression inhibits cell proliferation of lung adeno-

carcinoma cells leading to apoptosis (Tanaka 2007). This

Bzwitter function^ of TTF-1 is paralleled by similar zwitter

functions of ErbB4 in cancer biology, in which ErbB4 expres-

sion is associated with either tumor progression or with good

prognosis (Gullick 2003). The functions of ErbB4 and of

TTF-1 in lung development initiated our focus on their inter-

actions in developing alveolar ATII cells.

In our initial approach, we used the MLE-12 cell line, a

mouse adult lung alveolar epithelial cell line that has been

frequently used to study the regulation of surfactant protein

production (Wikenheiser 1993). We found that the transfec-

tion efficiency of MLE-12 cells is twice that of primary fetal

ATII cells. However, our data here indicate that despite the

lower efficiency of transfection observed in primary fetal ATII

cells the effects of Nkx2.1 and HER4 overexpression on SP-B

protein expression are similar in both cell types. This differ-

ence in transfection efficiency is consistent with other reports

(Marsh 2009) and is likely due to a higher replication rate seen

in cell lines like MLE-12 cells. When comparing the pheno-

typical behavior of primary adult with fetal ATII cells it

seemed to be more difficult to grow primary adult ATII cells,

Fig. 3 HER4 overexpression in primary fetal ATII cells increases both

SP-B and TTF-1 protein expression. Primary fetal ATII cells were

transfected with a vector expressing HER4 or a control vector expressing

only EGFP. a HER4 overexpression was confirmed by Western blotting

for ErbB4 protein (upper panel) and quantified by densitometry (lower

panel). b A representative Western blot (upper panel) and densitometry

(lower panel) shows the effects of HER4 overexpression on SP-B (left)

and TTF-1 (right) protein expression. β-actin reprobing was used to

control for protein loading. Means of the controls were set to 100%. Data

are means±SEM of the number of independent experiments displayed in

the figure. *P≤0.05 (one tailed paired t-test, based on our a priori hy-

pothesis of an increase withHER4 overexpression), **P<0.01 (two tailed

paired t-test)

Fig. 4 Genetic deletion of ErbB4 does not affect SP-B protein expres-

sion, while it increases TTF-1 protein expression in adult HER4heart(−/−)

murine ATII cells. Representative Western blots from adult HER4heart

ATII cells isolated from heterozygous controls (+/−) and homozygous

negative (−/−) mice. Upper panel shows representative blot of SP-B (left)

and TTF-1 protein (right). Lower panel shows normal SP-B levels and

increased TTF-1 protein levels in HER4heart homozygote ATII cells com-

pared to heterozygote controls. β-actin reprobing was used to control for

protein loading. The mean of the controls was set to 100 %. Data are

means±SEM of the number of independent experiments displayed in the

figure. *P=0.859, **P=0.0002

E. Marten et al.



resulting in an unpredictable and widely variable viability in

these different kinds of primary cells (Hamm 2002). We have

used fetal primary cells for our transfection experiments, de-

spite the fact that adult primary cells may be closer in their

character to the MLE-12 cells, since MLE-12 cells were de-

rived from adult lungs. In addition, fetal cells grow more ef-

ficiently and are therefore easier to transfect than their adult

primary cell counterparts. To gain cell culture material from

adult animals needs to sacrifice a lot of animals and we tried to

keep the number of sacrificed animals low.

The mature SP-B protein has a size of 8 kDa. For our

experiments we detected the SP-B proprotein (pro SP-B) with

a size of 40 kDa due to clearer signals. The pro SP-B can show

split (Figs. 1b, 3b and 4) or single (Fig. 2b) signal bands.

Depending on the maturational status of the cell cycle the

proprotein can show processing intermediates (Brasch et al.

2004). Inconsistent western blot bands can also be caused by

spicing variants of SP-B (Chi et al. 1998). This phenomenon

is known for TTF-1 as well (Li 2000) even though our exper-

iments showed only single band signals for TTF-1.

ErbB4 is known to be important for differentiation of ATII

cells of the developing lung (Dammann 2003), the mammary

gland, the nervous system, and the heart (Carpenter 2002). In

the lung, both TTF-1 and ErbB4 protein have important roles

in promoting surfactant protein expression (Boggaram 2009;

Zscheppang 2011). Our previous experiments in fetal murine

ATII cells showed that there is an interaction between TTF-1

and ErbB4 (Zscheppang 2013). We here show evidence of a

negative feedback loop between ErbB4 and TTF-1, in that

overexpression of Nkx2.1 decreased ErbB4 protein expres-

sion. Negative feedback loops are well-documented for sev-

eral hormones, for example thyroid-stimulating hormone and

thyroxine (Shupnik 1989) or the adrenocorticotropic hormone

and cortisol (Keller-Wood 1984). However, the feedback re-

lationship of ErbB4 on TTF-1 appears more complex. TTF-1

protein levels were increased by ErbB4 overexpression in fetal

ATII cells and MLE-12 cells, consistent with the proposed

negative feedback relationship. However, the opposite was

seen in HER4heart ATII cells, which showed evidence of pos-

itive feedback, i.e., the lack of ErbB4 was associated with

increased TTF-1 protein levels. This suggests that the feed-

back effects of ErbB4 on TTF-1 protein are more complex and

likely involve additional components to mediate the full ef-

fect. Nevertheless, our data clearly show that ErbB4 levels do

affect the levels of TTF-1 protein. More studies are needed,

including gene expression studies, in order to further charac-

terize the mechanisms involved in the mutual feedback rela-

tionships of TTF-1 and ErbB4 in their roles of orchestrating

surfactant protein production.

We used the HER4heart ATII cells in an attempt to gain

further insight into the importance of the regulatory feedback

between TTF-1 and ErbB4. We have previously shown that

pulmonary ErbB4 deletion leads to a lung phenotype in fetal

and adult animals, including a delayed onset of fetal surfactant

synthesis and Sftpb expression (Liu 2010), accompanied by

decreased alveolar space and increased thickness of alveolar

septae, mirroring the pathologic picture of bronchopulmonary

dysplasia. However, these lungs exhibit catch-up expression

on the effects of ErbB4 deletion at term, resulting in normal

Sftpb gene expression in adult animals (Purevdorj 2008).

While Sftpb gene expression is normalized in ErbB4-deleted

adult lungs, other components of lung development remain

abnormal, including evidence of alveolar simplification com-

bined with evidence of chronic inflammation, a hyperreactive

airway system and surfactant protein D downregulation

(Purevdorj 2008). Thus, while our observed relationship be-

tween ErbB4 loss and TTF-1 expression was unexpected and

differed from that in fetal ATII cells, these results provide

more evidence of the importance of normal ErbB4 expression

in lung ATII cells for normal cellular function.

We here studied the effect of TTF1-ErbB4 interactions on

SP-B protein levels. This is just one element of surfactant

homeostasis, and so these studies do not give information on

overall surfactant system homeostasis. Surfactant is composed

of approximately 12 % protein, 80 % phospholipids and 8 %

other lipids (cholesterol, triacylglycerol and free fatty acids)

(Frerking 2001) and its homeostasis is regulated not only by

synthesis but also by trafficking, secretion, catabolism, and

recycling (Whitsett 2015). To elucidate the influence of

ErbB4 and TTF-1 on more aspects of the surfactant homeo-

stasis, studies of the metabolism cycle of surfactant proteins,

genes, and other components of the surfactant system are

needed.

Summary statement

Both ErbB4 and TTF-1 play critical roles in surfactant homeo-

stasis. Our findings show a negative feedback relationship

between ErbB4 and TTF-1 expression in fetal ATII cells.

While there are a number of additional factors involved in

the regulation of TTF-1, ErbB4, and SP-B protein expression,

we here present important insights into the lung cell biology

involved in the regulation of SftpB expression. More research

is needed to further elucidate these interactions.
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2. Compendium 

 

2.1 Introduction 

2.1.1 Lung development  

Lung development is divided in five stages. The embryonic stage lasts to week 7 in 

utero. It starts at the end of the fourth week of gestation when the lung appears as a 

ventral bud of the oesophagus. By the end of the sixth week lobar and segmental 

portions of the airway tree are recognizable [1] so that there are 18 major lobules at 

the end of week 7 [2]. In 1962 it was already assumed that branching patterns are 

driven by epithelial-mesenchymal interaction [3]. From week 4-16 pulmonary arteries 

start to grow by vasculogenesis from the 6th aortic arc towards the airway buds [4]. 

The stage from week 7 to 17 is called the pseudoglandular stage. By the end of this 

stage the conducting airway system is complete [5]. Around the trachea and 

segmental bronchi cartilage and smooth muscle cells are seen and there are mucous 

glands in the proximal and cuboidal cells in distal regions by the 12th week of 

gestation[6]. In this stage the first breathing movements can be identified [7]. The 

canalicular stage is the time from week 17 to 27. Here lamellar bodies containing 

surfactant proteins and phospholipids in type II pneumocytes can be observed lining 

the acinar tubules [2]. In the pseudoglandular stage the capillary network is 

separated from the acinus by mesenchyme, but it closely approaches the alveolar 

epithelium at the canalicular stage [8]. Flattening of the alveolar epithelium is evident 

by 20 weeks of gestation[9]. This leads to a formation of a blood-gas barrier which 

enables surviving of extremely premature infants [10], but surfactant deficiency leads 

to respiratory distress syndrome in the case of delivery in this stage [11]. In the 

saccular  phase  from week 27 to 36 the growth of the pulmonary parenchyma, the 

thinning of the connective tissue between the airspaces, and the further maturation of 

the surfactant system are the most important steps towards ex-utero life [12]. The 

alveolar phase lasts from week 36 of gestation to 24 months postnatal at least and is 

characterized by increasing size of the surface area of the alveoli. 85% of this 

process takes place after birth [6]. The estimation of the number of alveoli at birth 

range from 20 to 50 million [2] while a fully developed adult lung counts 300-800 

million alveoli [13]. 
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2.1.2 Surfactant  

The law of Young and Laplace (∆p=2σ/r) says that higher pressures (p) are required 

to ventilate alveoli with smaller radius I if surface tension (σ, ST) does not vary. Due 

to the greater retractive force smaller alveoli would collapse in favor of larger alveoli 

[14]. Surfactant adsorbs to the air/liquid interface and reduces surface tension to 

near-zero values at minimum alveolar radius. Opening of collapsed alveoli becomes 

possible with minimal inspiratory pressure. This prevents atelectasis [15]. 

The lung is faced both physical and biological challenges. On the one hand there are 

dynamically changing volumes and pressures and on the other hand it is exposed to 

a vast array of foreign pathogens. The surfactant system plays an important role to 

handle those challenges. Based on the analysis of lung fluid extracts obtained by 

bronchoalveolar lavage (BAL) techniques, surfactant is composed of approximately 

12% protein, 80% phospholipids and 8% other lipids (cholesterol, triacylglycerol and 

free fatty acids) [14].  

Lipids and proteins of surfactant are assembled in the endoplasmatic reticulum and 

the Golgi apparatus of alveolar type II cells. They are stored in lamellar bodies, which 

consists of a dense proteinaceous core surrounded by lipid bilayers arranged in 

concentric, stacked lamellae limited by an outer membrane until exocytosis [16]. 

Lamellar body exocytosis is primarily stimulated by β-receptors of the autonomic 

nervous system and stretch of the basement membrane of the alveolar type II cells 

which occurs during ventilation [17]. After the lamellar bodies are released into the 

hypophase – this is the space between the air/liquid barrier and the cell membrane of 

the alveolar type I and II cells – they swell and unravel into the so called tubular 

myelin which has a characteristic cross-hatched structure. Tubular myelin is the main 

lipid supply for the surface film and the surfactant reservoir – a multilayer structure 

associated with the surface film – that regulate the surface tension in the alveoli [18]. 

In case of surface film compression phospholipids move from the surface film to the 

surfactant reservoir to prevent collapsing of the alveolus. If the surface film expands 

phospholipids are able to move from the surfactant reservoir to the surface area to 

decrease surface tension and prevent alveolar burst [16]. The rate of secretion and 

removal of surfactant components is balanced. Alveolar type II cells do both 

degradation of surfactant components for reutilization and direct recycling of the 

surfactant components into intracellular bodies [19]. Parts of the surfactant that are 
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not able to be internalized by alveolar type II cells are degraded by alveolar 

macrophages. This lead to a balance between secretion and degradation [20]. 

 

The protein fraction of surfactant can be divided into two groups. The hydrophobic 

group, including Surfactant Protein B (SP-B) and Surfactant Protein C (SP-C), 

interacts strongly with the surfactant lipids and promotes the adsorption and 

formation of the surfactant film on the air-liquid interface  [21, 22]. Its function is to 

lower the surface tension of the alveoli [23] to prevent collapse and to reduce the 

work of breathing. The hydrophilic group, including Surfactant Protein A1 (SP-A1) 

and Surfactant Protein D (SP-D), belongs to the innate immune system through 

proteins` ability to recognize a broad spectrum of pathogens like viral, bacterial or 

fungal antigens [24-26] . 

 

2.1.3 Thyroid Transcription Factor -1 (TTF-1) 

TTF-1- also known as TITF-1 and T/EBP – is a member of the homeodomain-

containing transcription factor family. The gene encoding for TTF-1 is known as 

Nkx2.1. The TTF-1 protein activates the gene expression in the lung, the thyroid and 

the brain [27]. Human TTF-1 is a single polypeptide which contains 371 amino acids 

and has a molecular mass of 38 kDa [28]. In the thyroid, TTF-1 controls the 

expression of thyroperoxidase, thyroglobolin, the thyrotropin receptor and the sodium 

iodide symporter [29-32]. In the central nervous system, TTF-1 regulates the gene of 

the intermediate filament protein nestin [33] and in the lung, TTF-1 is essential for the 

promoter activity of the Surfactant proteins and the CCSP (Clara Cell Secretory 

Protein) [34-37]. 

 

2.1.4 ErbB4 

ErbB4 is a receptor tyrosine kinase and belongs to the ErbB family which contains 

four members. Receptor tyrosine kinases (RTKs) play key roles in nearly all aspects 

of cell biology [38]. They are involved in apoptosis, cytoskeletal rearrangement, cell 

cycle progression, differentiation, development, the immune response, nervous 

system function, and transcription. Dysregulation of protein kinases occurs in a 

variety of diseases such as autoimmune, cardiovascular, inflammatory, and nervous 
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disorders as well as cancer and diabetes [39]. All four members of the ErbB family 

have an extracellular ligand-binding domain, a single membrane-spanning region and 

a cytoplasmatic protein tyrosine kinase domain [40]. They are activated by several 

ligands, referred to as EGF-related peptide growth factors. Only for ErbB2 there is no 

ligant found yet. Neuregulin, betacellulin, epiregulin and heparin-binding EGF (EGF) 

are the ligants for ErbB4 [41] In the developing lung, neuregulin is known to initiate 

the surfactant syntheses by paracrine mechanisms of mesenchymal-epidermal 

interaction [42].  ErbB4 is expressed in a large number of fetal and adult human 

tissues [43]. In the mammary gland, ErbB4 is necessary for differentiation in mid-

lactation [44] and mice lacking ErbB4 in their mammary gland are not able to 

breastfeed their pubs [45]. In the heart, ErbB4 is crucial for trabeculae development 

and ErbB4 knockout mice die at gestational day 10.5 due to their cardiac defects 

[46]. In the developing central nervous system, ErbB4-/- mice show impaired axonal 

guidance and cell migration [47]. In the lung, ErbB4 lacking mice rescued from their 

cardiac defects due to ErbB4 expressed exclusively in the heart by a myosin heavy 

chain promotor show a hyperactive airway system and alveolar simplification similar 

to bronchopulmonary dysplasia [48]. 

 

2.1.5 Neonatal Respiratory Distress Syndrome (RDS) 

Neonatal respiratory distress syndrome (RDS) is a condition of pulmonary 

insufficiency beginning shortly after birth. Its severity is increasing in the following two 

days. Clinically, RDS presents with progressive cyanosis, grunting, tachypnea and 

retractions. Diagnosis can be confirmed by blood gas analysis and ‘ground glas’ 

appearance on chest X-rays combined with an air bronchogram. The Vermont Oxford 

Neonatal Network definition requires that babies have a central cyanosis in room air 

or need for supplemental oxygen to maintain PaO 2 >50 mm Hg (>6.6 kPa), as well 

as the classical chest X-ray appearances. Untreated infants die due to respiratory 

failure and progressive hypoxia [49]. In 1959 Avery and Mead discovered surfactant 

deficiency as the main reason for RDS [50]. 2010 the incidence of RDS in Europe 

was 92% for babies with a gestational age of 24–25 weeks, 88% at 26–27 weeks, 

76% at 28–29 weeks and 57% at 30–31 weeks [51]. Other risk factors than 

gestational age are maternal diabetes, perinatal asphyxia and other pulmonary and 
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extra pulmonary disorders like pneumonia, pulmonary hemorrhage, pulmonary 

hypertension or diaphragmatic hernia [52].  

Antenatal steroids reduce the risk of necrotizing enterocolitis (NEC), intraventricular 

hemorrhage and RDS in cases of delivery at a gestational age up to 34 weeks and 

applied at least 24 hours before labor [53]. After birth continuous positive airway 

pressure (CPAP) ventilation reduces the need of machine ventilation and surfactant 

treatment [54]. Infants who are not stabilized by CPAP, can be intubated and 

surfactant can be administered via the endotracheal tube with or without subsequent 

mechanical ventilation. Surfactant can also be administered via a fine catheter while 

the baby is spontaneously breathing on CPAP [49]. The combination of RDS, 

immature lungs and needs for mechanical ventilation can lead to bronchopulmonary 

dysplasia (BPD). 

 

2.1.6 Bronchopulmonary Dysplasia (BPD) 

In 1967 BPD was first described by Northway as a lung disease of preterm infants 

treated with machine ventilation and oxygen [55]. 20 years later the same author 

found structural alterations in patients who have survived BPD, suggesting a lifelong 

affection of lung function [56]. Northway described slightly preterm patients with RDS 

that were treated with machine ventilations and high concentration of oxygen. These 

newborns presented parenchymal fibrosis, neutrophilic inflammation and smooth 

muscle hypertrophia [55]. Because of the modern treatment of RDS and the ability of 

surviving gestational ages of 23-26 weeks the disease Northway described is today 

considered as the “old” BPD. The lung injury of the “new” BPD takes place in the 

canalicular phase of lung development and is characterized by simplified alveolar 

structures, a dysmorphic capillary configuration, and variable interstitial cellularity 

and/or fibroproliferation [57]. BPD is defined symptomatically by the need of oxygen 

supplementation 28 days after birth or oxygen requirement at an age of 36 weeks 

postmenstrually [58]. Infants with BPD suffer from abnormal vascular development 

and pulmonary hypertension [58]. Oxygen inhibits alveolar septation during saccular 

stage [59] and mechanical ventilation in surfactant treated preterm animals without 

high concentrated oxygen exposure show lung lesions of BPD [60]. Inflammation of 

the preterm lung and the recruitment of white blood cells contribute in an increased 

risk for BPD [61, 62]. In long term, preschool children who suffered from BPD show 
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decreased height and weight and have abnormalities in lung function like lower 

compliance when compared to preterm born children without BPD [63].  

By now, treatments of BPD are limited in success [64]. Preventing machine 

ventilation and exposure to high concentrated oxygen are the main therapeutic 

strategies. Therefore non-invasive modes of ventilation and early weaning in cases of 

machine ventilation are important. Infants treated with caffeine have lower risk of 

BPD due to a faster weaning management [65] and vitamin A supplementation 

causes a small reduction in BPD [66]. Vitamin A is known to decrease the inhibition 

of septation caused by corticosteroids [67]. Increasing knowledge of the regulation of 

growth and transcription factor signaling impacting lung remodeling in BPD should 

contribute important insights into new therapeutic strategies to prevent or treat BPD. 

 

2.1.7 Hypothesis 

ErbB4 and TTF-1 play critical roles in fetal lung development, but little is known about 

ErbB4 and TTF-1 signaling mechanisms in the fetal lung around the time of initiation 

of surfactant production or about their interactions with each other. Our hypothesis is 

that ErbB4 and TTF-1 expression affect each other in their mutual effect on Sftpb 

regulation. Our studies show negative feedback regulation between TTF-1 and 

ErbB4. Our data also suggest that TTF-1 is capable of compensating for ErbB4 loss 

to maintain Sftpb expression. 

 

2.1 Methods and results 

 

The cell preparation of the primary fetal ATII cell is described in the publication in 

detail. Briefly, mice were anesthetized and disinfected at gestational day 17.5. The 

abdominal skin, the peritoneum and the uterus was opened and the pubs were 

recovered. The pubs were placed in culture dishes with DMEM on ice and the 

mothers were sacrificed by opening the diaphragm and removing the heart. Pubs 

were disinfected, the abdomens were opened and the lungs were removed. The 

lungs were washed, minced and added to a tube with DMEM and Type II 

Collagenase. The tubes were incubated at 37°C for 2  hours and centrifuged. The cell 

pellets were transferred into glass flasks with HBSS, trypsin and DNAse. The flasks 

were stirred in a water bath at 37°C for 12 minutes . The content of the flasks was 



 

7 

 

filtered through 40 µm filters into tubes. The tubes were centrifuged and the pellets 

were resuspended in DMEM with 10 % FCS and the cells were plated on dishes for 1 

hour of differential adherence. Cells and medium were transferred to a new dish for a 

second differential adherence. Then cells and medium were centrifuged and the cell 

pellets were resuspended in DMEM with 20% FCS. A round glass coverslip was put 

into one well of a 6-well plate for detection of transfection efficiency by fluorescence 

microscopy. For transfection experiments an amount of cell suspension containing 

the cells of a third of a lung were plated in a well of a 6-well plate. After 24 hours of 

incubation 200 µg of cis-4-Hydroxy-L-Proline was added to each well for another 24 

hours to minimize the proliferation of the remaining fibroblasts [68].  

 

The cell preparation of the primary adult ATII cell is described in the publication in 

detail. Briefly, mice were anesthetized, disinfected, the skin was removed from the 

pelvis to the chin and the peritoneum was opened. The liver was flapped to the side 

and the diaphragm was cut so that the lungs collapsed. The lung was rinsed with 

PBS that was injected into the right heart chamber. After that the trachea was laid 

open a plastic cannula was put into it. Then 1mL of Dispase was injected into the 

airway system. Then the lung was dissected from the thorax and the throat. The 

heart was removed and the lung was put into Dispase. After 40 minutes of incubation 

on ice the lungs of the same genotype were put into a dish. Then the lung tissue was 

chopped with a razor blade and the chopped tissue was put into a tube with DMEM 

and Dnase and incubated in a warm water bath for 10 minutes. The suspension was 

filtered through a 100µm, a 40µm and a 20µm. Then the cell suspension was 

centrifuged, the cell pellet was resuspended in DMEM containing 10% FCS and put 

into a dish to incubate for differential adherence. The procedure of differential 

adherence was repeated twice and the fibroblasts were cultured in DMEM containing 

10% FCS. The ATII cell containing medium was centrifuged and cells were 

resuspended in DMEM containing 10% FCS. For western blot experiments an 

amount of cell suspension containing 2.000.000 cells at least was plated in a well of 

a 6-well plate. After 48 hours of incubation 200 µg of cis-4-Hydroxy-L-Proline was 

added to each well for 24 hours to minimize the proliferation of the remaining 

fibroblasts [68].  
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To analyze the impact of ErbB4 on the expression regulation of Nkx2.1 – the gene of 

TTF-1 – we transfected primary fetal ATII cells with a plasmid carrying HER4 – the 

human gene of ErbB4. Our previous studies showed an upregulation of Nkx2.1 in 

HER4 transfected MLE-12 cells – an ATII cell line [69]. We detected the amounts of 

ErbB4, TTF-1 and SP-B by western blots and compared them with EGFP transfected 

control cells. To visualize the protein bands we used an infrared imaging system and 

we analyzed the protein bands by densitometry. To control the transfection efficiency 

we plated a representative amount of EGFP- transfected cells onto a cover slip, 

stained them with DAPI and analyzed the EGFP-transfected cells in comparison with 

the total number of DAPI stained cells by fluorescence microscopy. Sufficient 

transfection was also controlled by adequate increase of ErbB4 protein expression. 

Experiments were analyzed when the increase of ErbB4 was 150% at least. Here we 

could confirm the results of HER4 transfection in MLE-12 cells. Overexpression of 

HER4 increases the expression of TTF-1 protein and SP-B protein in primary fetal 

ATII cells significantly (see Fig.3 of the publication).   

 

To analyze reciprocal effects of TTF-1 overexpression on ErbB4 protein expression 

we first transfected MLE-12 cells with Nkx2.1 and compared the amounts of TTF-1, 

ErbB4 and SP-B protein with the amounts in EGFP-transfected control cells. Protein 

amounts were detected by western blot, visualized by an infrared imaging system 

and analyzed by densitometry. Transfection efficiency was controlled the same way 

as in MLE-12 cells. Experiments were analyzed when Nkx2.1 transfection lead to a 

TTF-1 increase of >400%. Here we showed evidence of a negative feedback loop 

between ErbB4 and TTF-1. Nkx2.1 transfected cells showed a significant increase of 

SP-B protein and a significant decrease of ErbB4 protein (see Fig.1 of the 

publication). 

 

To confirm these results in primary cells we transfected primary fetal ATII cells 

derived from pubs of Swiss Webster mice sacrificed at gestational day 17.5. These 

cells were treated and analyzed in the same way as we treated and analyzed the 

MLE-12 cells. Here experiments were analyzed showing a TTF-1 protein increase of 

>150%. Similar to the results in MLE-12 cells Nkx2.1 overexpression lead to a 
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significant increase of SP-B protein expression and a significant decrease of ErbB4 

protein expression (see Fig.2 of the publication).  

To gain deeper insights of the interactions of TTF-1 and ErbB4 we used a transgene 

ErbB4 -/- mouse rescued from its lethal cardiac defects by expressing ErbB4 

exclusively in the heart under the control of the myosin heavy chain promoter 

(HER4heart). Homozygous HER4heart mothers were not able to breastfeed their pubs 

so we needed to breed heterozygous mothers and homozygous fathers to gain 50% 

homozygous and 50% heterozygous pubs. To keep the number of sacrificed animals 

low we used heterozygous HER4heart mice as controls. The genotypes were 

controlled by PCR. We detected the amounts of TTF-1 and SP-B protein in ATII cell 

cultures of homozygous HER4heart cells and compared them with the amounts in 

heterozygous control cells. To confirm genotyping fibroblasts homogenates were 

probed for ErbB4. Homozygous HER4heart mice show a significant increase of TTF-1 

protein levels while SP-B protein levels remained unchanged (see Fig.4 of the 

publication).  

 

2.3 Discussion 

 

In our study, we transfected both primary fetal ATII cells and MLE-12 cells with HER4 

or Nkx2.1, respectively and compared this results with the experiment-specific EGFP-

transfected control cells. We could show a negative feedback loop between ErbB4 

and TTF-1 in MLE-12 cells and primary fetal ATII cells on a protein-aceous level. 

Both ErbB4 and TTF-1 play a critical role in surfactant initiation and homeostasis. In 

the lung ErbB4-/- mice show a hyperactive airway system and alveolar simplification 

[48] while TTF-1-/- mice die at an early gestational age due to inhibition of branching 

morphogenesis [70]. Little is known about the regulation of TTF-1. It has two 

promotor regions with multiple binding sites [71]. HNF-3α (hepatocyte nuclear factor-

3α) and HNF-3β as well as Sp1 (specific protein 1) and Sp3 are known to be able to 

bind the promoter regions and activate promoter activity [28, 72]. Our working group 

could recently show that ErbB4 is an upstream regulator for TTF-1 [69]. In detail, 

ErbB4 is activated by mesenchymal epithelial interaction via neuregulin [42]. After 

activation ErbB4 either forms homo- or heterodimers with other ErbB receptors or is 

shed twice depending on the isoform [73]. For TTF-1 activation first the ectodomain is 
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released by TACE (tumor necrosis factor alpha converting enzyme) [74]. Then a 

presenilin-dependent γ-secretase cleaves the remaining transmembrane and 

cytoplasmatic part of the receptor within the cell membrane and releases an activated 

cytoplasmatic domain of 80 kDa (4ICD) [75, 76]. This 4ICD has a nuclear localization 

site (NLS) and translocates to the nucleus after cleavage [77]. In the nucleus, it 

cannot bind DNA directly due to lacking a DNA-binding domain [78]. In the fetal lung, 

4ICD functions as a transcriptional co-factor for the expression of Sftpb [79] and is an 

upstream regulator of Nkx2.1 [69]. These results were only shown for MLE-12 cells, 

an ATII cell line derived from adult lungs. To confirm them for primary cells we 

transfected primary fetal ATII cells with HER4. 

Negative feedback loops are well-documented for several hormones, for example 

thyroid-stimulating hormone and thyroxine [80] or the adrenocorticotropic hormone 

and cortisol [81]. So we wanted to know if there is a reciprocal effect of TTF-1 on 

ErbB4. We tested this hypothesis first by transfecting MLE-12 cells with Nkx2.1 and 

showed a down regulation of ErbB4 protein and an upregulation of SP-B protein. 

Later we confirmed these results in primary fetal ATII cells. We only showed this 

feedback loop on a protein-acious level and further studies about the exact 

mechanisms of action are needed.  

To gain more detailed information about the interdependency of ErbB4 and TTF-1 we 

analyzed the TTF-1 and SP-B protein level in ATII cells of adult transgene ErbB4-

deleted mice (HER4heart). Here we showed a significant increase of TTF-1 protein 

while SP-B protein seemed to be not affected. This shows that the feedback 

relationship of ErbB4 and TTF-1 is more complex since we expected a down 

regulation of TTF-1 in ErbB4 deleted mice. Homozygous fetal ErbB4-mutated 

HER4heart show a delayed structural development with a decreased alveolar size and 

decreased levels of SP-B [82]. Since adult HER4heart mice seem to catch up SP-B 

levels we speculate that elevated TTF-1 compensates for the lack of ErbB4 to 

maintain SP-B levels in later lung development.   
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2.4. Outlook 

Surfactant homeostasis and initiation is crucial for normal lung development. In cases 

of preterm birth surfactant deficiency causes respiratory distress syndrome and 

bronchopulmonary dysplasia. Treatments for RDS are available and sufficient but 

there are still no sufficient treatments for BPD. Prenatal application of corticosteroids 

forces surfactant initiation but the exact mechanisms of action are still unknown. 

Further studies need to elucidate the mechanisms of initiation of surfactant and the 

mechanisms of differentiation of the airway system. Our results contribute to the 

deeper understanding of surfactant homeostasis influenced by TTF-1 and ErbB4. 

These proteins are important players for surfactant homeostasis and their mutual 

effects need to be further investigated. In the long term it is important to find points of 

action to influence the initiation of surfactant by pharmeuticals.  

 

 

3. Abstract 

 

ErbB4 receptor and thyroid transcription factor (TTF)-1 are important modulators of 

fetal alveolar type II (ATII) cell development and injury. ErbB4 is an upstream 

regulator of TTF 1, promoting its expression in MLE-12 cells, an ATII cell line. Both 

proteins are known to promote surfactant protein-B gene (SftpB) and protein (SP-B) 

expression, but their feedback interactions on each other are not known. We 

hypothesized that TTF-1 expression has a feedback effect on ErbB4 expression in an 

in-vitro model of isolated mouse ATII cells. We tested this hypothesis by analyzing 

the effects of overexpressing HER4 and Nkx2.1, the genes of ErbB4 and TTF-1 on 

TTF-1 and ErbB4 protein expression, respectively, as well as SP-B protein 

expression in primary fetal mouse lung ATII cells. Transient ErbB4 protein 

overexpression upregulated TTF-1 protein expression in primary fetal ATII cells, 

similarly to results previously shown in MLE-12 cells. Transient TTF-1 protein 

overexpression down regulated ErbB4 protein expression in both cell types. TTF-1 

protein was upregulated in primary transgenic ErbB4-depleted adult ATII cells, 

however SP-B protein expression in these adult transgenic ATII cells was not 

affected by the absence of ErbB4. The observation that TTF-1 is upregulated in fetal 

ATII cells by ErbB4 overexpression and also in ErbB4-deleted adult ATII cells 
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suggests additional factors interact with ErbB4 to regulate TTF-1 levels. We conclude 

that the interdependency of TTF-1 and ErbB4 is important for surfactant protein 

levels.  The interactive regulation of ErbB4 and TTF-1 needs further elucidation. 
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