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Abstract
In this study, we demonstrate that protein kinase C (PKC) activators, including phorbol-12-
myristate-13-acetate (PMA), 1,2-dioctanoyl-sn-glycerol (DOG), and platelet-derived growth factor
α are potent inducers of angiopoietin-like protein 4 (ANGPTL4) expression in several normal lung
cell types and carcinoma cell lines. In human airway smooth muscle (HASM) cells induction of
ANGPTL4 expression is observed as early as 2 h after the addition of PMA. PMA also increases the
level of ANGPTL4 protein released in the medium. PKC inhibitors Ro31-8820 and Gö6983 greatly
inhibit the induction of ANGPTL4 mRNA by PMA suggesting that this up-regulation involves
activation of PKC. Knockdown of several PKCs by corresponding siRNAs suggest a role for
PKCα. PMA does not activate MAPK p38 and p38 inhibitors have little effect on the induction of
ANGPTL4 indicating that p38 is not involved in the regulation of ANGPTL4 by PMA. In contrast,
treatment of HASM by PMA induces phosphorylation and activation of Ra, MEK1/2, ERK1/2, JNK,
Elk-1, and c-Jun. The Ras inhibitor manumycin A, the MEK1/2 inhibitor U0126, and the JNK
inhibitor SP600125, greatly reduce the increase in ANGPTL4 expression by PMA. Knock-down of
MEK1/2 and JNK1/2 expression by corresponding siRNAs inhibit the induction of ANGPTL4. Our
observations suggest that the induction of ANGPTL4 by PMA in HASM involves the activation of
PKC, ERK, and JNK pathways. This induction may play a role in tissue remodeling during lung
injury and be implicated in several lung pathologies.
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Introduction
Protein kinase C (PKC) comprises a family of serine/threonine kinases that are involved in the
regulation of many cellular responses, including proliferation, apoptosis, differentiation,
angiogenesis, stress responses, and lipid metabolism [1–4]. The second messenger
diacylglycerol (DAG), which is most commonly generated by cellular phosphatidylinositol
4,5-biphosphate-specific phospholipases, is the endogenous activator of PKC enzymes [5–7].
Phorbol esters mimic the action of DAG. Activation of PKC signaling pathways has been
implicated in several lung functions and pathologies, including cancer, asthma, fibrosis,
chronic obstructive pulmonary disease (COPD), and interstitial lung diseases [2,8]. Various
growth factors and cyto/chemokines, including platelet-derived growth factor α (PDFGα), with
established roles in tissue remodeling and inflammation in the airways, mediate their action at
least in part through activation of PKC signaling pathways [9,10]. In the lung, PKCs can also
be activated by broncho- and vasoconstriction, hypoxia, and a variety of environmental
exposures, such as cigarette smoke and asbestos [2,11–13].

Angiopoietin-like protein 4 (ANGPTL4), a member of the angiopoietin-like protein subfamily,
is a 50-kD secretory protein that functions as an important modulator of glucose and lipid
metabolism [14–19]. ANGPTL4 inhibits lipoprotein lipase (LPL)-dependent lipolysis thereby
limiting the uptake of free fatty acids. Overexpression of ANGPTL4 results in
hypertriglyceridemia, while ANGPTL4 deficiency suppresses foam formation in macrophages
and protects against atherosclerosis [18–20]. In addition, ANGPTL4 has been reported to
decrease blood glucose and to improve glucose tolerance [17]. ANGPTL4 expression is up-
regulated under a variety of conditions, including caloric restriction, and treatment with
glucocorticoids, peroxisome proliferator-activated receptor (PPAR) agonists, and
transforming growth factor β (TGFβ) [14,21–23]. Moreover, expression of ANGPTL4 is
dramatically induced under ischemic and hypoxic conditions [24,25]. ANGPTL4 has been
reported to positively as well as negatively modulate cellular migration, invasion, and
angiogenesis suggesting that it may have a regulatory function in metastasis and tissue
remodeling during injury [23,26–31].

In this study, we demonstrate that several PKC activators, including PMA and PDGFα, are
potent inducers of ANGPTL4 mRNA expression in several cell types of the lung and increase
the secretion of ANGPTL4 protein. We provide evidence indicating that this induction is
mediated through activation of PKC and the extracellular signal-related kinase (ERK) and Jun
N-terminal kinase (JNK) pathways. We propose that induction of ANGPTL4 expression
through activation of PKC by endogenous factors and exogenous signals play an important
role in the regulation of airway remodeling and lipid homeostasis in several lung cell types,
and may be implicated in different pathological processes in the lung, including cancer, asthma,
and COPD.

Materials and methods
Cell culture

Normal human primary airway smooth muscle (HASM) cells were isolated and cultured as
described previously [32]. Cells were grown in Ham’s F12 containing 10% FBS and 25 mM
Hepes (pH 7.4). At confluence, 24 h prior to treatment, cells were switched to medium without
serum supplemented with 5.7 μg/ml insulin and 5 μg/ml transferrin. Normal primary human
bronchial epithelial (HBE) cells were cultured in BEGM medium (Clonetics, Walkersville,
MD). Normal primary human lung fibroblasts (HLF) and murine hepatocellular carcinoma
Hepa 1-6 were grown in DMEM plus 10% FBS medium. Normal lung microvascular
endothelial cells (MVEC) and human umbilical vein endothelial cells (HUVEC) were
purchased from Clonetics and cultured in EGM-2-MV and EGM medium, respectively. Human
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lung carcinoma A549, Calu6, H441, H460, and H82 cells, and mammary carcinoma MCF7
and T47D, ovary carcinoma OVCAR, and squamous cell carcinoma SCC13 cells were grown
in RPMI 1640 plus 10% FBS medium.

Materials
1,2-Dioctanoyl-sn-glycerol (DOG), 4α-phorbol-12,13-didecanoate (PDD), Gö6983,
bisindolylmaleimide I (BIM I or GF109203X), Gö6976, bryostatin 1 and 2, PD169316,
SB203580, and manumycin A were purchased from Calbiochem (La Jolla, CA). Phorbol-12-
myristate-13-acetate (PMA) was purchased from Alexis Biochemicals (San Diego, CA).
Ro31-8220, U0126 and actinomycin D were purchased from Sigma (St. Louis, MO), and
SP600125 from Biosource (Camarillo, CA). PKC activators and inhibitors were dissolved in
dimethylsulfoxide (DMSO). DMSO was used in control experiments. PDGFα and interleukin
1β (IL-1β) were obtained from R&D (Minneapolis, MN).

Northern blot analysis
Total RNA was isolated using TriReagent (Sigma, St. Louis, MO) and examined by Northern
blot analysis using 32P-labeled probes for mouse or human ANGPTL4. Total RNA (20 μg) or
poly(A)+ RNA (2 μg) was separated by electrophoresis on a formaldehyde 1.2% agarose gel,
blotted to a Nytran Plus membrane (Schleicher & Schuell, Keene, NH), and UV-crosslinked.
Hybridizations were carried out for 1–2 h at 68 °C using QuikHyb™ reagent (Stratagene, La
Jolla, CA), blots were washed twice with 2X SSC, 0.05% SDS for 15 min at room temperature
and subsequently with 0.5X SSC, 0.1% SDS at 65 °C for 30 min. Autoradiography was carried
out with Hyperfilm-MP (Amersham) at −70 °C using double intensifying screens. For human
ANGPTL4, the 600 bp NotI/EcoRI insert excised from the IMAGE clone 490413 was used as
probe. For mouse Angptl4, the 255 bp KpnI-SacI fragment of the IMAGE clone 329741 was
used as probe. Plasmid inserts were verified by sequence analysis.

Western blot analysis
To determine the level of secreted ANGPTL4, conditioned media collected from cells treated
with and without PMA were concentrated 100-fold. Whole cell lysates were prepared in sample
buffer (60 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 10 mM DTT, 1 mM
phenylmethylsulfonyl fluoride, aprotinin, and leupeptin) and phosphatase inhibitor mixture I
and II (Sigma). Proteins were examined by Western blot analysis and visualized by the ECL
Western blot analysis system (Amersham) using HRP-conjugated anti-rabbit or anti-mouse
IgG. Rabbit anti-ANGPTL4 antibody (1:500) was generously provided by Sander Kersten
(Nutrition, Metabolism and Genomics Group, Wageningen University, Wageningen, The
Netherlands). Other antibodies were purchased from Cell Signaling Technology (Beverly,
MA) and used according to the manufacturer’s instructions: p-Raf-1 (# 9424), p-MEK1/2 and
total MEK1/2 (#9121 and 9122), p-ERK1/2 and total ERK (#9101 and 9102), p-SEK/MEK4
(#9151), p-JNK and total JNK (#9251 and 9252), p-c-Jun, (#9162), p-p38 and total p38 (#9211
and 9212). Total Raf-1 (sc-133) and c-Jun (sc-1694) was obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA).

Small interfering RNAs (siRNA) knockdown
Knockdown of PKCα, βI, and δ, MEK1/2 and JNK1/2 expression in HASM cells was achieved
by transfection of siRNAs for human PKCα, βI, and δ (sc-36243, sc-39168, sc-36253,
respectively), MEK-1 (cat# sc-29396), MEK-2 (sc-35905), JNK-1 (sc-29380), and JNK-2
(sc-39101) (Santa Cruz Biotechnology, Santa Cruz, CA). The silencer-negative control siRNA
(cat# 4611) was purchased from Ambion (Austin, TX). Transfection of siRNAs was performed
using DharmaFECT 1 transfection reagent (Dharmacon, Chicago, IL). HASM cells were plated
in 6-well dishes at a density of 3.3 × 105 cells per well. The next day, cells were treated with
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the siRNA transfection mixtures following the DharmaFECT General Transfection Protocol.
After 48 h incubation, cells were treated with or without PMA. Fifteen min or 6 h later cells
were harvested for Western and PCR analysis, respectively.

Quantitative Real-Time PCR (QRT-PCR)
Total RNA was reverse transcribed using an Oligo(dT) primer and MuLV reverse transcriptase
according to manufacturer’s instructions (Invitrogen). QRT-PCR analysis of ANGPL4
expression was carried out using a POWER SYBER® Green PCR master mix (Applied
Biosystems, Foster City, CA) and the following primers: 5′-GCGAATTCAGCATCTGCAAA
(forward) and 5′-CTTGGCCACCTCATGGTCTAG (reverse). QRT-PCR reactions were
carried out in triplicate in a 7300 Real Time PCR system (Applied Biosystems). Gene
expression level was normalized to 18S RNA. Data were analyzed using Sequence Detection
Software (version 1.2.2, Applied Biosystems) and are presented as mean ± SD of three
independent experiments.

Results
PMA induces ANGPTL4 mRNA expression in several human lung cell types

PKC signaling pathways play an important role in the regulation of a number of different
functions in the lung and has been implicated in several lung pathologies [2,6,8,33,34]. In this
study, we examined the effect of PMA on the expression of ANGPTL4 in a variety of normal
and carcinoma cells. As shown in Fig. 1, ANGPTL4 mRNA expression was dramatically
induced in normal HASM, HBE, HLF, MVEC, and HUVEC. Treatment of HASM cells with
PDGFα, an activator of PKC, also induced ANGPTL4 mRNA expression whereas addition of
IL-1β had no effect (Fig. 1B). MVEC were also treated with VEGF (25 ng/ml for 6 hrs);
however, this did not increase ANGPTL4 expression. Quantitation of ANGPTL4 mRNA
expression in HASM and HLF cells by QRT-PCR showed that PMA induced ANGPTL4
expression 100-fold or more (Fig. 1C). While several carcinoma cell lines were non-responsive,
lung adenocarcinoma cell lines H441 and A549, and mammary carcinoma MCF7 showed a
significant induction of ANGPTL4 expression after PMA treatment while a small induction
was observed in mammary carcinoma T47D cells (Fig. 1A). PMA also induced Angptl4
expression in murine hepatocellulat carcinoma Hepa 1-6 cells (Fig. 1C). These results
demonstrate that PMA is a very effective inducer of ANGPTL4 expression in various normal
lung cell types and in a several carcinoma cells.

As shown in Fig. 2A, in contrast to PMA, the inactive phorbol ester 4α-phorbol-12,13-
didecanoate (PDD) did not enhance ANGPTL4 mRNA expression in HASM cells. Next, we
examined the effect of several other agents that bind to and activate members of the PKC and
RasGRP families [35,36] on the induction of ANGPTL4. Similar to PMA, treatment of HASM
cells with the PKC activators DOG, bryostatin 1 or 2 also resulted in an up-regulation of
ANGPTL4 expression (Fig. 2A).

Time- and dose-dependent induction of ANGPTL4
As shown in Fig. 2, PMA induced ANGPTL4 mRNA expression in HASM cells in a time-
and dose-dependent manner. An increase in ANGPTL4 mRNA expression could be observed
as early as 2 h after the addition of PMA and levels peaked after about 6 h (Fig. 2B). Thereafter,
expression of ANGPTL4 mRNA gradually diminished and by 24 h returned to basal levels.
Induction of ANGPTL4 mRNA expression by PMA was concentration dependent; the
calculated EC50 was 8 nM PMA (Fig. 2C).
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Induction of ANGPTL4 protein by PMA
Next, we examined the induction of Angptl4 at the protein level. Western blot analysis with
an ANGPTL4-specific antibody recognized a 50 kDa protein in the conditioned medium from
HASM cells treated for 16 h with PMA (Fig. 3A). ANGPTL4 was not detectable in conditioned
medium from cells treated for 16 h with vehicle. These observations show that the induction
of ANGPTL4 mRNA expression by PMA is accompanied by increased synthesis and release
of ANGPTL4 protein in the medium. No significant levels of ANGPTL4 were detectable in
whole cell protein lysates from either PMA-treated or untreated HASM cells (not shown)
suggesting that most of the ANPTL4 is rapidly secreted after being synthesized.

Induction of ANGPTL4 mRNA by PMA occurs at the transcriptional level
Phorbol esters can regulate gene expression by transcriptional and post-transcriptional
mechanisms. Fig. 3B shows that pretreatment of HASM cells with 2.5 μg/ml actinomycin D
blocks the induction of ANGPTL4 mRNA by PMA. To determine whether the induction of
ANGPTL4 mRNA was regulated by PMA at the level of ANGPTL4 mRNA stability, HASM
cells were treated with PMA or vehicle for 4 h, transcription was then inhibited by the addition
of 2.5 μg/ml actinomycin D and at different time intervals the level of ANGPTL4 mRNA was
determined by Northern blot analysis. Quantitative analysis of ANGPTL4 mRNA expression,
normalized for α-tubulin expression, showed that ANGPTL4 mRNA is quite stable in vehicle-
treated HASM cells (Fig. 3C). The calculated half-life of ANGPTL4 mRNA in vehicle- and
PMA-treated HASM cells was 9.1 and 7.0 h, respectively. These results indicate that treatment
of HASM cells with PMA decreased, rather than increased, the stability of ANGPTL4 mRNA.
These data are in agreement with the conclusion that the induction of ANGPTL4 expression
by PMA is regulated at the level of transcription.

Induction of ANGPTL4 by PMA by PKC
Many of the effects of PMA and DAGs are mediated through the activation of members of the
PKC and RasGRP family. We therefore examined the effect of several PKC inhibitors on the
induction of ANGPTL4 by PMA. Fig. 4A demonstrates that the PKC inhibitors Ro31-8820
and Gö6983 (selective for PKCα, β, γ, δ, ζ) blocked the induction of ANGPTL4 expression by
PMA in HASM cells while Gö6976 (selective inhibitor of PKCα and βI) greatly inhibited its
induction. Recent studies have identified Ras guanine nucleotide releasing proteins
(RasGRPs), proteins that enhance the dissociation of GDP and favor the association with GTP
to Ras, as receptors of phorbol esters and DAGs [35,37,38]. Several PKC inhibitors, including
Gö6976, also inhibit the activation of RasGRPs. However, Ro31-8820 and BIM I have been
reported to inhibit PKC but not RasGRP [37,39]. Fig. 4A shows that BIM I (selective for
PKCα, βI, βII, γ, δ) and Ro31-8820 greatly reduced the PMA-induced increase in ANGPTL4
mRNA. These data suggest that the PMA-induced expression of ANGPTL4 mRNA requires
activation of PKC rather than RasGRP.

Human airway smooth muscle cells have been reported to express several PKC isoforms,
PKCα, β, δ, ε, ζ, and ι [40]. To obtain further support for the role of PKC in the induction of
ANGPTL4 by PMA, the effect of down-regulation of several specific PKC isoforms by siRNAs
on ANGPTL4 induction was examined. Knockdown of PKCα expression (Fig. 4B)
significantly reduced ANGPTL4 induction by PMA, while knockdown of PKCβI or PKCδ had
no significant effect (not shown). These data support the conclusion that PKCα is at least one
of the PKCs involved in the induction of ANGPTL4 by PMA.

Involvement of Ras/Raf/MEK/ERK signaling
Activation of members of the protein kinase C (PKC) family can subsequently lead to activation
of a number of other signaling pathways, including Ras, and several mitogen-activated protein
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kinases (MAPKs) [5,7,41–43]. We first investigated the involvement of the Ras/Raf/MEK/
ERK cascade in ANGPTL4 induced expression. Fig. 4C shows that Raf was phosphorylated
in HASM cells as early as 15 min after the addition of PMA indicating that treatment of HASM
with PMA activates Raf. We subsequently examined the role of Ras activation by determining
the effect of the Ras inhibitor manumycin A [44] on the induction of ANGPTL4 by PMA.
Northern blot analysis shows that manumycin A inhibited the induction of ANGPTL4
expression by PMA (Fig. 4D). These results are in agreement with the hypothesis that PMA
activates the Ras/Raf signaling pathway in HASM cells and that its activation is involved in
the induction of ANGPTL4 by PMA.

To determine whether activation of MEK and ERK or p38 plays a role in the induction of
ANGPTL4 expression by PMA, the phosphorylation of MEK1/2, ERK1/2 and p38 was
analyzed at different times after the addition of PMA. As shown in Fig. 5A, PMA induced
phosphorylation of both MEK1/2 and ERK1/2 proteins as early as 15 min after the addition,
while no changes were observed in total MEK1/2 and ERK1/2 protein levels. In contrast, PMA
did not have any effect on the phosphorylation of p38.

To obtain further insight into the role of these proteins in the induction of ANGPTL4, HASM
cells were pre-treated with the MAPK p38 inhibitor PD169316 and the MEK1/2 inhibitor
U0126 (Fig. 6A). Treatment with PD169316 had little effect on the induction of ANGPTL4
by PMA. This, in combination with the observation that PMA did not induce activation of p38
in HASM cells, suggested that p38 is not involved in the regulation of ANGPTL4 by PMA.
The MEK1/2 inhibitor U0126 almost completely blocked the induction of ANGPTL4 mRNA
by PMA. Similar results were obtained by QRT-PCR analysis with samples from HLF cells
(Fig. 6B). U0126 significantly reduced the induction of ANGPTL4 mRNA expression in HLF
cells while the p38 inhibitor SB203580 had little effect. These data support a role for MEK/
ERK1/2 signaling in the induction of ANGPTL4 by PMA.

PMA activates the JNK pathway in HASM
We next examined the role of the Jun-N-terminal kinase (JNK). As shown in Fig. 5B, treatment
of HASM cells with PMA caused a rapid and transient phosphorylation of MEK4 and JNK1/2
indicating that PMA activates the JNK signaling pathway in HASM cells. Activation of JNK
can subsequently lead to the phosphorylation of c-Jun and other transcription factors [5,45].
Fig. 5A shows that treatment of HASM cells with PMA transiently induced phosphorylation
of c-Jun. Pretreatment of HASM cells with the JNK inhibitor SP600125 blocked the induction
of ANGPTL4 mRNA expression by PMA (Fig. 6C). A similar result was obtained with
SP600125-treated HLF cells (Fig. 6B). These results are consistent with a role for JNK
activation in the induction of ANGPTL4.

Inhibition of PMA-induced ANGPTL4 expression by MEK1/2 and JNK1/2 siRNAs
Because SP600125 has been reported to inhibit other kinases, in addition to JNK [46], we
investigated the effect of down-regulation of JNK1/2 by corresponding siRNAs on the
induction of ANGPTL4 by PMA. As shown in Fig. 7A, transfection with JNK1/2 siRNAs
significantly reduced the level of total and phosphorylated JNK1/2 and significantly diminished
the induction of ANGPTL4 mRNA expression by PMA. Similarly, transfection with MEK1/2
siRNAs also inhibited the induction of ANGPTL4 mRNA by PMA (Fig. 7B). These data are
consistent with a role for the JNK1/2 and MEK1/2/ERK1/2 signaling pathways in PMA-
induced ANGPTL4 expression.
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Discussion
In this study, we demonstrate that PMA, 1,2-dioctanoyl-sn-glycerol, and bryostatin 1 and 2 are
potent inducers of ANGPTL4 expression in human airway smooth muscle cells, in several
other normal lung cell types as well as in a number of lung carcinoma cell lines. The induction
of ANGPTL4 mRNA is associated with an increase in the level of ANGPTL4 protein in the
medium and mediated through activation of PKC, JNK1/2, and MEK1/2/ERK1/2 signaling
pathways.

The majority of the actions of phorbol esters and diacylglycerol have been attributed to their
interaction with, and activation of, PKC and the subsequent activation of several MAPK
pathways [5,41–43]. However, several studies have demonstrated that PMA, DAG, and
bryostatins can also bind RasGRP proteins [35,37,38]. Interaction of PMA with RasGRP
promotes the binding of GTP to Ras, resulting in its activation and subsequently that of MAPKs.
Therefore, the induction of ANGPTL4 by PMA could be mediated through the activation of
PKC and/or RasGRP. Our results show that several PKC inhibitors were very effective in
inhibiting the induction of ANGPTL4 expression by PMA. The PKC inhibitor Gö6976 has
been reported to also inhibit the activation of RasGRPs whereas Ro31-8820 and BIM I
selectively inhibit PKC but do not inhibit RasGRP-mediated signaling [37,39]. Because both
Ro31-8820 and BIM I inhibit the induction of ANGPTL4 by PMA, the increased expression
of ANGPTL4 appears to be mediated through the activation of PKC rather than RasGRP. This
is supported by data showing that down-regulation of of the expression of PKCα, but not of
PKCβ or PKCδ, by corresponding siRNAs significantly inhibits the induction of ANGPTL4
by PMA. PDGFα, which plays an important role in several lung diseases, including fibrosis,
was also found to induce ANPTL4 expression. Because PDGF has been reported to activate
PKC [9,47], this induction might also be mediated through PKC activation.

Activation of PKC by PMA, DAGs, and bryostatins can subsequently lead to activation of the
Ras/Raf, p38, ERK, and JNK pathways [5,41–43,48]. Our results indicate that treatment of
HASM with PMA induces activation of the Ras/Raf pathway while the inhibition of Ras by
manumycin A [44] suggests that activation of Ras is essential for the induction of ANGPTL4
by PMA. This activation might be responsible for the observed activation of MEK1/2 and
subsequently the activation of ERK1/2. The MEK1/2 inhibitor U0126 greatly inhibits the
increase in ANGPTL4 expression by PMA indicating that activation of ERK1/2 is essential
for this induction. This was supported by the decrease in the induction of ANGPTL4 observed
after down-regulation of MEK1/2 expression by corresponding siRNAs.

We further demonstrated in HASM cells that PMA treatment induces phosphorylation of
MEK4 and JNK1/2. The activation of JNK1 is likely responsible for the observed
phosphorylation of c-Jun, a target for JNKs. The JNK inhibitor SP600125 was able to inhibit
PMA-induced expression of ANGPTL4. These results suggest that activation of the JNK
pathway is required for the induction of ANGPTL4 expression by PMA. This was supported
by the decrease in the induction of ANGPTL4 observed after knockdown of JNK1/2 expression
by siRNAs. Since both inhibitors of the JNK and ERK signaling pathway inhibit the induction
of ANGPTL4 expression, both pathways appear be required for the transcriptional activation
of the ANGPTL4 gene by PMA. A role for p38 in PMA-induced ANGPTL4 expression was
excluded because PMA did not induce phosphorylation of p38 in HASM cells nor did
pretreatment with p38-specific inhibitors block the increase in ANGPTL4 expression.

An increase in ANGPTL4 expression was observed as early as 2 h after the addition of PMA.
PMA has been reported to regulate gene expression by transcriptional as well as post-
transcriptional mechanisms. For example, the induction of VEGF by PMA in human
keratinocytes depends on an AP-1 binding site in its promoter flanking region of the VEGF
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gene [49] while it regulates the expression of mitochondrial elongation factor Tu in HL60 cells
at the level of RNA stability [50]. Our results show that PMA does not induce ANGPTL4
expression by increasing the stability of its respective mRNA. These observations suggest that
the induction of ANGPTL4 expression occurs at the level of transcription. Because both the
ERK1/2 and JNK signaling pathways appear to be required for the induction of ANGPTL4 by
PMA, we examined the 3 kb ANGPTL4 promoter region for the presence of potential binding
sites for several transcription factors, such as AP-1, Elk-1, and ets, that act downstream of these
MAPKs. Although the 3 kb ANGPTL4 promoter flanking region contained several potential
AP-1 and ets binding sites, PMA did not cause transcriptional activation of the Luc reporter
under the control of different fragments of this 3 kb region of the ANGPTL4 gene (Stapleton,
C., unpublished observations). These results suggest that either the response element does not
reside in this region or requires an additional element not included in this promoter region.

In addition to its function in the regulation of glucose homeostasis and lipid metabolism [14–
19], studies have demonstrated a role for ANGPTL4 in migration, metastasis, vascular
permeability, and angiogenesis [23,26–31,51]. Migration, vascular permeability, and
angiogenesis are an integral part of lung injury and airway remodeling associated with many
lung pathologies [52–54]. This involves cross-talk between a variety of cell types, including
(myo)fibroblasts, epithelial, smooth muscle, inflammatory, and endothelial cells. In lung,
PKCs are activated by PDGFα, hypoxia, broncho- and vasoconstriction, and a variety of
environmental stimuli, including cigarette smoke, and have been implicated in cancer, asthma,
fibrosis, COPD, pulmonary hypertension, and interstitial lung diseases [2,3,8,11–13,55,56].
The PKC-dependent induction of ANGPTL4 in the several lung cell types described in this
study may be part of the response to hypoxia, various environmental exposures, and induction
of endogenous factors, such as PDGFα, that activate PKCs. Therefore, ANGPTL4 might have
important functions in airway remodeling and lung disease.

In summary, our results demonstrate that activation of PKC by PMA and several other PKC
activators leads to increased expression of ANGPTL4. Although we focused in this study
largely on airway smooth muscle cells, we show that PMA induces ANGPTL4 in a number of
normal and tumor lung cell types. The induction of ANGPTL4 in HASM cells involves
activation of the Ras, JNK, and MEK1/2/ERK1/2 pathways. In the lung, ANGPTL4 may play
a role in tissue remodeling and lipid metabolism, and be implicated in several lung diseases,
including asthma, cancer, and COPD, as well as in hypoxia-induced responses in the lung.
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Abbreviations

ANGPTL4 angiopoietin-like 4

HASM human airway smooth muscle

PKC protein kinase C

PMA phorbol-12-myristate-13-acetate

DAG diacylglycerol

PDGFα platelet-derived growth factor α

ERK extracellular signal-related kinase

JNK Jun N-terminal kinase
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MAPK mitogen-activated protein kinase

siRNA small interfering RNA
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Fig. 1.
PMA induces ANGPTL4 mRNA expression in a variety of normal and carcinoma cells. (A)
Normal human airway smooth muscle (HASM) cells, bronchial epithelial cells (HBE), lung
fibroblasts (HLF), microvascular endothelial cells (MVEC), umbilical vein endothelial cells
(HUVEC), human lung carcinoma cell lines H82, H441, A549, Calu6, and H460, mammary
carcinoma MCF7 and T47D, ovary carcinoma OVCAR, and squamous cell carcinoma SCC13
cells were treated with 30 nM PMA for 6 h. Total RNA was then isolated and examined by
Northern blot analysis to determine the level of ANGPTL4 expression. MVEC were also
treated with vascular endothelial growth factor (25 ng/ml VEGF for 6 h). (B) ANGPTL4
expression is induced by PDGFα, not by IL-1β. HASM cells were treated with PDGFα or
IL-1β (10 ng/ml) for 20 h before cells were collected for Northern blot analysis. (C) QRT-PCR
analysis of the induction of ANGPTL4 mRNA by PMA in HASM, HLF, and Hepa 1-6 cells.
Cells were treated with 30 nM PMA or vehicle; 6 h later RNA was isolated and ANGPTL4
mRNA expression examined by QRT-PCR.
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Fig. 2.
Induction of ANGPTL4 mRNA expression by PMA and other PKC activators. (A) HASM
cells were treated with vehicle (DMSO; C), 30 nM PMA, 200 μM 1,2-dioctanoyl-sn-glycerol
(DOG), or 30 nM of 4α-phorbol-12,13-didecanoate (PDD), 100 nM bryostatin 1 (B1), or 100
nM bryostatin 2 (B2). After 6 h treatment, RNA was isolated and examined by Northern blot
analysis using a radiolabeled probe for ANGPTL4. (B) Time-dependent induction of
ANGPTL4 mRNA expression by PMA. HASM cells were treated with 30 nM PMA for the
times indicated. (B) Dose-dependent induction of ANGPTL4 mRNA expression by PMA.
HASM cells were treated for a 6 h period with PMA at the concentrations indicated. ANGPTL4
mRNA expression was examined by Northern blot analysis. The level of ANGPTL4 mRNA
relative to the level of 18S rRNA was calculated and plotted.
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Fig. 3.
(A) PMA causes an increase in secreted ANGPTL4 protein. HASM cells were grown for 24
h in serum-free medium and then treated for 16 h with 30 nM PMA or vehicle (C). Conditioned
medium was collected, concentrated, and examined by Western blot analysis using an anti-
ANGPTL4 antibody. (B) HASM cells were treated with actinomycin D (2.5 μg/ml) for 30 min
prior to the addition of PMA (30 nM) or DMSO and 6 h later, total RNA was isolated and
analyzed by Northern Blot analysis for ANGPTL4 expression. (C) Effect of PMA on the
stability of ANGPTL4 mRNA. HASM cells were treated with 30 nM PMA or DMSO. After
4 h treatment, actinomycin D (2.5 μg/ml) was added and at the times indicated cells were
collected for RNA isolation. Total RNA was isolated from PMA-treated cells and because
DMSO-treated cells express very low levels of ANGPTL4, poly(A)+ RNA was isolated from
vehicle-treated cells. ANGPTL4 and α-tubulin mRNA expression were examined by Northern
Blot analysis. The level of ANGPTL4 mRNA (relative to the level of α-tubulin mRNA) was
calculated and the results plotted as the percentage of the RNA level present at time 0 of
actinomycin D addition. Data shown is representative of two independent experiments.
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Fig. 4.
(A) PKC inhibitors block PMA-induced ANGPTL4 expression. HASM cells were pretreated
with the PKC inhibitors Gö6983 (10 μM), Ro31-8220 (1 μM), bisindolylmaleimide I (BIM I;
10 μM), and Gö6976 (1 μM) for 30 min prior to the addition of PMA (30 nM). After 6 h of
treatment, cells were collected for RNA isolation. RNA was examined by Northern blot
analysis using a radiolabeled ANGPTL4 probe. (B) Down regulation of PKCα by
corresponding siRNAs inhibit the induction of ANGPTL by PMA. HASM cells were
transfected with siPKCα or control (scrambled; siCON) siRNAs for 48 h before they were
treated with or without 30 nM PMA. Levels of ANGPTL4 mRNA were determined after 6 h
treatment. (C) Role of Ras/Raf activation in the induction of ANGPTL4 mRNA by PMA.
HASM cells were treated with 30 nM PMA. At the times indicated cells were collected and
protein lysates examined by Western blot analysis using antibodies against total Raf-1 and
phosphorylated Raf-1 (Raf*). (D) Effect of manumycin A on ANGPTL4 induction. HASM
cells were pretreated for 3 h with or without 3 μM manumycin A (Man. A) prior to the addition
of PMA (30 nM). After 6 h of treatment, cells were collected and RNA examined by Northern
blot analysis with a radiolabeled probe for ANGPTL4.
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Fig. 5.
Activation of the ERK1/2 and JNK pathway in PMA-treated HASM cells. (A) HASM cells
were treated with 30 nM PMA and at the indicated times cells were collected for Western blot
analysis with antibodies specific for phosphorylated (*) or total MEK1/2, ERK1/2, and p38.
(B) HASM cells were treated with 30 nM PMA and at the times indicated cells were collected
for Western blot analysis with antibodies specific for phosphorylated (*) MEK4, JNK, and c-
Jun and total JNK and c-Jun.
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Fig. 6.
Role of the ERK1/2 and JNK1/2 pathway in PMA-induced expression of ANGPTL4. (A)
HASM cells were treated with the p38 inhibitors PD169316 (5 μM) or with the MEK/ERK
inhibitor U0126 (10 μM) 30 min before the addition of 30 nM PMA. After 6 h, cells were
collected for RNA isolation and examined by Northern blot analysis for ANGPTL4 expression.
The results shown are representative of two independent experiments. (B) MEK and JNK
inhibitors block PMA-induced ANGPTL4 mRNA expression in HLF cells. Cells were
pretreated with MEK inhibitor U0126 (10 μM), p38 inhibitor SB203580 (10 μM), and JNK
inhibitor SP600125 (10 μM) for 30 min prior to the addition of PMA (30 nM). After 6 h of
treatment, cells were collected for RNA isolation. Expression of ANGPTL4 mRNA was
examined by QRT-PCR. (C) HASM cells were pretreated for 30 min with 10 μM of the JNK
inhibitor SP600125 prior to the addition of 30 nM PMA. After 6 h incubation, total RNA was
isolated and ANGPTL4 expression examined by QRT-PCR analysis.
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Fig. 7.
Knockdown of JNK1/2 or MEK1/2 by corresponding siRNAs inhibits PMA-induced
ANGPTL4 mRNA expression. HASM cells were transfected with siJNK1/2 (A) or siMEK1/2
(B), or control (scrambled; siCON) siRNAs for 48 h before they were treated with or without
30 nM PMA. After 15 min of treatment, cells were harvested, protein isolated and examined
by Western blot analysis with antibodies specific for phosphorylated (*) or total MEK1/2 and
JNK1/2. Actin is shown as a control. RNA was isolated after 6 h of treatment and expression
of ANGPTL4 mRNA examined by QRT-PCR analysis (lower panels). Relative expression of
ANGPTL4 mRNA was plotted.
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