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Fig. 4. Increased proliferation of pulmonary cells in the absence
of CARMA1. (A,B) Wild-type (A) and Carm7~2 (B) E18.5 mouse lungs
were fixed and stained for Ki-67, a marker of cell division. Increased Ki-
67 staining is observed in Carm1%2 lungs as compared with the wild
type. (C) Double staining of Ki-67 (pink) and SPC (brown) in lung
sections from E18.5 Carm7%A mice. Thick arrows identify cells
expressing both Ki-67 and SPC. Thin arrows identify cells expressing Ki-
67 but not SPC.

CARM1 is required for differentiation of AT2 cells
Next, we sought to gauge the level of cellular differentiation in
Carml knockout lungs. During pulmonary development,
cytoplasmic glycogen is abundant in immature AT2 cells and
decreases as it is utilized to produce surfactant protein that
accumulates in the cytoplasm in the form of lamellar bodies that
are then secreted into the alveolar space. In addition to their role in
producing surfactant, AT2 cells serve as the precursors of AT1
epithelial cells that are required for gas exchange in the distal lung.
We used transmission electron microscopy (TEM) to determine the
level of cellular differentiation in wild-type and Carm1~* lungs. At
E18.5, AT2 cells in wild-type lungs contain some glycogen and
visible lamellar bodies. Furthermore, the pulmonary air space is
lined by a flat layer of AT1 cells (Fig. SA). In Carm1** lungs, AT2
cells contained abundant glycogen in the cytoplasm, consistent
with incomplete cellular maturation, and lamellar bodies. Although
the presence of lamellar bodies and the production of some
surfactant suggest a degree of maturation of AT2 cells in the
absence of CARMI, we did not observe any AT cells in TEM
images of lungs from CarmI®* embryos after analyzing three
knockout embryonic lungs alongside three lungs from wild-type
littermates (Fig. 5B).

To verify the striking loss of AT1 cells in CarmI*® lungs, we
performed IHC with antibody against aquaporin 5 (AQPS5), a water
channel protein that is expressed in, and required for, the function of
AT1 cells (Verkman et al., 2000). We observed AQPS staining
throughout wild-type lung (Fig. 5C,E). As expected, staining was
restricted to cells lining the air space, consistent with the role of
AQPS5 in the function of AT1 cells. In the knockout lung, AQP5

Fig. 5. CARM1 is required for differentiation to AT1 cells in the
developing lung. (A B) Lungs from wild-type (A) and Carm 7% (B)
E18.5 mice were fixed and processed for TEM (see Materials and
methods). (A) Lamellar bodies, small patches of cytoplasmic glycogen
and AT1 cells are visible in wild-type lung. By contrast, Carm 1% lungs
(B) contain an overabundance of glycogen (G) and visible lamellar
bodies (L), but no AT1 cells. The presence of lamellar bodies indicates
some AT2 development that is blocked before differentiation to AT1
cells. Scale bars: 1 um. (C-F) IHC of lungs from wild-type (C,E) and
Carm1%2 (D,F) E18.5 mice with anti-AQP5 shows reduced staining and
abnormal morphology of AT1 cells in Carm 7% lungs. (G) gRT-PCR
analysis of markers of AT1 cells indicates loss of this cell type in

Carm 1% lungs. QRT-PCR was performed using RNA isolated from five
wild-type and five Carm 742 E18.5 lungs. Mean and s.d. are expressed
as a percentage of Gapdh expression. **, P <0.01; ¥, P=0.075.

expression was observed in an aberrant pattern and was substantially
reduced (Fig. SD,F). Many AQPS5 positively stained cells were
rounded, misshapen and within regions of high cellularity. In
addition, some of the air spaces in the CarmI* lungs lacked AQP5-
positive cells altogether. These observations indicated a severe
depletion of AT1 cells, consistent with observations made by TEM.
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In addition to morphological analysis, we performed qRT-PCR
analysis to measure genes expressed by AT1 cells. We observed a
64% and 75% (P<0.005) loss of Agp! and Agp35, respectively, in
CarmI® lung compared with the wild type (Fig. 5G). We also
observed a 45% decrease (P=0.075, Fig. 5G) in Pdpn (T10), which
encodes an apical membrane protein that is expressed in AT1 cells
and is required for their differentiation (Ramirez et al., 2003).
Taken together, these data suggest that CARM1 functions in the
terminal differentiation of AT2 and in the appearance of AT1 cells
during embryonic development.

We hypothesized that the increased cellularity in the absence of
CARMI1 might consist of immature AT2 cells. We stained fixed
lung from Carm I** embryos with antibody against SPC, a marker
of AT2 cells (Glasser et al., 1991). SPC staining occurred
throughout the wild-type lung as expected (Fig. 6A), but was
substantially higher in the CarmI* lung (Fig. 6B). In addition, we
observed SPC staining in cells lining terminal bronchioles in the
Carm*® lung, where SPC is not normally expressed (compare
Fig. 6B with 6A). By contrast, we observed similar staining of
CCSP in cells surrounding the terminal bronchioles in wild-type
and Carm 1% lungs (Fig. 6C,D).

We next assessed whether Carm I AT2 cells produce other
members of the surfactant protein family. We used qRT-PCR to
measure the expression of the genes encoding surfactant proteins
SPA (Sftpal), SPB (Sfipb) and SPD (Sfipd). We observed a 53%
decrease in Sfipal in CarmI** lungs compared with the wild type,
but no decrease in Sfipb or Sfipd (Fig. 6E). The increased glycogen
observed by TEM, the increased staining of SPC throughout the
lung, and these data showing decreased Sfipal, suggest that the
CarmI*® AT?2 cells might not function normally for surfactant
production. Interestingly, despite the fact that we observed an
increased distribution of SPC protein by IHC, we observed no
significant difference in SPC transcript (Sfipc) expression in
Carm1®* versus wild-type lungs (Fig. 6E). Given that IHC is not
quantitative, it is possible that SPC is expressed by more cells but
at a quantitatively lower level. Alternatively, the protein might not
be secreted or degraded properly and accumulates in the cytoplasm.
Taken together, these results reveal that loss of CARM1 results in
hyperproliferation of AT2 cells and blocks their differentiation to
AT cells.

Loss of CARM1 disrupts glucocorticoid-mediated
transcriptional regulation in pulmonary cells

To identify how CARMI1 might regulate pulmonary cell growth,
we compared mRNA expression profiles in lungs from E18.5
CarmI™® mice and wild-type littermates. To reduce false positives,
transcripts that were absent or had expression values below 40 in
all samples were removed from further analysis. Comparison of
E18.5 CarmI®® mice and wild-type littermates identified 847
differentially expressed transcripts (LCB>1.2 and FC>1.5; see
Table S2 in the supplementary material). Consistent with our
previous qRT-PCR data, microarray analysis (GEO accession
number GSE21606) revealed a loss of markers of AT1 cells,
including Agp! and Agp5 (Fig. 5G; see Table S2 in the
supplementary material).

We performed canonical pathway-based enrichment analysis to
identify which pathways and cellular functions were most disrupted
by the loss of CARMI. The results suggested defects in metaphase
checkpoint, cell cycle regulation and replication of DNA during
cell division (Fig. 7A), consistent with the observed
hyperproliferation of alveolar cells. For validation, we performed
qRT-PCR analysis of eight genes identified in the microarray
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Fig. 6. Altered AT2 differentiation in the absence of CARM1.
(A-D) Immunohistochemical analysis of fixed lung tissue from E18.5
wild-type (A,C) or Carm1%2(B,D) mice. (A,B) Increased staining by anti-
SPC in Carm1%2 lungs demonstrates that the increased cellularity is of
AT2 origin. (C,D) Staining of CCSP, a marker of Clara epithelial cells,
reveals no difference in cellular distribution. (E) gRT-PCR analysis of
surfactant protein (Sftpal, Sftpb, Sftpc and Sftpd) expression was
performed using RNA isolated from five wild-type and five Carm 742
E18.5 lungs. Mean and s.d. are expressed as a percentage of Gapdh

expression. *, P<0.05.

expression profile (see Table S2 in the supplementary material).
The cell cycle inhibitor downstream of p53, Gadd45g, the pro-
apoptotic gene Scn3b (Adachi et al., 2004), and the negative
regulator of the WNT pathway, Nkd1, were significantly decreased
in CarmI®® lungs (P<0.01; Fig. 7B). We also detected an
increasing trend in Cpa3 and Cdc6, although the values were not
significant (P=0.05 and 0.07, respectively; Fig. 7B). Reduced
expression of p53 target genes (Gadd45g and Scn3b) is consistent
with a previous report demonstrating that CARM1 serves as a
coactivator for p53 transcription (An et al., 2004). Indeed, we did
not observe increased p53 in the array (see Table S2 in the
supplementary material).

It has been demonstrated that steroids play a central role in lung
development and morphogenesis, including alveolar differentiation
and surfactant production (Cole et al., 1995; Malpel et al., 2000).
Interestingly, the phenotypes of glucocorticoid receptor (Nr3cl —
Mouse Genome Informatics) knockout (GR**) and CarmI*® lungs
are strikingly similar. Both knockout animals die shortly after birth
and suffer from respiratory distress. In addition, both knockout
animals have increased proliferation of AT2 cells as measured by
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Fig. 7. Gene expression analysis reveals dysregulation of cell
cycle-related genes in Carm7%2 lungs. (A) Gene expression analysis
demonstrates increases in pathways regulating the metaphase
checkpoint, the cell cycle, cellular division and cytoskeletal remodeling.
(B) gRT-PCR analysis validates the microarray results, showing decreased
expression of Gadd45g, Scn3b, Nkd1, KIf9, Ace, and Sphk1, and
increased expression of Cpa3 and Cdc6. Mean and s.d. are expressed as
a percentage of Gapdh expression. *, P<0.05.

Ki-67 IHC and display a block in differentiation of AT2 cells, with
increased cytoplasmic glycogen while still producing lamellar
bodies and expressing some surfactant proteins (Bird et al., 2007;
Cole et al., 2004). Previous reports show that CARM1 functions as
a coactivator for steroid receptor transcription, including GR
activity (Chen et al., 2000). Therefore, we hypothesized that
CARMI could be regulating GR transcriptional activity in the lung.
We first examined whether CARMI1 regulates expression of GR,
such that loss of GR might account for the phenotype observed in
the Carm1®” lung. However, we did not see any changes in GR
(Nr3cl) mRNA expression by microarray or qRT-PCR (see Fig. S2
in the supplementary material).

Recently, gene expression analysis was performed on whole lung
tissue from E18.5 wild-type and GRY lungs (Bird et al., 2007). To
determine whether CARMI1 and GR regulate similar patterns of
gene expression, we performed a comparative analysis of the gene
expression arrays from GRY* and Carm1*® lungs (see Table S3 in
the supplementary material). A significant overlap (P<0.05) of 154
genes was identified between GR** and Carm*™ differentially
expressed genes (see Table S3 in the supplementary material). The
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Fig. 8. CARM1, GR and p53 interact with the proximal promoter of
the Scn3b gene. (A) Putative p53 and glucocorticoid receptor (GR)
binding sites in the proximal promoter of Scn3b, shown forming a
complex with CARM1. Horizontal arrows indicate the positions of the
primers used in PCR in the ChIP assays. (B) ChIP assay (Southern blot
shown) demonstrating binding of GR and p53 to the proximal promoter
of Scn3b (gi:149259969) in lung cell isolates from wild-type mice. Note
that CARM1 immunoprecipitation detects Scn3b, suggesting that a
complex forms between CARM1, p53 and GR. (C) Knockdown of
CARMT1 by siRNA. Human BEAS-2B cells were transfected with Carm1
SIRNA (siCarm1), non-target siRNA (non-target), or left untransfected
(control) for 48 hours. RNA was isolated and expression of Carm1
analyzed by gRT-PCR. Error bars indicate s.d. (n=5). (Inset) Expression of
CARM!1 as detected by western blot analysis. (D) Upregulation of SCN3B
is suppressed by CARM1 knockdown. BEAS-2B cells transfected with
siRNAs were incubated in the presence of ethanol (vehicle control) or
500 nM dexamethasone for 72 hours. RNA was isolated and expression
of SCN3B mRNA was analyzed by gRT-PCR. The fold change in SCN3B
expression was calculated by comparing dexamethasone-treated and
vehicle control-treated cells. Error bars indicate s.d. (n=5). ***, P<0.001;
NS, not significant.

overlapping genes account for more than 22% of all genes
identified in the CarmI** expression profile, and include
Gadd45g, Scn3b, Nkdl, KIf9, Ace, Sphkl and Cdc6 (Fig. 7B).

Next, we investigated whether CARM1 cooperates with GR to
induce target genes in vivo. We investigated Scn3b, which is
induced by DNA damage in a p5S3-dependent manner (Adachi et
al., 2004) and is substantially downregulated in both CarmI** and
GRY" lungs. In addition to a p53 binding site, we identified a GR
binding site in the promoter region of Scn3b. We designed primers
to amplify the fragment containing the binding sites for p53 and
GR (Fig. 8A), and performed a chromatin immunoprecipitation
(ChIP) assay. As shown in Fig. 8B, both p53 and GR bound to the
promoter region. The strong band was also detected in CARM1
antibody-treated extracts, suggesting that CARMI1 forms a
complex with p53 and/or GR and mediates their transcriptional
activity.

Finally, we sought to determine whether knockdown of CARM1
perturbs glucocorticoid activity in bronchial epithelial cells. To this
end, we used BEAS-2B cells, a human immortalized bronchial
epithelial cell line. Cells transiently transfected with siRNA against
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Carml showed substantially reduced CARMI expression at both
the mRNA and protein levels, in comparison to cells transfected
with non-targeting siRNA or non-transfected control cells (Fig.
8C). Next, we examined whether glucocorticoid (dexamethasone)
upregulates SCN3B expression in BEAS-2B cells. In
dexamethasone-treated control cells or those transfected with non-
targeting siRNA, SCN3B expression increased by 1.7+0.25-fold
or 1.6+0.22-fold, respectively, compared with vehicle-treated
cells. However, SCN3B expression was downregulated with
dexamethasone treatment in CARM1 knockdown cells (0.5+0.07-
fold; Fig. 8D), suggesting not only that CARMI is required for
induction of SCN3B upon glucocorticoid stimulation, but also that
glucocorticoid might negatively regulate SCN3B expression in the
absence of CARMI. By contrast, dexamethasone treatment
upregulated CDC6 in CARMI1 knockdown cells, whereas the
treatment had a minimal effect on CDC6 expression in control cells
(2.0+£0.2-fold; see Fig. S3 in the supplementary material). These
results are consistent with our observation that Cdc6 was
upregulated in CarmI®® mouse lung, and indicate that CARM1
may suppress CDC6 upregulation induced by dexamethasone (Fig.
7B).

Taken together, these data suggest that CARM1 and GR regulate
a similar array of genes in embryonic lung, and that the effects of
glucocorticoid hormone on gene transcription are at least in part
dependent on CARMI1.

DISCUSSION

The results of this study demonstrate a crucial role for CARMI1 in
pulmonary development. We show CARMI1 expression in airway
and alveolar epithelial cells, BASCs and endothelial cells. We
demonstrate that AT2 cells fail to complete differentiation and
hyperproliferate in the absence of CARM1. We also show a block
in AT1 cell differentiation in CarmI®* lungs. Lastly, gene
expression analysis reveals a dysregulation of genes that regulate
the cell cycle and proliferation, and a striking overlap between
CARMI and GR gene expression signatures, indicating that loss of
CARMI disrupts GR signaling.

The finding that AT2 cells hyperproliferate in the absence of
CARMI had not been anticipated, given that CARM1 expression
is increased in breast and prostate tumors, and knockdown of
CARMI in these cell types results in decreased proliferation in
response to hormone stimulation (El Messaoudi et al., 2006; Frietze
et al., 2008; Hong et al., 2004; Majumder et al., 2006). In these
studies, CARM1 was shown to positively regulate cyclin E1 and
E2F1, and it was hypothesized that loss of these factors contributes
to the loss of proliferation in the CARM1 knockdown cells. We did
not see changes in the expression of these factors in our gene
expression analysis or in qRT-PCR of RNA from CarmI*® lungs
(see Fig. S2 in the supplementary material). These results suggest
that the role of CARMI1 is cell-type specific.

The overlap in gene expression in the Carm** lung and GR**
lung is striking. Eleven out of 23 genes that we identified as
regulating the cell cycle, cell proliferation and apoptosis in the
CarmI®® lung are also dysregulated in GRY” lungs. These data
support the hypothesis that, at least in part, CARM1 functions with
GR to regulate the expression of genes that regulate cellular
proliferation and are consistent with previous reports that CARM1
functions as a coactivator of GR transcription. CARM1 has been
shown to bind glucocorticoid-interacting protein (GRIP1) and to
synergistically function to increase GR transcriptional activity in
response to the synthetic corticosteroid, dexamethasone (Lee et al.,
2005; Liu et al., 2006; Teyssier et al., 2006). Consistent with these

reports, we demonstrated that knockdown of CARMI disrupts
changes in gene expression induced by dexamethasone in bronchial
epithelial cells (Fig. 8D; see Fig. S3 in the supplementary material).

Although the lung phenotypes of CarmI™* and GRY* are
similar, CARM1 is likely to function in additional capacities during
lung development, other than solely as a coactivator for GR.
Although the overlap in dysregulated genes observed in the
expression arrays is substantial, it represents only a fraction of the
genes dysregulated in each of the knockout animals. Several
other mouse models display similar phenotypes to Carmil®*
animals. Loss of the transcription factor C/EBPa results in
hyperproliferation of AT2 cells, a block in AT2 differentiation and
loss of AT1 cells (Basseres et al., 2006; Martis et al., 2006). In the
case of C/EBPo, the block in AT?2 differentiation is earlier than for
CARM1, with no lamellar bodies and more substantial loss of
surfactant proteins. We performed western blot analysis and qRT-
PCR and observed no loss of C/EBPa. in CarmI* lungs (data not
shown). Similarly, gene expression profiling reveals no loss of
Carm1 expression in lungs with a targeted deletion of Cebpa in
SPC-producing pulmonary cells (Basseres et al., 2006). In addition,
gRT-PCR of RNA from CarmI*® lungs shows normal expression
of Foxa2 (Hnf3P), a transcriptional target of C/EBPa., the loss of
which results in a similar phenotype to Cebpa knockouts (Halmos
et al., 2004; Wan et al., 2004). Overexpression of NOTCH3 also
leads to a block in AT2 and AT1 differentiation, although without
hyperproliferation of AT2 cells (Dang et al., 2003), and loss of
KLFS5 results in a similar phenotype (Wan et al., 2008). Targeted
deletion of Pdpn is also perinatal lethal, with loss of AT1 cells and
hyperproliferation of alveolar epithelial cells at a later
developmental stage than for CarmI*® lungs (perinatal) (Ramirez
et al., 2003). Loss of Pdpn in CarmI® lungs is likely to contribute
to the block in AT1 differentiation. However, given that CARM1
methylates histones as well as transcriptional regulators, further
study will be required to determine which genes are directly
regulated by CARMI1 and whether this regulation is through
histone methylation or interactions with transcription factors such
as C/EBPo and FOXA2.

Notably, several of the factors, the loss of which in
development leads to hyperproliferation of alveolar cells, are
also downregulated in lung cancer. C/EBPa and FOXA?2 are
downregulated in lung cancer and function as tumor suppressors
(Halmos et al., 2004; Halmos et al., 2002; Tada et al., 2006).
Thus, this phenotype might be predictive of tumorigenesis
resulting from loss of function in adulthood. As such, loss of
CARMI expression might lead to increased cell growth and
tumor formation. This hypothesis is particularly attractive given
that CARM1 is expressed in the BASC population. Indeed, loss
of growth regulation in BASCs has been shown to contribute to
tumorigenesis in several animal models (Dave et al., 2008;
Dovey et al., 2008; Kim et al., 2005). To test this hypothesis, one
would ideally first determine whether the BASC population
exists in the absence of CARMI1. However, we were unable to
isolate BASCs by FACS from Carm 1% or wild-type embryonic
lung. Indeed, the BASC population increases with age and is
undetectable in embryonic lung (our unpublished observations).
Given that the role of BASCs in the self-renewal of lung cells
remains ambiguous (Rawlins et al., 2009), further studies will be
necessary to confirm how or if CARMI1 functions in lung stem
cells. Other molecular models might provide explanations as to
how the loss of CARMI induces hyperproliferation of alveolar
cells. It has been show that deletion of Racl stimulates
epidermal stem cells to exit their niche and proliferate through
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regulation of c-MYC in the epidermis (Benitah et al., 2005). In
this model, there is a transient hyperproliferation as detected by
an increase in Ki-67 staining, followed by exhaustion of the stem
cell pool and self-renewal capacity. In this scenario, deletion of
Carm1 might induce BASCs or lung stem cells to exit their niche
and massively enter the AT2 compartment, leading to an
apparent transient hyperproliferation of this AT2 population. To
further test these hypotheses, a lung cell-specific inducible
deletion of Carml will be required to avoid the perinatal
lethality of the standard knockout. These studies will be of
particular interest given the role of CARMI in breast and
prostate cancer and will shed light into the tissue specificity of
CARMI action.
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