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The FOXM1 inhibitor RCM-1 suppresses goblet cell
metaplasia and prevents IL-13 and STAT6 signaling in
allergen-exposed mice
Lifeng Sun,1,2,3 Xiaomeng Ren,2,3,4 I-Ching Wang,3,5 Arun Pradhan,2,3,4 Yufang Zhang,2,3,4

Hannah M. Flood,2,3 Bo Han,1 Jeffrey A. Whitsett,3,4 Tanya V. Kalin,3,4 Vladimir V. Kalinichenko2,3,4*

Goblet cell metaplasia and excessive mucus secretion associated with asthma, cystic fibrosis, and chronic obstructive
pulmonary disease contribute to morbidity and mortality worldwide. We performed a high-throughput screen to
identify small molecules targeting a transcriptional network critical for the differentiation of goblet cells in response
to allergens. We identified RCM-1, a nontoxic small molecule that inhibited goblet cell metaplasia and excessive
mucus production in mice after exposure to allergens. RCM-1 blocked the nuclear localization and increased the
proteasomal degradation of Forkhead box M1 (FOXM1), a transcription factor critical for the differentiation of goblet
cells from airway progenitor cells. RCM-1 reduced airway resistance, increased lung compliance, and decreased
proinflammatory cytokine production in mice exposed to the house dust mite and interleukin-13 (IL-13), which trig-
gers goblet cell metaplasia. In cultured airway epithelial cells and in mice, RCM-1 reduced IL-13 and STAT6 (signal
transducer and activator of transcription 6) signaling and prevented the expression of the STAT6 target genes Spdef
and Foxa3, which are key transcriptional regulators of goblet cell differentiation. These results suggest that RCM-1 is
an inhibitor of goblet cell metaplasia and IL-13 signaling, providing a new therapeutic candidate to treat patients
with asthma and other chronic airway diseases.
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INTRODUCTION
Asthma is a common chronic pulmonary disorder, associated with
mucus hyperproduction, persistent pulmonary inflammation, airway
hyperresponsiveness, and tissue remodeling (1). Allergen-induced
activation of T helper 2 (TH2) lymphocytes, type 2 innate lymphoid
cells, and dendritic cells and eosinophilic infiltration are important com-
ponents in asthma pathogenesis. In response to allergens, resident and
inflammatory cells produce interleukin-4 (IL-4), IL-5, IL-13, IL-9, IL-17,
IL-25, IL-33, and eotaxins that stimulate pulmonary inflammation and
cause airway remodeling (2–4). Canonical TH2 responses are initiated by
cytokines and chemokines produced by respiratory epithelial cells, such
as thymic stromal lymphopoietin, IL-33, and IL-25, which recruit and
activate innate lymphocytes and T cells to, in turn, enhance goblet cell
metaplasia and inflammation (4). Clinical management of asthma
focuses on reducing allergen-mediated lung inflammation and alleviating
the hyperresponsiveness of peripheral conducting airways (5), but there
is a lack of therapeutic agents that directly target epithelial transcriptional
networks critical for the differentiation of mucin-producing goblet cells.
Pharmacological targeting of goblet cell transcription factors will provide
new therapeutic opportunities for the treatment of patients with asthma
and other chronic airway diseases.

Goblet cell metaplasia and mucus hypersecretion are important
clinical features of asthma, cystic fibrosis, and chronic obstructive
pulmonary disease. In response to allergen sensitization, goblet cells
differentiate from nonciliated airway progenitor cells, including basal
and Club cells (6–8). Multiple signaling and transcriptional networks
influence goblet cell differentiation. These include Janus kinase (JAK)
and the transcription factor signal transducer and activator of
transcription 6 (STAT6), Notch, epidermal growth factor receptor
(EGFR), Ras/extracellular signal–regulated kinase 1/2 (ERK1/2), and
the transcription factor nuclear factor kB (NF-kB) (7, 9, 10). IL-13 acts
through the IL-4 receptor to phosphorylate STAT6 and induce goblet
cell metaplasia through a transcriptional network, in which SPDEF
and FOXA3 are positive regulators and TTF-1 and FOXA2 are neg-
ative regulators (11, 12). SPDEF is required for and sufficient to induce
airway goblet cell differentiation at baseline and after aeroallergen ex-
posure (11, 12). SPDEF regulates various genes that encode factors
involved in producing mucins, their glycosylation, and intracellular
packaging, including Muc5ac, Muc16, Foxa3, and Agr2 (12). FOXM1
is a transcription factor from the Forkhead box (FOX) family that is
an upstream transcriptional regulator of SPDEF. FOXM1 binds to and
stimulates Spdef promoter activity (13). Genetic deletion of Foxm1
from airway Club cells inhibits SPDEF and prevents goblet cell meta-
plasia in response to house dust mite (HDM) allergens (13).

Here, we have challenged the concept that transcription factors
are “undruggable” targets. Using a high-throughput screen, we
identified a novel small-molecule compound [Robert Costa Memo-
rial drug–1 (RCM-1)] that inhibits FOXM1 activity in vitro and in
vivo. RCM-1 prevented goblet cell metaplasia, decreased lung in-
flammation, and inhibited airway hyperresponsiveness in response
to HDM or recombinant IL-13. The present study suggests the fea-
sibility of developing novel inhibitors of goblet cell metaplasia for
the treatment of asthma and other chronic airway disorders asso-
ciated with mucus hyperproduction.
RESULTS
High-throughput screen identifies the novel FOXM1
small-molecule inhibitor RCM-1
Because genetic inactivation of the Foxm1 gene in airway Club cells
effectively inhibits goblet cell metaplasia in response to HDM (13),
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we performed a high-throughput screen to identify novel small-
molecule compounds that inhibit FOXM1. The screen was based
on the ability of the compounds to inhibit the expression and nu-
clear localization of FOXM1 protein in the human osteosarcoma
U2OS C3 cell line, in which doxycycline (Dox) treatment induced
expression of the FOXM1 protein fused to green fluorescent pro-
tein (GFP-FOXM1) (14). U2OS C3 cells were treated with Dox to
induce GFP-FOXM1, and 50,000 small-molecule compounds were
screened for GFP fluorescence (Fig. 1A). Quantitative scanning mi-
croscopy was used to measure total GFP and nuclear/cytoplasmic
Sun et al., Sci. Signal. 10, eaai8583 (2017) 18 April 2017 2 of 10
-
-

f
r
-
-
t

r
-

s

-
-

s

l

-

GFP ratios in individual cells (fig. S1, A to C).
After identification of GFP-FOXM1–inhibiting
compounds, additional dose-response screens were
performed to determine EC50 (median effective con-
centration). Here, we prioritized the nitrile com-
pound RCM-1 (Fig. 1B), named in memory of the
late Robert Costa, who originally identified the human
FOXM1 (also knownasHFH11) gene. RCM-1 inhibited
GFP-FOXM1 in U2OS cells with an EC50 of 0.72 mM
(Fig. 1, C to E). Furthermore, RCM-1 inhibited the
expression of FOXM1 target genes Plk1 and Cdc25B
(Fig. 1F), a functional readout of FOXM1 transcrip-
tional activity (15). In addition to GFP-FOXM1, the
RCM-1 compound decreased the abundance of endogenous FOXM1
in primary human airway epithelial cells cultured on an air-liquid
interface without altering that of other transcription factors, such as
YAP, FACT140, NF-kB, FOXA2, and FOXJ1 (Fig. 1G). RCM-1 inhibited
FOXM1 by increasing its ubiquitination and translocation from cell
nuclei to proteasomes, as demonstrated by immunoprecipitation of
ubiquitinated FOXM1 isoforms (Fig. 1H) and colocalization of FOXM1
with ubiquitin (Fig. 1I) and proteasomal protein PSMA5 (Fig. 1J).
Thus, RCM-1 selectively inhibits FOXM1 by increasing the protein
degradation.
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Fig. 1. Identification of the FOXM1 inhibitor RCM-1 by
high-throughput screening. (A) Schematic of the high
throughput screen. U2OS C3 cells expressing a Dox
inducible GFP-FOXM1 construct were treated with Dox
and, 24 hours later, screened with 50,000 small-molecule
compounds. AU, arbitrary units. (B) Chemical structure o
the RCM-1 compound. (C and D) RCM-1 decreased nuclea
GFP-FOXM1 fluorescence. U2OS C3 cells were fixed and im
aged for GFP (green) (C). Twelve random images were ta
ken of each cell culture. DNA stain (red) and phase contras
were used to identify the nuclear-cytoplasm boundary in
individual cells. Nuclear (nuc)/cytoplasmic (cyto) GFP ratio
in U2OS C3 cells is shown as means ± SD (n = 200 cells pe
condition) (D). Scale bars, 10 mm. (E) Different concentra
tions of the RCM-1 compound were used to determine
EC50 (n = 3 independent cell cultures). GFP-nuc, total GFP
fluorescence in cell nuclei; GFP-cyto, total GFP fluorescence
in cytoplasm. (F) Decreased mRNA abundance of FOXM1
target genes Cdc25B and Plk1 was found in RCM-1–treated
cells by quantitative reverse transcription polymerase chain
reaction (qRT-PCR) (n = 3 independent experiments). **P <
0.01. (G) Western blots show amounts of endogenou
FOXM1 protein and other transcription factors in RCM-1–
treated human airway epithelial cells cultured on air-liquid
interface (n = 3 independent experiments). (H) RCM-1 in
creases ubiquitination of FOXM1 (arrows). FOXM1 immuno
precipitates (IP) from A549 cell lysates were Western-blotted
with ubiquitin (Ub) or FOXM1 antibodies. Asterisk indicate
the location of immunoglobulin G (IgG) on ubiquitin Western
blot. Amounts of ubiquitin-FOXM1 were normalized to tota
FOXM1 (bottom) (n = 3 independent experiments). (I and
J) RCM-1 induces the translocation of endogenous FOXM1
from cell nuclei to cytoplasm. FOXM1 (red) colocalizes with
ubiquitin (I) and PSMA5 (J) (green) in proteasomes of RCM-1–
treated A549 cells (yellow). 4′,6-Diamidino-2-phenylindole
(DAPI) was used to visualize cell nuclei (n = 3 independent ex
periments). Scale bars, 20 mm.

http://stke.sciencemag.org/


SC I ENCE S I GNAL ING | R E S EARCH ART I C L E

 on A
pril 26, 2017

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

RCM-1 inhibits mouse and human FOXM1 in vivo
The ability of RCM-1 to inhibit FOXM1 in vivo was tested in wild-
type BALB/c mice. Western blot of lung homogenates demonstrated
that RCM-1 treatment decreased the abundance of endogenous
FOXM1 (Fig. 2A). There was no evidence of systemic toxicity as as-
Sun et al., Sci. Signal. 10, eaai8583 (2017) 18 April 2017
sessed by intestinal morphology and liver, re-
nal, and cardiac biochemical measures (fig. S2,
A and B).

The ability of RCM-1 to inhibit human
FOXM1 was tested using transgenic mice
that express human FOXM1 fused to GFP
(FOXM1-GFP) (16) in airway Club cells
(fig. S1D). Immunostaining of lung paraffin
sections from GFP-FOXM1 mice demon-
strated that RCM-1 reduced both GFP and
FOXM1 in airway epithelial cells (fig. S1E).
Application of RCM-1 resulted in the exclusion
of GFP-FOXM1 from the nuclei of bronchiolar
epithelial cells (Fig. 2B), a finding consistent
with RCM-1 effects in vitro (Fig. 1, C and
D). RCM-1 did not affect the abundance of
CCSP (a Club cell marker) or FOXA2 (fig.
S1E), the latter being a transcription factor
that is structurally related to FOXM1. Further-
more, RCM-1 decreased the amounts and
nuclear localization of GFP-FOXM1 transgenic
protein in mice exposed to the HDM allergen,
as shown by immunostaining for FOXM1
(Fig. 2C), Western blot (Fig. 2D), and GFP
fluorescence (Fig. 2E). Thus, RCM-1 effectively
and selectively decreased the abundance of
mouse and human FOXM1 proteins in vitro
and in vivo.

RCM-1 inhibits goblet cell metaplasia
and decreases airway resistance after
HDM exposure
Because genetic inactivation of Foxm1 pro-
tected mice from HDM-mediated pulmonary
allergic responses (13), we tested the efficacy
of RCM-1 in mice sensitized to HDM. BALB/c
mice were subjected to the HDM sensitization
and challenge protocol and treated with RCM-
1 (Fig. 3A). Consistent with previous studies
(13), HDM exposure altered the functional
properties of lung tissue in response to metha-
choline, a nonselective muscarinic receptor
agonist. HDM increased airway resistance to
constriction (Fig. 3B). HDM also increased elas-
tance (which measures the stiffness of the lung),
tissue damping (which measures the energy
dissipation in the alveoli), and tissue elastance
(which measures the energy conservation in
the alveoli) and decreased pulmonary compli-
ance (which reflects the ability of the lung to
expand) (Fig. 3B). RCM-1 protected lungs
from HDM-induced airway hyperreactivity
(as assessed by reduced airway resistance)
and preserved lung function (as assessed by
reduced tissue damping and elastance and increased pulmonary com-
pliance) (Fig. 3B). Newtonian resistance (which measures resistance of
central conducting airways) was not changed by RCM-1 (Fig. 3B).

Goblet cell metaplasia was inhibited by RCM-1, as shown by he-
matoxylin and eosin (H&E) and Alcian blue stainings (Fig. 4A).
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Fig. 2. RCM-1 inhibits FOXM1 in vivo. (A) RCM-1 inhibits FOXM1 in the mouse lung. BALB/c mice were treated
with either RCM-1 or vehicle. Total lung protein was analyzed by Western blot for endogenous FOXM1 and b-actin.
Each lane represents a different mouse. (B) GFP-FOXM1 transgenic mice were given Dox to activate the transgene
and were treated with either RCM-1 or vehicle for 2 weeks. Frozen lung sections were analyzed for GFP fluores-
cence. RCM-1 reduces nuclear GFP-FOXM1 in bronchiolar epithelium. Scale bars, 10 mm (images are representative
of five mice per treatment). (C) RCM-1 inhibits GFP-FOXM1 after HDM challenge. Tissue samples were prepared
from lungs of Dox-treated GFP-FOXM1 transgenic mice after HDM challenge and RCM-1 treatment. Dox-treated
CCSP-rtTA mice were used as controls [wild type (WT)]. Paraffin sections were stained with FOXM1 antibodies (dark
brown) and counterstained with nuclear fast red (red). Scale bars, 50 mm (images are representative of four mice
per treatment). (D) Western blot shows that RCM-1 decreases GFP and FOXM1 protein abundance in lungs of
HDM-treated GFP-FOXM1 mice. Each lane represents a different mouse. (E) RCM-1 decreases GFP fluorescence in
GFP-FOXM1 mice after HDM treatment. Frozen lung sections were stained with DAPI. Br, bronchiole. Scale
bars, 50 mm (left) and 5 mm (right) (images are representative of four mice per treatment).
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Fig. 3. RCM-1 inhibits HDM-induced airway hyper-
reactivity. (A) Experimentalprotocol showing the treatment
of BALB/c mice with HDM and RCM-1. (B) RCM-1 ame-
liorated airway hyperreactivity induced by HDM. BALB/c
mice were treated with either RCM-1 or vehicle. Airway
mechanics were measured with the flexiVent system.
RCM-1 treatment decreased HDM-mediated increase in
airway resistance, elastance, and tissue damping. RCM-1
increased pulmonary compliance but did not change
Newtonian resistance in HDM-treated lungs (n = 5 mice
per treatment). *P < 0.05; **P < 0.01.
 on A
pril 26, 2017

ke.sciencem
ag.org/
Fig. 4. RCM-1 prevents goblet cell metaplasia in HDM-treated mice. (A) H&E
and Alcian blue stainings show reduced numbers of goblet cells in mice treated with
RCM-1. Scale bars, 50 mm (images are representative of three mice per treatment).
(B) Immunostaining shows decreased abundance of SPDEF, MUC5AC, and FOXM1
after RCM-1 treatment of HDM-challenged mice. Scale bars, 50 mm (images are rep-
resentative of three mice per treatment). (C) qRT-PCR of total lung RNA. HDM treat-
ment increased expression of Foxm1, Spdef, Foxa3, Agr2, and Muc5ac and decreased
expression of Foxa2. RCM-1 reversed the effects of HDM on the mRNA expression of
these genes. Data are means ± SEM (n = 3 mice per group). *P < 0.05; **P < 0.01.
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RCM-1 decreased FOXM1 staining and mRNA abundance
in response to HDM exposure (Fig. 4, B and C). RCM-1 re-
duced the mRNA and/or protein abundance of MUC5AC
and AGR2 (goblet cell proteins that are associated with
increased mucus production) (12), as well as that of SPDEF
and FOXA3 (transcription factors that promote goblet cell
metaplasia) (Fig. 4, B and C) (12). In contrast, RCM-
1 increased the protein abundance of FOXA2 and CCSP
(fig. S3A), both of which are decreased during goblet cell
metaplasia (12). Thus, RCM-1 inhibited goblet cell metapla-
sia and decreased airway resistance in response to HDM ex-
posure.

RCM-1 decreases HDM-mediated inflammation in
the lung tissue
Consistent with previous studies (13), pulmonary HDM ex-
posure increased the total count and changed differential
counts of inflammatory cells in bronchoalveolar lavage fluid
(BALF) (Fig. 5A). Pulmonary HDM exposure increased the
numbers of eosinophils, neutrophils, lymphocytes, and infil-
trated macrophages, as shown by the fluorescence-activated
cell sorting analysis of BALF (Fig. 5B and fig. S4). Although
RCM-1 did not influence the total number of inflammatory
cells in BALF (Fig. 5A and fig. S3B), the numbers of neutro-
phils and T lymphocytes were decreased after RCM-1 treat-
ment (Fig. 5B). RCM-1 increased the number of alveolar
macrophages in BALF (Fig. 5B and fig. S4). Histological as-
sessment of the lung tissue demonstrated that RCM-1 reduced
peribronchial and perivascular infiltration by inflammatory
cells and decreased alveolar thickening in HDM-treated
lungs (Fig. 5C, fig. S3C, and tables S2 and S3). Furthermore,
RCM-1 decreased mRNA abundance of Ccl2 (which en-
codes C-C motif chemokine ligand 2), Ccl11 (which encodes
C-C motif chemokine ligand 11), Ccl24 (which encodes C-C
motif chemokine ligand 24), Ccr2 and Ccr3 (which encode
the C-C motif chemokine receptors 2 and 3), Acta2 (which
encodes a-actin-2), and the IL-encoding mRNAs IL-5, IL-13,
and IL-33 in lung tissue, and reduced protein concentrations
of IL-4, IL-5, and IL-13 in BALF (Fig. 5, D to G). RCM-1 in-
creased interferon-g (IFNg) concentrations in BALF (Fig. 5G).
All these genes play important roles in allergen-mediated
pulmonary inflammation because they encode secreted factors
that mediate dendritic cell activation (IL-33), T cell recruit-
ment and airway remodeling (IL-4, IL-5, IL-13, Ifng, and
Acta2), eosinophilic infiltration (Ccr3, Ccl11, Ccl24, and IL-5),
and macrophage recruitment (Ccr2 and Ccl2) (2–4). There
was no effect on the expression of IL-12p35 (which encodes
IL-12a), Cx3cl1 (which encodes C-X3-Cmotif ligand 1), Ptgs2
(which encodes prostaglandin-endoperoxide synthase 2), or
Ltc4s (which encodes leukotriene C4 synthase) (Fig. 5, D to F).
Thus, RCM-1 altered HDM-mediated inflammatory re-

sponses in the lung tissue and BALF.

RCM-1 inhibits goblet cell metaplasia and airway
hyperresponsiveness in response to IL-13
Because the IL-13/STAT6 signaling pathway induces goblet cell
metaplasia (11), we tested whether RCM-1 influences IL-13/STAT6
signaling in vivo. Recombinant mouse IL-13 was administered in-
tranasally to wild-type BALB/c mice (fig. S5A). RCM-1 decreased
Sun et al., Sci. Signal. 10, eaai8583 (2017) 18 April 2017
goblet cell metaplasia in IL-13–treated lungs, as shown by H&E and
Alcian blue stainings (Fig. 6A) and immunostaining for MUC5AC,
FOXM1, and SPDEF (Fig. 6B). In contrast, FOXA2 staining in
airway epithelium was increased (fig. S5B). RCM-1 decreased airway
resistance and improved lung function in IL-13–treated mice (Fig. 6C
and fig. S6). Similar to the HDM model, RCM-1 did not influence the
total cell count in BALF (Fig. 6D). RCM-1 decreased the mRNA
abundance of Foxm1, Spdef, Foxa3, Agr2, and Muc5ac (Fig. 6E) and
Fig. 5. Effects of RCM-1 on HDM-mediated lung inflammation. (A) RCM-1 did not affect
the number of inflammatory cells in BALF. Cells were counted in BALF obtained from mice
treated with HDM and RCM-1 (n = 6 mice per group). (B) BALF cells were immunostained for
cell surface markers and analyzed using flow cytometry (n = 3 mice per group). (C) Histological
assessment of lung tissue. Area of inflammation was measured using lung sections stained with
H&E (n = 3 mice per group). (D to F) qRT-PCR was performed on total lung RNA to examine mRNAs
encoding chemokines and cytokines, including those mediating dendritic cell activation (IL-12p35
and IL-33), TH2 cytokines (IL-4, IL-5, and IL-13), eosinophilic chemoattractants (Ccr3, Ccl11, and Ccl24),
macrophage chemoattractants (Ccr2, Ccl2, Cx3cl1, and Cx3cl1), and bronchoconstrictors (Acta2,
Ptgs2, and Ltc4s). mRNA expression was normalized to b-actin mRNA (n = 3 mice per group).
N.D., not detected. (G) The Luminex Multiplex xMAP bead-based antibody assay was used to
measure the concentrations of IFNg, IL-4, IL-5, and IL-13 in BALF (n = 6 mice per group). ELISA,
enzyme-linked immunosorbent assay. Data are means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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reduced proinflammatory mediators in BALF and lung tissue at either
the mRNA or protein levels (Fig. 7, A to C). No toxicity was observed
after RCM-1 treatment, as assessed by serological analysis of blood
serum (fig. S7). Thus, RCM-1 reduced goblet cell metaplasia and im-
proved lung function after IL-13 treatment.
Sun et al., Sci. Signal. 10, eaai8583 (2017) 18 April 2017
Because the IL-13/STAT6 and the mitogen-
activated protein kinase kinase (MEK)/ERK1/
2 signaling pathways induce goblet cell meta-
plasia in airway epithelium (11, 17), we ex-
amined these pathways in RCM-1–treated
lungs. RCM-1 effectively inhibited FOXM1
but did not change IL-13–induced phos-
phorylation of STAT6 in mouse lung tissue
(Fig. 7D), human airway epithelial cells (Fig.
7E), and lung adenocarcinoma A549 cells
(Fig. 7F). Furthermore, the nuclear amounts
of phosphorylated STAT6 and total STAT6
were unaltered in RCM-1–treated cells (fig.
S8A), indicating that RCM-1 does not af-
fect the nuclear translocation of phospho-
rylated STAT6 after IL-13 exposure. In
contrast, the nuclear amounts of FOXM1
were decreased in RCM-1–treated cells
(fig. S8A), a finding consistent with the
initial discovery of RCM-1 as a FOXM1
inhibitor (Fig. 1). Although RCM-1 did
not affect the phosphorylation or nuclear
translocation of STAT6, the expression
of IL-13/STAT6 downstream target genes
Agr2, Muc5ac, Spdef, and Foxa3 was re-
duced (Fig. 6E), suggesting that RCM-1 acts
downstream of phosphorylated STAT6 to
inhibit IL-13/STAT6 signaling in airway
epithelium.

The RCM-1 compound decreased the
phosphorylation and total abundance of
ERK1/2 in both IL-13–treated and con-
trol lungs (Fig. 7D) and in human airway
epithelial cells and A549 cells indepen-
dently of IL-13 (Fig. 7, E and F). RCM-
1 did not alter the phosphorylation or total
abundance of AKT or the total abundance
of ERK5 and 14-3-3 in mouse lung tissue
and in vitro (Fig. 7, D to F). Because ERK1/
2 phosphorylates and activates FOXM1 in
other cell types (18), we compared the effects
of RCM-1 to the MEK inhibitor U0126.
MEK is upstream of ERK1/2 in the kinase
cascade (19), and U0126 effectively inhibited
the phosphorylation of ERK1/2 but did not
affect the total abundance of ERK1/2 and
FOXM1 in A549 cells (fig. S8B). In con-
trast, RCM-1 decreased the total amounts
of FOXM1 and ERK1/2 and the phospho-
rylation of ERK1/2 in a concentration-
dependent manner (fig. S8B). Furthermore,
when used at a similar concentration to
RCM-1, U0126 did not influence goblet cell
metaplasia (fig. S9, A and B) or total
amounts of FOXM1 in HDM-exposed lungs (fig. S9D), although it de-
creased the total number of inflammatory cells in BALF (fig. S9C), find-
ings distinct to the in vivo effects of RCM-1 (Figs. 4 and 5). Together,
our results indicate that RCM-1 is an effective inhibitor of goblet cell
metaplasia and pulmonary inflammation after HDM or IL-13 exposure.
Fig. 6. RCM-1 inhibits IL-13–induced goblet cell metaplasia. (A and B) RCM-1 decreased goblet cell meta-
plasia after administration of IL-13. Lung paraffin sections were stained with H&E and Alcian blue (A) or used for
immunostaining for FOXM1, SPDEF, and MUC5AC (B). Scale bars, 50 mm (images are representative of four mice
per treatment). (C) The flexiVent system was used to measure airway mechanics. RCM-1 inhibited IL-13–mediated
airway hyperreactivity and increased lung compliance in IL-13–treated mice (n = 5 mice per group). (D) RCM-1 did not
change the number of inflammatory cells in BALF of IL-13–treated mice (n = 5 mice per group). Mac, macrophages;
Eos, eosinophils; Neu, neutrophils; Lym, lymphocytes. (E) RCM-1 inhibits expression of genes associated with goblet
cell metaplasia. qRT-PCR was performed on total lung RNA to measure expression of Foxm1, Spdef, Foxa3, Foxa2,
Scgb1a1, Agr2, and Muc5ac (n = 4 mice per group). Data are means ± SEM. *P < 0.05; **P < 0.01.
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DISCUSSION
FOXM1 is induced in airway epithelial cells and inflammatory cells of
severe asthmatics and mice treated with ovalbumin (OVA) or HDM
(13). FOXM1 is an important regulator of embryonic development,
carcinogenesis, and organ regeneration, and its abundance is aberrantly
high in chronic lung diseases (20–27). Although FOXM1 is a positive
regulator of cellular proliferation (15, 28, 29), it is also present in subsets
of quiescent, noncycling cells (13, 30, 31), and its role in goblet cell dif-
ferentiation is independent of cell cycle regulation (13). Conditional de-
letion of the Foxm1 gene from bronchiolar progenitor cells or
inactivation of the FOXM1 protein by the membrane-penetrating
Sun et al., Sci. Signal. 10, eaai8583 (2017) 18 April 2017
ARF peptide inhibits the expression of
goblet cell–specific genes and protects
mice from HDM-mediated allergic re-
sponses (13). These studies support the
concept that FOXM1 represents a po-
tential therapeutic target to suppress mu-
cus hyperplasia and lung inflammation.

We have previously demonstrated
that the ARF peptide, a synthetic inhibi-
tor of FOXM1, binds to and sequesters
FOXM1 in the nuclei, thereby inhibiting
FOXM1 transcriptional activity (13, 14).
Although the ARF peptide is a specific
and effective inhibitor of FOXM1, its
clinical applications for the treatment of
chronic airway diseases are limited by
the potential for immune responses
against the peptide. Several pharmaco-
logical agents inhibiting FOXM1 have
been previously identified, including the
thiazole antibiotics siomycin A and thio-
strepton (32–34) and the small-molecule
compound FDI-6 (35). Siomycin A and
thiostrepton are proteasomal inhibitors
(36), and therefore, these compounds tar-
get multiple signaling pathways in addi-
tion to those involving FOXM1. FDI-6
inhibits binding of FOXM1 to its target
DNA (35). Because FOXM1 and other
FOX proteins share DNA binding motifs,
it is likely that inhibition of Forkhead do-
main binding toDNAwill influence other
FOX transcription factors found in the
lung, including FOXA2, FOXJ1, FOXO1,
and FOXF1, leading to off-target effects.
Here, we developed a strategy to target
the FOXM1 protein through inhibition
of its nuclear localization. Decreased nu-
clear localization of FOXM1 caused rapid
degradation of the FOXM1 protein in
cultured airway epithelial cells and in vivo,
suppressing activation of FOXM1 target
genes. Because FOXM1 regulates its own
promoter through a positive feedback
mechanism (36, 37), the reduction in
Foxm1 mRNA in RCM-1–treated mice
could be a consequence of the reduced
abundance of the FOXM1 protein by
RCM-1. Diminished nuclear localization of FOXM1 in RCM-1–treated
lungs could be a result of decreased MEK/ERK1/2 signaling because
ERK1/2 directly phosphorylates FOXM1, stimulating FOXM1 nuclear
localization and its transcriptional activity (18). However, U0126, a com-
pound inhibiting MEK/ERK1/2 signaling, did not affect abundance of
FOXM1 in A549 cells and in vivo. Thus, inhibition of MEK/ERK1/2
signaling is insufficient to promote FOXM1 degradation, at least in res-
piratory epithelial cells. Genetic deletion of Foxm1 from respiratory epi-
thelial cells reduces developmental defects and prevents lung
carcinogenesis inmice expressing the activated formofKRAS (KrasG12D)
(38–40), indicating that FOXM1 is required for KRAS/MEK/ERK1/2
Fig. 7. RCM-1 inhibits ERK1/2 but does not change the phosphorylation of STAT6. (A and B) qRT-PCR shows
altered expression of genes in RCM-1–treated lungs. qRT-PCR was performed on total lung RNA (n = 4 mice per group).
(C) The Luminex Multiplex assay was used to measure the concentrations of IFNg, IL-4, IL-5, and IL-33 in BALF (n = 5 mice
per group). Data are means ± SEM. *P < 0.05; **P < 0.01. (D to F) RCM-1 decreases the abundance of FOXM1 and ERK1/2
and the phosphorylation (p) of ERK1/2 but does not change IL-13–induced phosphorylation of STAT6. Western blot was
performed using total protein extract from mouse lung tissue (n = 3 mice per group) (D), human airway epithelial
cells (n = 3 independent experiments) (E), and A549 cells (n = 5 independent experiments) (F).
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signaling. The lack of toxicity and excellent biological responses in vivo
support the concept that RCM-1 or molecules sharing its structure and
function are potentially useful agents for the development of treatments
for lung cancers with activating KRAS mutations, as well as pulmonary
disorders associated with mucus hyperproduction and inflammation.

RCM-1 prevented goblet cell metaplasia in response to HDM and
recombinant IL-13. Because FOXM1 promotes differentiation of gob-
let cells from airway epithelial precursors, biological effects of RCM-
1 are likely related to direct inhibition of goblet cell differentiation.
The lack of an effect on the phosphorylation of STAT6 by RCM-1 in-
dicates that RCM-1 acts downstream of IL-13–mediated phosphoryl-
ation of STAT6. The reduced expression of STAT6 target genes, such
as Agr2, Foxa3, and Muc5ac, in response to RCM-1 is consistent with
inhibitory effects of RCM-1 on STAT6 transcriptional activity. Be-
cause FOXM1 transcriptionally activates SPDEF (13), a master regu-
lator of goblet cell fate (11, 12), it is likely that the inhibition of goblet
cell differentiation by RCM-1 is mediated by its effect on the FOXM1-
SPDEF regulatory cascade. In mice and humans, the gene encoding
FOXM1 is expressed at early stages of goblet cell differentiation,
and this expression is decreased in fully differentiated goblet cells
(13). On the basis of the FOXM1 expression pattern in asthmatic air-
ways, RCM-1 could be effective in inhibiting goblet cell metaplasia to
prevent acute exacerbations of asthma.

RCM-1 inhibited ERK1/2 in cultured epithelial cells and in vivo.
The MEK/ERK1/2 signaling pathway induces goblet cell metaplasia
and allergen-mediated pulmonary inflammation (17, 19). The MEK
inhibitor U0126 diminishes lung inflammation in OVA-induced and
HDM-mediated mouse asthma models [(19) and this manuscript].
Therefore, it is likely that simultaneous inhibition of FOXM1 and
ERK1/2 accounts for the biological effects of RCM-1 in mouse asthma
models. RCM-1 decreased airway resistance and increased compliance,
findings consistent with reduced tissue stiffness and decreased inflam-
mation. The number of T cells in BALF was reduced after RCM-
1 treatment, which coincided with decreased concentrations of IL-4,
IL-5, and IL-13. It is possible that RCM-1 affects the activation status
of T cells. Consistent with this hypothesis, FOXM1-deficient myeloid
dendritic cells exhibit reduced antigen uptake and decreased abun-
dance of cell surface costimulatory molecules in coculture experiments
with T cells (13). Inhibition of ERK1 can also contribute to impaired
TH2 responses in RCM-1–treated mice because genetic inactivation of
ERK1 decreases TH2 differentiation and reduced allergic inflammation
(41). Alternatively, RCM-1 may directly inhibit the production of IL-4,
IL-5, and IL-13 by activated T cells because T cell–specific deletion of
Foxm1 disrupts maturation of T cells in vivo (42).

In summary, we identified a novel FOXM1-inhibiting small-mole-
cule compound, RCM-1, which effectively prevented goblet cell metapla-
sia, decreased airway resistance, and reduced lung inflammation in
response to HDM and recombinant IL-13. Results of our studies may
lead to clinical trials with FOXM1 inhibitors in patients with asthma and
other chronic airway disorders.
MATERIALS AND METHODS
Mouse strains and treatment with RCM-1
Eight- to 10-week-old BALB/c mice were purchased from Charles River
Laboratories. The generation of transgenic CCSP-rtTAtg/−/tetO-
FOXM1tg/− (GFP-FOXM1) mice has been previously described (16).
Micewere givenDox in food chow (625mg/kg;HarlanTeklad) to induce
GFP-FOXM1 transgene. HDM extract (100 mg; Greer Laboratories)
Sun et al., Sci. Signal. 10, eaai8583 (2017) 18 April 2017
was diluted in 100 ml of saline and given by intranasal administration
on days 0 and 14. The RCM-1 compound (2-{[2-oxo-2-(thiophen-2-yl)
ethyl]sulfanyl}-4,6-di(thiophen-2-yl)pyridine-3- carbonitrile) was
synthesized byVitas-MLaboratory (the purity is 95%). RCM-1was giv-
en to mice intraperitoneally [1.7 mg per kilogram of body weight in
50-ml vehicle containing 25%dimethyl sulfoxide (DMSO), 25%ethanol,
and 50% corn oil] on days 13, 15, and 16. Twenty-four hours after the
last HDM challenge, lungs were harvested for preparation of frozen
sections and total protein. Systemic toxicity of RCM-1 was assessed
by intestinal morphology and measurement of serum concentrations of
total protein, albumin, liver enzymes aspartate aminotransferase and
alanine aminotransferase, alkaline phosphatase, blood urea nitrogen,
and creatine phosphokinase. The U0126 compound (Calbiochem) was
given intraperitoneally (1.7 mg per kilogram of body weight in 50-ml
vehicle containing 3%DMSO, 6%Tween 80, and 91% corn oil) on days
13, 15, and 16.

For IL-13 treatment, recombinant murine IL-13 (0.5 mg; BioLegend)
was diluted in saline and given by intranasal administration on days 1, 3,
and 4. RCM-1 or vehicle was given by intraperitoneal injection on days
0, 2, and 4. On day 5, lungs were harvested for paraffin embedding and
preparation of RNAandprotein. The flexiVent systemwas used tomea-
sure airwaymechanics, as described (43, 44).Methacholine was delivered
using anAeronebnebulizer (SCIREQ). Serological testing of blood serum
was performed in the animal facility of Cincinnati Children’s Research
Foundation. Animal studies were approved by the Animal Care and
Use Committee of Cincinnati Children’s Research Foundation.

Cell culture of human bronchial epithelial cells
Primary normal human bronchial epithelial (NHBE) cells were pur-
chased from Lonza and used at passages 2 to 3. For air-liquid interface
cultures, NHBE cells were seeded on semipermeable Transwell mem-
branes (pore size, 0.4 mm; diameter, 12 mm) coated with collagen (BD
Biosciences). Cells were grown submerged in growth basal medium
(Lonza). After 2 days, cells were exposed to air, and B-ALI differentiation
medium (B-ALI SingleQuots kit, Lonza) was added to the basal cham-
ber. All cultures weremaintained at 37°C in a humidified atmosphere of
5%CO2.Onehour after RCM-1 treatment (1mM), cellswere treatedwith
recombinant human IL-13 (10 ng/ml; eBioscience Inc.) and harvested
2 to 24 hours later.

Small-molecule screen for FOXM1 inhibitors
Generation of U2OS C3 cells containing Dox-inducible GFP-FOXM1
fusion protein was previously described (14). For the small-molecule
screen, 2000 cells were plated per each well. Sixteen hours later, Dox
(1 mg/ml) was added to the cell culture. After 24 hours, 50,000 small-
molecule compounds (4 mg/ml, diluted in 0.1%DMSO) from the chem-
ical library of the Genome Research Institute (University of Cincinnati)
were added in Dox-containing medium. Cells were fixed 24 hours later
and scanned forGFPusing scanning PerkinElmerOpera imaging system.

qRT-PCR, Western blot, and measurements of cytokines
in BALF
RNA was prepared from whole lung tissue. A StepOnePlus real-time
PCR system (Applied Biosystems) was used as described previously
(45–47). Samples were amplified with TaqMan gene expression mas-
termix (Applied Biosystems) combined with inventoried TaqMan
gene expression assays for the gene of interest (table S1). Reactions
were analyzed in triplicate. Expression was normalized to b-actin
mRNA. BALF concentrations of IL-4, IL-5, IL-13, IFNg, and IL-33
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were measured by the Luminex Multiplex xMAP bead-based antibody
assay according to the manufacturer’s recommendations. Western blot
analysis was performed as described previously (48–51) using either
total lung protein or protein extract from human airway epithelial cells
(Lonza) or A549 cells (American Type Culture Collection). The
following antibodies were used for Western blotting: FOXM1 (C-20),
FACT140 (28734), NF-kB–p65 (372), STAT6 (C-9), and b-actin
(C-11) (all from Santa Cruz Biotechnology); YAP (4912S), phospho-
STAT6 (9631), ERK1/2 (4695), phospho-ERK1/2 (pERK1/2) (4370),
AKT (4687), phospho-AKT (3787), ERK5 (3552), and pERK5 (3371)
(all from Cell Signaling Technology); FOXA2 (WRAB-1200) and
FOXJ1 (WMAB-319) (both from Seven Hills Bioreagents); 14-3-3
(Bethyl Laboratories); and GFP (A11122, Life Technologies). The
signals from the primary antibodies were amplified by horseradish
peroxidase (HRP)–conjugated secondary antibodies (Bio-Rad) and
detected using the Enhanced Chemiluminescence Plus substrate
(Amersham Pharmacia Biotech).

Histological examination and
immunohistochemical staining
Five-micrometer paraffin sections were stained with H&E and Alcian
blue or used for immunohistochemistry, as described previously (52–54).
The following antibodies were used for immunostaining: FOXM1
(1:500; C-20 andH-300, Santa Cruz Biotechnology), Clara cell–secreted
protein (1:2000; WRAB-CCSP, Seven Hill Bioreagents), FOXA2
(1:2000; WRAB-FOXA2, Seven Hills Bioreagents), SPDEF (1:2000;
generated in the laboratory of J. A. Whitsett) (12), and MUC5AC
(1:500; 45M1, Abcam). Antibody-antigen complexes were detected
using biotinylated secondary antibody followed by avidin-biotin-HRP
complex and 3,3′-diaminobenzidine substrate (all from Vector Lab-
oratories) (55, 56). Sections were counterstained with nuclear fast red.
Immunofluorescence stainingwas performed as described (57, 58). GFP
fluorescence from the GFP-FOXM1 transgene was detected in frozen
lung sections. Fluorescence imageswere obtainedusing aZeissAxioPlan2
microscope equipped with an Axiocam MRm digital camera and
Axiovision 4.3 software (Carl Zeiss). Histological assessment and scoring
were done in the pathology laboratory of Cincinnati Children’sHospital
using criteria described in table S2.

Flow cytometry
Inflammatory cells were stained as previously described (13, 52) using
the following antibodies: anti-CD45 (clone 30-F11, eBioscience), anti–
T cell receptor b (TCRb) (H57-597, eBioscience), anti-CD68 (FA-11,
BioLegend), anti–Siglec F (E50-2440, BD Biosciences), anti-Ly6G (1A8,
BioLegend), anti-Ly6C (HK1.4, BioLegend), and anti-CD19 (1D3, BD
Biosciences). Dead cells were excluded using 7-aminoactinomycin-D
stain (eBioscience). The following cell surfacemarkerswere used to identify
specific cell types: neutrophils (CD45+TCRb−CD68−Ly6GhiLy6C+SSCmed),
alveolar macrophages (CD45+CD68+Siglec F+FSChiSSChi), T cells
(CD45+Ly6G−TCRb+SSClo), infiltrated macrophages (CD45+Siglec
F−CD68+), eosinophils (CD45+CD68−Siglec F+SSChi), and B cells
(CD45+Siglec F−CD68−CD19+SSClo). Staining was performed after in-
cubation with Fc block (anti-mouse CD16/CD32; clone 93, eBioscience).
Stained cells were analyzed using LSR II flow cytometer.

Statistical analysis
Student’s t test and one-way analysis of variance (ANOVA) were
used to determine statistical significance. Right skewed measure-
ments were log-transformed to meet normality assumption before
Sun et al., Sci. Signal. 10, eaai8583 (2017) 18 April 2017
analyses. P values <0.05 were considered significant. Values were
expressed as means ± SEM. For the high-throughput screen, z factor
was used to determine statistical significance (z values >0.5 were
considered significant).
SUPPLEMENTARY MATERIALS
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Fig. S1. RCM-1 decreases FOXM1 abundance in U2OS cells and pulmonary airways.
Fig. S2. Lack of toxicity after RCM-1 treatment.
Fig. S3. RCM-1 protects bronchiolar epithelial cells from HDM-mediated effects.
Fig. S4. Identification of inflammatory cells in BALF of HDM-treated mice.
Fig. S5. RCM-1 protects bronchiolar epithelial cells from IL-13–mediated decreases in the
abundance of FOXA2.
Fig. S6. Lung mechanics in mice treated with IL-13 and RCM-1.
Fig. S7. Lack of toxicity of RCM-1 in IL-13–treated mice.
Fig. S8. RCM-1 inhibits nuclear accumulation of FOXM1 protein in A549 cells.
Fig. S9. U0126 decreases lung inflammation but does not affect goblet cell metaplasia or the
abundance of FOXM1.
Table S1. TaqMan assays for qRT-PCR.
Table S2. Histological evaluation of inflammatory responses in lung tissue.
Table S3. Histology scores of lung tissue from HDM-treated mice.
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Fig. S1. RCM-1 decreases FOXM1 abundance in U2OS cells and pulmonary airways. 

(A–C) Images (A) show nuclei and cell boundaries in U2OS C3 reporter cells treated with 

Dox. A scanning imaging system was used to measure GFP in nuclei and cytoplasm of 200 

randomly selected cells. Nuclear/cytoplasmic GFP ratios were determined for each individual 

cell. Statistical significance is shown as mean ± standard deviation (B) and Z values (C) 

calculated from 30 different cell culture plates. Scale bars are 20μm. (D) Schematic diagram 

of a Dox-inducible system in CCSP-rtTA/tetO-FOXM1 double transgenic mice 

(GFP-FOXM1). (E) RCM-1 decreases the expression of the GFP-FOXM1 transgene in 

bronchiolar epithelium. GFP-FOXM1 mice were given Dox to activate transgene. 24-hr later, 

mice were treated with either RCM-1 or vehicle for 2 weeks (i.p. with 48-hr intervals). 

RCM-1 decreased immunostaining for FOXM1 and GFP. CCSP and FOXA2 were not 

changed. Scale bars are 100μm (images are representative of 3 mice per treatment).  

 



Fig. S2. Lack of toxicity after RCM-1 treatment. (A) BALB/c mice were treated with 

either RCM-1 or vehicle three times with 48hr intervals. Blood serum was obtained 24hr after 

the last RCM-1 administration. Serological tests of blood serum show that RCM-1 did not 

affect the liver enzymes ALT and AST, blood urea nitrogen (BUN), creatine phosphokinase 

(CPK), alkaline phosphatase (ALP), albumin and total protein (n=4 mice per group; *, P＜

0.05; **, P＜0.01). Data are shown as means ± standard errors of the means (SEM). (B) H&E 

staining shows that RCM-1 did not change histology of the intestine. Scale bars are 100μm 

(top panels) and 50μm (bottom panels) (images are representative of 3 mice per treatment). 

  

 



Fig. S3. RCM-1 protects bronchiolar epithelial cells from HDM-mediated effects. (A) 

Lung paraffin sections were immunostained for FOXA2 and CCSP (dark brown). Slides were 

counterstained with nuclear fast red (red). HDM was given to BALB/c mice by intranasal 

administration on days 0 and 14. RCM-1 was given by intraperitoneal injection on days 13, 

15 and 16. Lungs were harvested 72h after the last HDM challenge. Scale bars are 50μm 

(images are representative of 3 mice per treatment). (B) Images show the presence of 

inflammatory cells in BALF obtained from mice treated with HDM or saline. Scale bars are 

10μm (images are representative of 3 mice per treatment.) (C) H&E staining shows increased 

pulmonary inflammation after HDM treatment. RCM-1 decreases inflammatory response in 

HDM-treated lungs (images are representative of 4 mice per treatment). Scale bars are 50μm. 

Abbreviations: Br, bronchiole; V, blood vessel. 

 

 

 

 

 

 

 



Fig. S4. Identification of inflammatory cells in BALF of HDM-treated mice. HDM was 

given to BALB/c mice by intranasal administration on days 0 and 14. RCM-1 was given by 

intraperitoneal injection on days 13, 15 and 16. BALF was obtained 72h after the last HDM 

challenge and inflammatory cells were identified by Flow cytometry. Following cell surface 

markers were used to identify specific cell types: neutrophils 

(CD45+TCRβ-CD68-Ly6GhiLy6C+SSCmed), alveolar macrophages (CD45+CD68+Siglec F+ 

FSChi SSChi), T cells (CD45+Ly6G-TCRβ+SSClo), infiltrated macrophages (CD45+ Siglec F- 

CD68+), eosinophils (CD45+CD68-Siglec F+SSChi), B cells (CD45+ 

SiglecF-CD68-CD19+SSClo). Images are representative of 3 mice per treatment. 

 

 

 

 

 



Fig. S5. RCM-1 protects bronchiolar epithelial cells from IL-13–mediated decreases in 

the abundance of FOXA2. (A) Experimental protocol shows the treatment of BALB/c mice 

with RCM-1 and recombinant mouse IL-13. IL-13 was given by intranasal administration on 

days 1, 3 and 4. RCM-1 was given by i.p. injection on days 0, 2 and 4. Mice were sacrificed 

on day 5. (B) Lung paraffin sections were used for immunostaining with FOXA2 antibodies 

(brown). Slides were counterstained with nuclear fast red (red). Scale bars are 50μm (images 

are representative of 4 mice per treatment). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. S6. Lung mechanics in mice treated with IL-13 and RCM-1. IL-13 was given to 

BALB/c mice by intranasal administration on days 1, 3 and 4. RCM-1 was given by i.p. 

injection on days 0, 2 and 4. FlexiVent was used to measure lung mechanics on day 5. IL-13 

increased the elastance, Newtonian resistance, tissue damping and tissue elastance. RCM-1 

significantly reduced IL-13-mediated increase in Newtonian resistance (n=5 mice per group; 

*, P＜0.05; **, P＜0.01). Data are shown as means ± standard errors of the means (SEM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. S7. Lack of toxicity of RCM-1 in IL-13–treated mice. IL-13 was given to BALB/c 

mice by intranasal administration on days 1, 3 and 4. RCM-1 was given by i.p. injection on 

days 0, 2 and 4. Serological analysis of blood serum was performed on day 5. RCM-1 did not 

affect ALT, AST, BUN, CPK, ALP, albumin and total protein in blood serum (n=4 mice per 

group). Data are shown as means ± standard errors of the means (SEM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. S8. RCM-1 inhibits nuclear accumulation of FOXM1 protein in A549 cells. (A) 

Western blot was performed using cytoplasmic and nuclear extracts from A549 cells. RCM-1 

was added to cell cultures for 24hr. RCM-1 inhibits FOXM1 but does not change pSTAT6 

and total STAT6 in nuclear and cytoplasmic extracts. Lamin A/C shows the purity of nuclear 

and cytoplasmic fractions (n=3 independent experiments). (B) Western blot showing 

dose-dependent responses of A549 cells to RCM-1 and U0126. Cells were treated with 

RCM-1 or U0126 for 24hr (n=3 independent experiments).  

 

 

 

 

 

 

 

 

 

 



Fig. S9. U0126 decreases lung inflammation but does not affect goblet cell metaplasia or 

the abundance of FOXM1. (A) Lung paraffin sections were stained with H&E or Alcian 

blue. HDM was given to BALB/c mice by intranasal administration on days 0 and 14. U0126 

was given by intraperitoneal injection on days 13, 15 and 16. Lungs were harvested 72h after 

the last HDM challenge. Scale bars are 50μm (images are representative of 3 mice per 

treatment). (B) qRT-PCR of total lung RNA shows that U0126 does not affect mRNA 

amounts of Foxm1, Muc5ac, Spdef and Foxa3 in HDM-treated lungs (n=3 mice per group). 

(C) U0126 decreases the number of inflammatory cells in BALF. Total cell numbers were 

counted in BALF obtained from mice treated with HDM and U0126. BALF cell populations 

were identified by Flow cytometry after immunostaining for cell surface markers (n=3 mice 

in each group). (D) Total lung protein was analyzed by Western blot for endogenous FOXM1 

and β-Actin. Each lane represents a different mouse. 

  

 



Table S1. TaqMan assays for qRT-PCR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene in TaqMan  

expression assay 

 

Catalog no. 

Human FOXM1 Hs00153543_m1 

Mouse Foxm1  Mm01184444_g1 

beta-Actin Mm00607939_s1 

Acta2 Mm00725412_s1 

Agr2 Mm01291804_m1 

Ccl2  Mm00441242_m1 

Ccl11  Mm00441238_m1 

Ccl20 Mm01268754_m1 

Ccl24  Mm00444701_m1 

Ccr2  Mm00438270_m1 

Ccr3  Mm00515543_g1 

Ccr6 Mm99999114_s1 

Cx3cl1  Mm00436454_m1 

Cx3cr1  Mm02620111_s1 

Foxa2  Mm01976556_s1 

Foxa3  Mm00484714_m1 

Ifn-gamma Mm01168134_m1 

IL-4  Mm00445260_m1 

IL-5  Mm00439646_m1 

IL-12p35  Mm00434165_m1 

IL-13  Mm00434204_m1 

IL-25 Mm00499822_m1 

IL-33  Mm00505403_m1 

Ltc4s  Mm00521864_m1 

Muc5ac  Mm01276718_m1 

Ptgs2  Mm00478374_m1 

Scgb1a1 (Ccsp) Mm00442046_m1 

Spdef  Mm00600221_m1 



Table S2. Histological evaluation of inflammatory responses in lung tissue. 

 

 

 

 

 

Histological Variable 

Grade 0 Grade 1 Grade 2 Grade 3 

Degree of inflammatory 

cell infiltration 

Occasional 

mononuclear cells 

in the airway 

adventitia 

Moderate cellular 

infiltration 

(lymphocytic, 

eosinophilic) of 

the bronchiolar 

adventitia with no 

or little infiltration 

of lamina propria 

As in grade 1 but with 

increased cellular 

density and twofold 

thickness of the 

adventitia; mild 

epithelial infiltration; 

infiltrate lymphocytic, 

eosinophilic, or 

polymorphonuclear 

Massive infiltration of 

either eosinophils or 

lymphocytes with 

increased 

polymorphonuclear 

cells at the periphery 

of the airway as well 

as adjacent blood 

vessels, between the 

smooth muscle fibers, 

within thelamina 

propria and epithelium 

Vascular 

thickening/perivascular 

infiltrate 

Normal 

intrapulmonary 

muscular arteries 

and pulmonary 

arteriole; no 

perivascular 

infiltrate 

No changes to 

vascular wall but 

moderate 

perivascular 

infiltration of 

inflammatory cells 

Hypertrophy of the 

media of muscular 

pulmonary arteries; 

moderate perivascular 

infiltration 

As in grade 2 plus the 

proliferation of intimal 

cells and 

subendothelial fibrosis 

Goblet cell metaplasia Absent in terminal 

bronchioles; <10% 

of the epithelial 

cells within the 

bronchioles 

<5% in the 

terminal 

bronchioles, <20% 

in the bronchioles 

and small bronchi 

>10% goblet cells in 

the terminal 

bronchioles 

with >20% goblet cells 

in the bronchioles 

>20% goblet cells in 

the terminal 

bronchioles and 

bronchioles 

Alveolar septa thickening Alveolar epithelium 

consisting of 1 thin 

layer 

Increased cellular 

density of alveolar 

septum 

Infiltration by 

inflammatory cells 

Inflammatory cell 

infiltration and 

increased connective 

tissue deposition 

Smooth muscle 

hypertrophy or 

hyperplasia 

Bronchioles 

1–2 discontinuous 

layers 

Bronchioles 

2–3 discontinuous 

layers 

Bronchioles 

3–4 discontinuous 

layers 

Bronchioles 

>4 layers and dense 

Peribronchiolar fibrosis Loose connective 

tissue composing 

the adventitia 

Increased fiber 

density without 

increase in 

adventitial 

thickness 

Well-formed fibrous 

tissue accompanied by 

inflammatory cell 

infiltration; little 

involvement of lamina 

propria 

Lamina propria and 

adventitia replaced by 

connective tissue and 

2normal thickness 



Table S3. Histology scores of lung tissue from HDM-treated mice. n=3 mice per treatment 

group. 

 

Group Mouse 

No. 

Degree of 

inflammatory 

cell 

infiltration 

Vascular 

thickening 

/perivascular 

infiltration 

Goblet 

cell 

metaplasia 

Alveolar 

septa 

thickening 

Smooth 

muscle 

hypertrophy 

/hyperplasia 

Peribronchiolar 

fibrosis 

Combined 

scores 

Saline 

+vehicle 

1 1 0 0 0 0 0 1 

2 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 

Saline 

+RCM-1 

4 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 

6 0 0 0 0 0 0 0 

HDM 

+vehicle 

7 3 3 2 2 1 1 12 

8 3 3 1 1 1 0 9 

9 2 2 1 1 1 1 8 

HDM 

+RCM-1 

10 1 1 0 0 0 0 2 

11 1 1 0 0 0 0 2 

12 1 1 0 0 0 0 2 
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