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Previous studies have demonstrated a robust pulmonary expression
of hypoxia-induced mitogenic factor (HIMF) during the perinatal
period, when surfactant protein (SP) synthesis begins. We hypothe-
sized that HIMF modulates SP expression and participates in lung
development and maturation. The temporal-spatial expression of
HIMF, SP-B, and SP-C in developing mouse lungs was examined
by immunohistochemical staining, Western blot, and RT-PCR. The
expression and localization of SP-B and SP-C were investigated in
mouse lungs after intratracheal instillation of HIMF in adult mice.
The effects of HIMF on SP-B and SP-C transcription activity, and
on mRNA degradation, were investigated in mouse lung epithelial
(MLE)-12 and C10 cells using the promoter-luciferase reporter assay
and actinomycin D incubation. The activation of Akt, extracellular
signal-regulated kinase (ERK)1/2, and p38 mitogen-activated pro-
tein kinase was explored by Western blot. Intratracheal instillation
of HIMF resulted in significant increases of SP-B and SP-C produc-
tion, predominantly localized to alveolar type II cells. In MLE-12
and C10 cells, HIMF enhanced SP-B and SP-C mRNA levels in a
dose-dependent manner. Meanwhile, HIMF increased transcription
activity and prevented actinomycin D–facilitated SP-B and SP-C
mRNA degradation in MLE-12 cells. Incubation of cells with
LY294002, PD098059, or U0126 abolished HIMF-induced Akt and
ERK1/2 phosphorylation and suppressed HIMF-induced SP-B and
SP-C production, whereas SB203580 had no effect. These results
indicate that HIMF induces SP-B and SP-C production in mouse
lungs and alveolar type II–like cell lines via activations of phosphati-
dylinositol 3-kinase/Akt and ERK1/2 mitogen-activated protein ki-
nase, suggesting that HIMF plays critical roles in lung development
and maturation.
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Surfactant is mainly synthesized by alveolar type II (ATII) cells
(1). In recent years, there have been major advances in our
knowledge concerning the differentiation of developing lungs
and expression of the genes encoding lung surfactant proteins
(SP). There are four surfactant-specific proteins: SP-B and SP-C
are small and hydrophobic, whereas SP-A and SP-D are large,
hydrophilic, and participate in the innate immune process (2).
Inherited deficiency of SP-B in infants leads to congenital alveo-
lar proteinosis and fatal respiratory failure (3). Targeted disrup-
tion of SP-B causes respiratory failure in newborn mice (4). A
lack of SP-C is associated with respiratory distress syndrome
(5, 6). Regulation of SP gene expression is multifactorial, involv-
ing glucocorticoid hormones (8), retinoic acid (9), fibroblast
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growth factor (FGF)-2 (10), transforming growth factor–� (11),
nitric oxide, and keratinocyte growth factor (12).

In a mouse model of hypoxia-induced pulmonary hyperten-
sion, we previously found a highly upregulated gene that we
named hypoxia-induced mitogenic factor (HIMF) (13). The
amino acid sequence of HIMF is identical to that of the protein
found in inflammatory zone 1 (FIZZ1), identified in a mouse lung
inflammation model (14), and the protein, resistin-like molecule
(RELM)-�, in adipose tissue (15). Studies from our laboratory
have demonstrated that HIMF has mitogenic, angiogenic, and
vasoconstrictive effects (13). In the developing lung, it has been
shown that HIMF is highly expressed in the perinatal period,
and possesses an antiapoptotic function in cultured embryonic
lungs (16). Intratracheal instillation of recombinant HIMF pro-
tein induces widespread cell proliferation in the lung, including
airway epithelial cells, ATII cells, and vascular endothelial cells
(17). These findings indicate that HIMF may be a lung-specific
growth factor participating in lung development. We hypothesize
that HIMF may participate in the regulation of SP-B and SP-C
expression and promote lung development and maturation. In
this study, we investigated the roles of HIMF in SP-B and SP-C
production in mouse lungs, and explored its signal transduction
pathways in cultured mouse lung epithelial cells.

MATERIALS AND METHODS

Mouse Lung Samples

Embryonic, neonatal, and adult lungs were obtained and processed as
previously reported (16). For the experiments on HIMF intratracheal
instillation, male C57Bl/6 mice (Jackson Laboratories, Bar Harbor,
ME) were killed by halothane overdose. All experiments followed the
protocols approved by the Animal Care and Use Committee of Johns
Hopkins University.

Immunohistochemical Staining for HIMF, SP-B, and SP-C

Lung samples were processed and immunostained as previously de-
scribed (13, 17). Polyclonal anti–SP-B and anti–SP-C antibodies (1:1,000
dilutions; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were raised
against human SP-B or SP-C and recognized active forms of mouse
and rat SP-B and SP-C, respectively.

Western Blot for HIMF, SP-B, SP-C, and Glyceraldehyde
Phosphate Dehydrogenase

Tissue collection, homogenization and protein electrophoresis were
performed as described previously (16). For the HIMF expression assay
of cultured cell lines, 40 �l of medium supernatant from each sample
was subjected to 4–20% precast polyacrylamide gel (Bio-Rad, Hercules,
CA) electrophoresis and transferred to nitrocellulose membranes (Bio-
Rad). HIMF was detected with 1:1,000 dilution of the anti-HIMF antise-
rum. For SP-B, SP-C, and glyceraldehyde phosphate dehydrogenase
(GAPDH) (Santa Cruz Biotechnology) detections, the primary anti-
body dilution was 1:500, 1:500, and 1:1,000, respectively, and were fol-
lowed by 1:3,000 dilution of goat anti-rabbit horseradish peroxidase–
labeled antibody (Bio-Rad). An ECL substrate kit (Amersham,
Piscataway, NJ) was used for the chemiluminscent detection of the
signals with autoradiography film (Amersham).
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Semiquantitative RT-PCR for HIMF, SP-B, and SP-C

For the quantification of gene transcripts of HIMF, SP-B, and SP-C in
the lung tissues and epithelial cells, total RNA was isolated with RNeasy
Mini Kit (Qiagen Inc., Valencia, CA) as specified by the manufacturer.
The reverse transcription reactions were conducted using Transcriptor
First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN). The PCR
primers used for mouse HIMF 5�-ATGAAGACTACAACTTG
TTCCC-3� (positions 104–125 of the second exon) and 5�-TTAGGA
CAGTTGGCAGCAGCG-3� (positions 419–439 of the fourth exon),
amplifying a 336–base-pair (bp) fragment; for mouse SP-B, 5�-CTAT
CACGTC GGCCTCATC-3� (positions 403–421 of second exon) and
5�-CTGGCTCTGGAAGTAG TCAAT-3� (positions 705–725 of fourth
exon), amplifying a 323-bp fragment; for SP-C, 5�-GCCTTCTCA
TCGTG GTTGT-3� and 5�-CCAGTATCATGCCCTTCCT-3�, ampli-
fying a 388-bp fragment between positions 131 and 518; for mouse
GAPDH, 5�-GCCAAGGTCATCCATGACAACTTTGG-3� and 5�-
GCCTGCTTCACCACCTTCTTGATGTC-3�, amplifying a 314-bp
fragment between positions 532 and 845. The PCR conditions for SP-B,
HIMF, and GAPDH were initial denaturation at 94�C for 3 min, and
thereafter, 30 cycles of 94�C for 30 s, 55�C for 30 s, and 72�C for 1 min,
followed by a 7-min extension at 72�C. For SP-C, 25 cycles of PCR
amplification was conducted under the same conditions. PCR bands
were separated on ethidium bromide–stained agarose gels and quanti-
fied by Phoretix 1 D software (Phoretix International Ltd., Newcastle-
upon-Tyne, UK). GAPDH was used to normalize the initial variations
in sample concentration, and served as a control for reaction efficiency.
The ratio between the amplified DNA fragments and GAPDH of each
sample RNA was determined.

Intratracheal Instillation of HIMF

Recombinant HIMF protein was produced and isolated as described
previously (13). To examine potential effects of HIMF on SP production
in vivo, HIMF protein or BSA (Sigma, St. Louis, MO) was intratra-
cheally administered to adult mice (200 ng/animal in 40 �l saline) (17).
The vehicle controls were instilled with saline (40 �l/animal). Mouse
lungs were collected at a range of days of embryonic (E) and postnatal
(P) growth (see Figure Legends), . The immunohistochemistry, West-
ern blot, and RT-PCR for HIMF, SP-B, and SB-C were performed as
described previously here.

Cell Culture and Stimulation with HIMF

Mouse lung epithelial (MLE)-12 cells (American Type Culture Collec-
tion [ATCC], Manassas, VA; CRL-2110) were grown on plastic tissue-
culture dishes in RPMI 1640 medium (Gibco Laboratories, Grand Is-
land, NY) containing 10% FBS (Life Technologies, Inc., Gaithersburg,
MD), penicillin (100 U/ml), and streptomycin (100 �g/ml). C10, a non-
malignant murine ATII-like cell line (18), was a kind gift of Dr. Alvin
M. Malkinson (University of Colorado at Denver and Health Science
Center, Aurora, CO), and was grown in CRML-1066 medium (Gibco
Laboratories) supplemented with 10% FBS and antibiotics. Confluent
monolayers of MLE-12 and C10 were trypsinized, and 2 � 105 viable
cells suspended in 2 ml of culture medium supplemented with 10%
FBS were added to each well of a 6-well plate. When the wells reached
80–90% confluence, the cell culture medium was replaced by medium
supplemented with 0.1% FBS and 2 mM L-glutamine. After 24 h, cells
were pretreated with different signal transduction inhibitors for 1 h and
stimulated with different concentrations of HIMF protein for the indi-
cated periods, with or without incubation in actinomycin D (5 �g/ml;
Sigma).

Stable Cell Lines for HIMF Overexpression

Mouse HIMF cDNA was amplified from mouse lung tissue and sub-
cloned into pcDNA3.1/Zeo(�) (Invitrogen, Carlsbad, CA) to form
pcDNA3.1-HIMF. The primers used for the HIMF cDNA amplification
were sense 5�-CACCATGAAGACTACAACTTGTTCCC-3� and
antisense 5�-TTAGGACAGTTGGCAGCAGCG-3�. HIMF cDNA
and its control vector were transfected into MLE-12 cells with Lipofec-
tamine 2000 (Life Technologies). Stable cell lines, named MLE-HIMF
and MLE-Zeo, were screened based on resistance to Zeocin (In-
vitrogen; 400 �g/ml), and HIMF overexpression was validated by both
Western blot and RT-PCR analyses.

Dual-Luciferase Assays for SP-B and SP-C Promoter Activities

The mouse SP-B and SP-C promoter–reporter constructs, pBL-SPB-
CAT and pGL-SPC-Luc, were kind gifts from Dr. Jeffrey A. Whitsett
(Cincinnati Children’s Hospital Medical Center, Ohio) (19, 20). With
the pBL-SPB-CAT construct as a template, the 1,838-bp fragment of
DNA, including 1,826 bp of mouse SP-B promoter, was generated with
PCR using primers 5�-GCCTAGGTCGACGGTACCATGTCTATC
CTGACCC-3� and 5�-CGCTGCAAG CTTAGCCACTGCAGTAG
GTGCGACT-3�. The PCR fragments were purified with Qiagen PCR
purification kit (Qiagen), digested with SalI/HindIII and cloned into
pGL2-Basic vector (Promega, Madison, WI) to give pGL-SPB-Luc
luciferase reporter construct, which was validated with restriction en-
zyme digestion and sequencing. When wells reached 80–90% conflu-
ency, cells were cotransfected with either pGL-SPB-Luc or pGL-SPC-
Luc, and pRL-TK (Promega). After being cultured for a variety of
durations, cells were treated with passive lysis buffer, according to the
dual-luciferase assay manual (Promega), and luciferase activity was
measured with a luminometer (Lumat LB9507; Berthold Tech., Bad
Wildbad, Germany). The firefly luciferase signal was normalized to the
renilla luciferase signal for each individual well. All experiments were
performed three times with triplicate in each treatment.

Phosphorylation Assay for Akt, Extracellular Signal-Regulated
Kinase, and p38 Mitogen-Activated Protein Kinase

MLE-12 and C10 cells were cultured in each well of 6-well plates to
70–80% confluence with complete culture medium. The cell culture
medium was changed to either RPMI 1640 or CRML-1066 supple-
mented with 0.1% FBS and 2 mM L-glutamine for 33 h, and then
changed to serum-free medium for 2–3 h. Finally, different signal trans-
duction inhibitors were added to the serum-free medium for an addi-
tional 1-h incubation before treatment with HIMF protein was begun.
Cells were then washed once with ice-cold PBS and extracted with cell
lysis buffer. Protein (50 �g) from each sample was subjected to 4–20%
precast polyacrylamide gel (Bio-Rad) electrophoresis, transferred to
nitrocellulose membranes (Bio-Rad), and probed with rabbit antibodies
against phospho-specific and nonphosphorylated Akt, extracellular sig-
nal-regulated kinase (Erk) and p38 mitogen-activated protein kinase
(MAPK) (Santa Cruz Biotechnology), followed by goat anti-rabbit
horseradish peroxidase–labeled antibody (1:3000; Bio-Rad). ECL sub-
strate kit (Amersham, Piscataway, NJ) was used for the chemilumins-
cent detection of the signals with autoradiography film (Amersham).

Statistical Analysis

Unless otherwise stated, all data were shown as mean 	 SEM. Statistical
significance (P 
 0.05) was determined by t test or analysis of variance,
followed by assessment of differences using SigmaStat 2.03 software
(Jandel, Erkrath, Germany).

RESULTS

Temporal–Spatial Expression of HIMF, SP-B, and SP-C
in Developing Mouse Lungs

Our previous studies have indicated that a robust HIMF expres-
sion was found in mouse lungs at E16 through P30, a period
during which SP start to be synthesized, and only a low-level
expression of HIMF was observed at E14 and E15 (16). Because
mouse pregnancy has a duration of 20 d, it is conceivable that
HIMF upregulated in the last trimester of pregnancy and in the
perinatal period indicates important roles of HIMF in embryonic
and perinatal lung maturation. Because SP-B and SP-C also
play important roles in the maintenance of lung function and
participate in lung development and maturation, we hypothesize
that HIMF expression may be correlated with that of SP-B and
SP-C. To answer this question, the mouse embryonic and devel-
oping lungs at E15, E17, E19, P1, P7, and adult were harvested
for immunohistochemical staining. As shown in Figure 1A, from
E17 and thereafter, the intensity of SP-B staining was increased
and restricted to the precursors of ATII cells in the distal lungs.
It was also detectable in tracheal and bronchiolar epithelial cells.
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Figure 1. Temporal–spatial expression of hypoxia-induced mitogenic factor (HIMF), surfactant protein (SP)-B, and SP-C in developing mouse lungs.
The lungs from C57Bl/6 mice at embryonic (E) Days 15, 17, 19, postnatal (P) Days 1 and 7, and adult were harvested (n � 3 for each time point).
(A) Immunohistochemical staining revealed that a robust HIMF expression was found in mouse E17 and P7 lungs, whereas the intensity of SP-B
staining increased from E17, and was restricted to alveolar type II (ATII) cells and bronchiolar epithelial cells. The expression pattern of SP-C was
similar to that of SP-B, detectable at E17 and restricted to the cytoplasm of epithelial cells in distal lung buds. Arrows indicate positively stained cells
for SP-B, SP-C, and HIMF. Scale bars: 60 �m. Western blot with proteins from lung homogenates (B ) and RT-PCR from lungs at different developmental
stages (C and D) indicated that HIMF expression is closely correlated with that of SP-B and SP-C in developing lungs, especially during perinatal
period. * Significant increase from mouse E15 lungs (P 
 0.05). Shown is one representative experiment of three, all with similar results.
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In adult lungs, SP-B was detected only in ATII cells, but not in
the alveolar lumen. The expression pattern of SP-C was similar
to that of SP-B, being detected at E17 and restricted to the
cytoplasm of epithelial cells in distal lung buds. From E17 and
thereafter, SP-C was restricted to ATII precursor cells, and the
intensity of staining increased with advancing gestation. The
increase in SP-B and SP-C is consistent with the finding that SP is
required for adaptation to air breathing at birth, as demonstrated
previously (21–23). Moreover, HIMF-positive signals were pres-
ent in E17 airway epithelial cells and ATII cells; in P7 and adult
lungs, HIMF is mainly in ATII cells. The results from Western
blot (Figure 1B) and RT-PCR (Figures 1C and 1D) show that
the temporal–spatial expression pattern of HIMF is closely cor-
related with that of SP-B and SP-C in developing mouse lungs,
especially during the perinatal period, indicating the possibility
of HIMF regulating the expression of these two SPs to participate
in lung maturation.

HIMF-Enhanced SP-B and SP-C Expression in Mouse Lungs

To examine the hypothesis that HIMF may regulate SP-B and
SP-C expression, we intratracheally instilled HIMF protein into
adult mouse lungs. As demonstrated by immunohistochemical
staining (Figure 2A), HIMF protein instillation resulted in a
significant increase in SP-B production, mainly localized to ATII
and airway epithelial cells. Similarly, HIMF protein enhanced
the SP-C expression of ATII cells. No significant increase of
SP-B and SP-C expression was observed in control mouse lungs
treated with either saline or BSA. This HIMF-specific induction
of SP-B and SP-C in mouse lungs was confirmed by Western
blot and RT-PCR (Figures 2B and 2C). Combined with the
findings that SP-B and SP-C play important roles in the metabo-
lism of surfactant and in lung maturation (22, 23), these results
strongly suggest that HIMF may participate in lung function
through modulating SP-B and SP-C production.

HIMF-Induced SP-B and SP-C Expression in Mouse Lung
Epithelial MLE-12 and C10 Cells

To further investigate the molecular mechanisms of HIMF-
induced SP-B and SP-C production, we used cultured mouse ATII-
like cell lines MLE-12 and C10 as models, and examined their
mRNA changes of SP-B and SP-C. Incubation of MLE-12 and
C10 cells with 10–40 nmol/L of HIMF dose-dependently in-
creased SP-B and SP-C mRNA (Figures 3A and 3B). A time-
course study indicated that HIMF-induced SP-B and SP-C pro-
duction started as early as 6 h, and sustained through 24 h
(Figures 3C and 3D). To further validate the HIMF-elicited
SP-B and SP-C expression in cultured ATII-like cells, we estab-
lished the HIMF-overexpressing cell line MLE-HIMF by trans-
fection of HIMF cDNA into MLE-12 cells and selected with
Zeocin. Figures 4A and 4B demonstrate that MLE-HIMF cells
overexpressed HIMF mRNA and protein as compared with their
parent MLE-12 and transfection control MLE-Zeo cells. More
importantly, the SP-B and SP-C mRNA levels of MLE-HIMF
were also increased significantly compared with those of their
control counterparts (Figure 4B). These results indicated that
HIMF, either extragenously administered into the culture me-
dium, or expressed by the stable transfectants themselves, in-
duced SP-B and SP-C production.

HIMF Modulated the Transcriptional Activities and mRNA
Stability of SP-B and SP-C in MLE-12 Cells

To elucidate the modulation patterns of HIMF on SP-B and SP-C
mRNA in mouse epithelial cells, we used the SP-B and SP-C
promoter-luciferase reporter constructs. As shown in Figure 4C,
dual-luciferase assay demonstrated that the promoter activities

of SP-B and SP-C in MLE-HIMF cells were stronger than those
of their parent cells and vector-transfection controls. Similarly, in
cultured MLE-12 cells, HIMF protein stimulation also enhanced
SP-B and SP-C promoter activity in a dose-dependent manner
(Figure 5A). The time-course study demonstrated that HIMF-
induced SP-B and SP-C promoter activity started as early as 6 h,
and persisted for 24 h (Figure 5A). Because modulation of
mRNA stability is an important post-transcriptional mechanism
for SP-B and SP-C gene expression, we used the transcription
inhibitor actinomycin D, and examined the potential protective
effects of HIMF on SP-B and SP-C mRNA stability. As shown
in Figures 5B and 5C, pretreatment of MLE-12 cells with HIMF
protein prevented actinomycin D–facilitated SP-B and SP-C
mRNA degradation. Combined with the finding that HIMF en-
hanced SP-B and SP-C protein production in vivo, we believe
that HIMF modulates SP-B and SP-C expression in mouse lung
epithelial cells by both increasing transcriptional activities and
strengthening mRNA stability, resulting in increased transcrip-
tional levels of these two proteins.

Phosphatidylinositol 3-Kinase/Akt and ERK MAPK Were
Involved in HIMF-Induced SP-B and SP-C Production

To better elucidate the molecular mechanisms underlying
HIMF-induced SP-B and SP-C production in mouse lung epithe-
lial cells, we first explored HIMF-mediated signaling pathways
in MLE-12 and C10 cells. As shown in Figure 6A, HIMF strongly
activated the phosphorylation of Akt at Ser473 and Thr308, and
the phosphorylation of ERK1/2 and p38 MAPK. The phosphati-
dylinositol 3-kinase (PI-3K) inhibitor LY294002 (10 �mol/liter)
inhibited HIMF-activated Akt phosphorylation (Figure 6B).
Moreover, incubation of cells with p38 MAPK inhibitor
SB203580 (5 �mol/liter), and ERK1/2 inhibitors PD098059
(5 �mol/liter) or U0126 (5 �mol/liter), blocked HIMF-induced
phosphorylation of p38 and ERK1/2 MAPK (Figures 6B and
6C). However, luciferase assay revealed that HIMF-induced
SP-B and SP-C production was not abolished by SB203580
(Figure 6D). Incubation of MLE-12 cells with LY294002 prevented
HIMF-induced upregulation of both SP-B and SP-C (Figure 6D).
Meanwhile, PD098059 and U0126 suppressed HIMF-induced
SP-B and SP-C production, respectively (Figure 6D). These
results were further confirmed by RT-PCR (Figure 6E). There-
fore, we believe that the activation of PI-3K/Akt and ERK1/2
MAPK, rather than p38 MAPK, is involved in the signaling
cascade triggered by HIMF to stimulate SP-B and SP-C produc-
tion in mouse ATII-like cells.

DISCUSSION

Surfactant is a developmentally and hormonally regulated, phos-
pholipid-rich lipoprotein, synthesized predominantly by ATII
cells (24–26). A number of hormones, growth factors, and cyto-
kines influence surfactant synthesis, and, in turn, modulate fetal
lung development and maturation (7). The cyclic AMP analog
8-bromo cAMP modestly increases SP-B and SP-C mRNA levels
in fetal human, fetal rat, and fetal rabbit lung tissues in vitro
(8, 27, 28). Similarly, and the adenylate cyclase activator forskolin
increases SP-B and SP-C mRNA expression in fetal rat and
rabbit lung tissues (27, 28). Glucocorticoids generally increase
SP-B and SP-C mRNA expression in human (8), rat (27), and
rabbit (29) fetal lung tissues. Targeted deletion of the gene en-
coding transforming growth factor–� decreases SP-C expression
and delays pulmonary development in mice (11). By contrast,
all-trans retinoic acid and 9-cis-retinoic acid inhibit SP-C mRNA
levels, but increase SP-B mRNA levels in fetal human lung
in vitro preparations (9). The aim of this study was to understand
the molecular mechanisms of HIMF-induced SP-B and SP-C
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Figure 2. HIMF specifi-
cally enhanced SP-B and
SP-C expression in
mouse lungs. Recombi-
nant HIMF protein or
BSA was intratracheally
instilled into adult mouse
lungs (200 ng/animal
in 40 �l saline; n � 3
for each group). The ve-
hicle controls were in-
stilled with saline (40 �l/
animal; n � 3). After 6 h,
the mouse lungs were
collected. (A ) Results
of immunohistochemi-
cal staining indicated
that instillation of HIMF
protein, but not BSA, re-
sulted in a significant
increase in SP-B and
SP-C production, mainly
located at ATII and bron-
chiolar epithelial cells
(arrows). Scale bars:
60 �m. Western blot
with proteins from lung
homogenates (B ) and
RT-PCR from lung tis-
sues (C ) indicated that
SP-B and SP-C produc-
tion was specifically
enhanced in HIMF-
instilled, but not in
BSA- or saline-instilled,
mouse lungs. * Signifi-
cant increase from con-
trol mouse lungs in-
stilled with saline only
(P 
 0.05). Triplicate ex-
periments were per-
formed with essentially
identical results.
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Figure 3. HIMF-induced SP-B and SP-C pro-
duction in mouse lung epithelial cell lines
MLE-12 and C10. Confluent monolayers of
MLE-12 and C10 were starved with culture
medium supplemented with 0.1% FBS and
2 mM L-glutamine. After 24 h, cells were
treated with different concentrations of HIMF
for various periods, as indicated. Semiquanti-
tative RT-PCR was performed for HIMF mRNA
expression. (A and B ) Incubation of cells with
10, 20, and 40 nmol/L of HIMF protein re-
sulted in SP-B and SP-C production in a dose-
dependent manner. (C and D ) Time-course
study indicated that HIMF-induced SP-B and
SP-C production started at 6 h, and was sus-
tained for 24 h. * Significant increase from
untreated control cells (P 
 0.05). Three sep-
arated experiments were performed with es-
sentially identical results.
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Figure 4. Generation of HIMF overex-
pressing mouse lung epithelial cells.
Confluent monolayers of MLE-12 cells
were transfected by HIMF cDNA or
control vector with Lipofectamine
2000. Stable cell lines, MLE-HIMF and
MLE-Zeo, were screened based on re-
sistance to Zeocin (400 �g/ml). (A )
Western blot from culture medium in-
dicated that MLE-HIMF cells produce
higher level of HIMF protein than their
parent and transfection counterparts.
(B ) RT-PCR demonstrated that MLE-
HIMF cells have overexpressed HIMF
mRNA, and enhanced SP-B and SP-C
mRNA levels compared with their par-
ent and transfection controls. (C ) Lucif-
erase assay indicated that the promoter
activity of SP-B and SP-C in MLE-HIMF
cells was enhanced compared with
that of their parent and transfection
controls (all groups are in triplicate).
* Significant increase from MLE-12 par-
ent; # significant increase from trans-
fection controls (P 
 0.05). Shown is
one representative experiment of three,
all with similar results.

expression. The present study provides several lines of evidence
indicating that HIMF-induced SP-B and SP-C expression is de-
pendent upon activated PI-3K/Akt and ERK1/2 MAPK, but not
p38 MAPK. These results also suggest that HIMF may play

critical roles in mouse SP-B and SP-C production, and promote
lung development and maturation.

HIMF, also named as FIZZ1 (14), belongs to a novel class of
cysteine-rich secreted proteins known as RELMs (15). Previous
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Figure 5. HIMF increased both promoter activi-
ties and mRNA stability of SP-B and SP-C in
mouse lung epithelial MLE-12 cells. (A ) Conflu-
ent monolayers of MLE-12 were cotransfected
with either pGL-SPB-Luc or pGL-SPC-Luc, and
pRL-TK. After 24 h, cells were incubated with
HIMF protein as indicated. Cells were then lysed,
and luciferase activity was measured according
to the dual-luciferase assay manual. The firefly
luciferase signal was normalized to the renilla
luciferase signal for each individual well. After
incubation with 10–80 nmol/liter of HIMF, SP-B
and SP-C promoter activity in MLE-12 cells was
enhanced in a dose-dependent manner. The
time-course study demonstrated that the SP-B
and SP-C promoter activity induced by HIMF (20
nmol/liter) started at 6 h and persisted for 24 h.
(B and C ) MLE-12 cells were treated with differ-
ent concentrations of HIMF, and incubated with
5 �g/ml of actinomycin D for 4 , 8, and 16 h.
RT-PCR was performed, and the results indicated
that HIMF prevented actinomycin D–facilitated
SP-B and SP-C degradation in MLE-12 cells. * Sig-
nificant increase compared with MLE-12 controls
treated without HIMF (P 
 0.05). All experiments
were in triplicate and performed three times with
similar results.

studies from our laboratory demonstrated that HIMF is a lung-
specific growth factor participating in lung cell proliferation and
modulation of compensatory lung growth (13, 17). Intratracheal
instillation of HIMF protein induces widespread proliferation
of airway epithelial cells, ATII cells, and cells in the lung paren-
chyma (17). Our published data have also demonstrated that

HIMF is a potent vasoconstrictor that can significantly raise
pulmonary arterial pressure (13). HIMF-induced pulmonary ar-
terial constriction is more potent than that produced by
endothelin-1, angiotensin II, or serotonin, but less potent than
that produced by the thromboxane mimetic U-46619 (13). HIMF
possesses an angiogenic function that promotes vascular tube
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Figure 6. Phosphatidylinositol 3-kinase
(PI-3K)/Akt and extracellular signal-regulated
kinase (ERK)1/2 mitogen-activated protein
kinase (MAPK) were involved in HIMF-
induced SP-B and SP-C production. Conflu-
ent monolayers of MLE-12 and C10 were
starved with medium supplemented with
0.1% FBS and 2 mM L-glutamine. After
33 h, cells were incubated in serum-free
medium for 3–4 h at 37�C. Cells were then
pretreated with different signal transduc-
tion inhibitors for 1 h, and then stimulated
with HIMF protein for various periods, as
indicated. (A ) Western blot with proteins
from cell lysate indicated that HIMF
strongly activated Akt phosphorylation at
Ser473 and Thr308, and phosphorylation
of ERK1/2 and p38 MAPK. (B and C ) The
PI-3K inhibitor LY294002 (10 �mol/liter)
inhibited HIMF-activated Akt phosphoryla-
tion. Moreover, incubation of cells with
SB203580, inhibitor against p38 (5 �mol/
liter), and either PD098059 (5 �mol/liter) or
U0126 (5 �mol/liter), inhibitors of ERK1/2
MAPK pathways, also blocked HIMF-induced
phosphorylation of p38 and ERK1/2. (D ) Lu-
ciferase assay revealed that HIMF-induced
SP-B and SP-C expression was not abol-
ished by p38 inhibitor SB203580. How-
ever, incubation of MLE-12 cells with the
PI-3K inhibitor, LY294002, prevented
HIMF-induced upregulation of both SP-B
and SP-C. Meanwhile, the inhibitors of
ERK1/2 MAPK, PD098059 and U0126, also
blocked HIMF-induced SP-B and SP-C pro-
duction, respectively, which was further
confirmed by RT-PCR (E ). * Significant in-
crease compared with MLE-12 controls
treated without HIMF (P 
 0.05). Three
experiments with triplicate for each treat-
ment were performed, and all with similar
results.
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Figure 6. (Continued)

formation in a matrigel plug model (13). More recently, we
reported that HIMF is developmentally regulated in mouse lung,
particularly during the perinatal period, and that HIMF has an
antiapoptotic effect in cultured embryonic lungs (16). However,
the relationship between HIMF expression and the production
of SP-B and SP-C in alveolar epithelial cells of developing lungs
has not previously been investigated.

During the canalicular phase of mouse lung development
(E16 and E17), rapid growth rate is replaced by differentiation
of epithelial cells lining the ducts (30). This phase is characterized
by the initiation of capillary growth and the first appearance
of ATII cells containing lamellar bodies, the cellular organelle
compartment for lung surfactant (30). Our previous studies indi-
cated a robust HIMF expression in mouse lungs at E16 through
P30, and only a low-level expression at E14 and E15. This temporal
course indicates a potential role of HIMF during the canalicular
phase of mouse lung development (16). The pattern of temporal–
spatial distributions of HIMF, SP-B, and SP-C demonstrated in
the present study raises the possibility that HIMF regulates the
participation of these two surfactants in lung maturation. Our
observation that intratracheally instilled HIMF protein in adult
mice specifically enhances SP-B and SP-C expression supports
a cause–effect relationship. Together with our previous findings
that HIMF has an antiapoptotic effect in cultured embryonic
lung (16), our data suggest that HIMF plays important roles
in mouse lung maturation through stimulating SP-B and SP-C
production in ATII cells.

To better understand the regulation mechanisms of HIMF
on SP-B and SP-C production in mouse lung epithelial cells, the
effects of HIMF on mRNA levels and stability of SP-B and SP-C
were explored in MLE-12 and C10 cells. The results indicate that
HIMF stimulation leads to increased transcriptional activities of
SP-B and SP-C in both MLE-12 and C10 cells. Previous stud-
ies have demonstrated that mouse SP-B promoter activity in

MLE-12 cells is dependent on sequences within the �842 bp
region (19) that contain binding sites for thyroid transcription
factor-1, hepatocyte nuclear factor-3, specificity protein 1/3, acti-
vator protein-1, and activator transcription factor/cAMP respon-
sive element transcription factors. Deletion mapping studies of
mouse SP-C 5� flanking DNA have identified DNA sequences
within 320 bp upstream of the transcription start site as necessary
for expression in MLE-15 cells, a mouse lung cell line with
characteristics of ATII cells (20). Post-transcriptional and pre-
translational mechanisms also regulate the expression of SP-B
and SP-C. In the present study, we found that pretreatment of
MLE-12 cells with HIMF protein prevents actinomycin D–
facilitated SP-B and SP-C mRNA degradation, indicating that
HIMF may be involved in stimulating the modification of a
protein factor that stabilizes SP-B and SP-C mRNA. Thus, we
believe that HIMF modulates both transcriptional and post-
transcriptional processes of SP-B and SP-C, enhancing their pro-
tein production.

Peptide growth factors, such as FGF, that activate PI-3K and
MAPK signal transduction pathways, play an important role in
mediating lung branching morphogenesis. Using specific inhibi-
tors to signaling molecules downstream of FGF receptors, Matsui
and colleagues identified PI-3K as one of the critical components
mediating surfactant gene expression after FGF-2 stimulation
(10). In lung explants, terminal bud growth was increased by
FGF-1 treatment and decreased by the ERK1/2 inhibitor PD98059
and by the PI-3K–specific inhibitors LY294002 and wortmannin
(31). Treatment of lung explants with LY294002 and wortmannin
also decreased SP-C expression in these studies, suggesting partic-
ipation of the FGF/PI-3K/Akt pathway in the regulation of SP-C
expression (31). Other investigators have shown that SP-A acti-
vates the PI-3K/Akt signaling pathway through cell surface SP-A
receptors to upregulate SP-B and SP-C (32). In the present study,
we found that HIMF strongly induces phosphorylation of Akt,
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ERK1/2, and p38 MAPK in both MLE-12 and C10 cells. Further-
more, inhibition of PI-3K or ERK1/2 MAPK blocked HIMF-
induced Akt activation as well as HIMF-induced SP-B and SP-C
expression in these cells. However, the stress-activated protein
kinase p38 MAPK does not appear to be involved in this process.
Thus, we believe that HIMF-induced SP-B and SP-C expression
in mouse epithelial cells is mediated through the PI-3K/Akt and
ERK1/2 MAPK pathways.

In summary, the present study shows that HIMF can enhance
SP-B and SP-C production by increasing their transcription and
mRNA stability in mouse lung tissues and epithelial cell lines.
This process is dependent upon PI-3K/Akt and ERK1/2 MAPK
activity. Together with our previous findings that HIMF has an
antiapoptotic effect in cultured embryonic lung, these results
suggest that HIMF plays critical roles in mouse SP production
and lung development. However, the HIMF-induced increase
in p38 MAPK activation did not participate in SP-B and SP-C
upregulation, and the exact role of HIMF-induced p38 MAPK
activation warrants further investigation.
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