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Background: The role of MENI gene in development of lung cancer is poorly understood.
Results: K-Ras inhibits menin expression via increasing DNA methylation, whereas menin inhibits Ras-mediated signaling via

suppressing activation of Ras.

Conclusion: The interplay between K-Ras and menin plays an important role in regulating the development of lung cancer.
Significance: These results have unraveled a novel mechanism underlying menin-mediated repression of lung cancer.

MENI, which encodes the nuclear protein menin, acts as a
tumor suppressor in lung cancer and is often inactivated in
human primary lung adenocarcinoma. Here, we show that the
inactivation of MENI is associated with increased DNA methy-
lation at the MENI promoter by K-Ras. On one hand, the acti-
vated K-Ras up-regulates the expression of DNA methyltrans-
ferases and enhances the binding of DNA methyltransferase 1 to
the MENI promoter, leading to increased DNA methylation at
the MENI gene in lung cancer cells; on the other hand, menin
reduces the level of active Ras-GTP at least partly by preventing
GRB2 and SOS1 from binding to Ras, without affecting the
expression of GRB2 and SOS1. In human lung adenocarcinoma
samples, we further demonstrate that reduced menin expres-
sion is associated with the enhanced expression of Ras (p <
0.05). Finally, excision of the Menl gene markedly accelerates
the K-Ras®'?P-induced tumor formation in the Menl’/;K-
Ras®'?P’*;Cre ER mouse model. Together, these findings
uncover a previously unknown link between activated K-Ras
and menin, an important interplay governing tumor activation
and suppression in the development of lung cancer.

Lung cancer is the leading cause of cancer death in males and
the 5-year survival rate remains poor, because of the difficulty
in early diagnosis and lack of effective chemotherapy/radio-
therapy in advanced cancer (1). Mutations of proto-oncogenes
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such as Ras, epidermal growth factor receptor (EGFR),? ana-
plastic lymphoma receptor kinase, and tumor suppressor gene
p53 are important molecular events in the development of lung
cancer (2—4). Ras proteins are widely expressed membrane-
anchored small GTPases that have active GTP-bound states
and inactive GDP-bound states (5). Mutation or activation of
proto-oncogene Ras is involved in a variety of tumors including
lung cancer, especially adenocarcinomas (6). The Ras activation
and cycling is under the tight control of Ras GTPase-activating
proteins (GAPs) and guanine nucleotide exchange factors
(GEFs). Ras GAPs facilitate the conversion of Ras-GTP to Ras-
GDP, whereas GEFs switch the inactive Ras-GDP to the active
Ras-GTP state (5). SOS (son of sevenless) proteins are ubiqui-
tously expressed GEFs in mammals (5). The adapter GRB2, fol-
lowing binding of a growth factor to its cell surface receptor,
recruits SOS to the membrane to activate membrane-anchored
Ras by converting inactive Ras-GDP to active Ras-GTP (5).
More than 90% of Ras mutations occur in the K-Ras gene in
lung adenocarcinoma (7, 8). Different mutation sites have dif-
ferent mechanisms to activate Ras. The mutations at codons 12
and 61 in Ras coding sequences can inhibit the hydrolysis of
GTP that is normally enhanced by GAP, resulting in the
increased level of active Ras-GTP and the activation of multiple
downstream pro-proliferative and survival-promoting signal-
ing pathways (5, 6, 9).

MENI, a bona fide tumor suppressor gene, encodes a nuclear
protein menin whose mutation is causative for the develop-
ment of MEN1 (multiple endocrine neoplasia type 1) syndrome
(10). The observation of loss of heterozygocity of the MENI
allele in MEN1 tumors indicates the tumor-suppressing func-
tion of menin. Recently emerging evidence suggests that menin
plays a vital tumor-promoting role in mixed lineage leukemia

3 The abbreviations used are: EGFR, epidermal growth factor receptor; GAP,
GTPase-activating protein; GEF, guanine nucleotide exchange factor; MLL,
mixed lineage leukemia; NSCLC, non-small cell lung cancer; 5-aza-dc,
5-aza-2'-deoxycytidine; gRT-PCR, quantitative RT-PCR; IP, immunoprecipi-
tation; IHC, immunohistochemistry; Luc, luciferase; KD, knockdown; MS-
PCR, methylation-specific PCR.
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(MLL). In this regard, menin interacts with MLL proteins and
increases MLL-mediated H3K4 methylation and expression of
multiple Hox genes, which are required for hematopoiesis and
leukemogenesis (11-13). There is now considerable and
increasing evidence showing an aberrant or compromised
activity of menin in human lung cancers. For example, MEN1
gene mutations were detected in sporadic lung carcinoid
tumors of lung in patients (14). In addition, the probability of
developing non-small cell lung cancer (NSCLC) was signifi-
cantly increased in Menl*'~ or Men1™' ;P18 '~ mice (15).
Phosphorylation of Rb protein by either CDK2 or CDK4/6 sites
results in activation of the activity of pro-proliferative tran-
scription factor E2Fs, and the phosphorylation of Rb is signifi-
cantly increased in bronchial epithelia and tumor cells derived
from pI18 '~ ;Menl"’'~ mice (15). These findings suggest that
menin is important for repressing the development of lung can-
cer, but the molecular mechanisms remain unclear. In our pre-
vious report, we have found that ectopic expression of menin
markedly reduced lung cancer cell proliferation and migration
through epigenetic repressing pleiotrophin signaling (16, 17).
We also found that menin expression was markedly reduced in
certain human primary lung adenocarcinoma (16), suggesting a
potential tumor-suppressing role for menin in NSCLC progres-
sion. It remains unclear how menin is inactivated or compro-
mised in NSCLC. Moreover, the molecular details of repression
of lung cancer cell phenotype by menin remain elusive. The
potential link between menin and NSCLC offers a fresh oppor-
tunity to uncover novel mechanisms underlying menin-medi-
ated suppression of tumorigenesis in lung epithelial cells.

Our studies reveal a novel molecular basis controlling the
development or progression of lung adenocarcinoma that is
governed by the interplay between K-Ras and menin. Menin
expression is reduced in certain human lung adenocarcinoma,
atleast partly by K-Ras-induced DNA methylation at the MEN
promoter. Moreover, menin appears to reduce the Ras-GTP
levels by inhibiting the binding of GRB2 and SOS1 to K-Ras, an
important step in activation of Ras by increasing conversion of
the inactive Ras-GDP to the active Ras-GTP state. Excision of
the Men1 gene can accelerate the tumor formation induced by
temporally controlled induction K-RasS'*" in Men ;K-
Ras®"?P"";Cre ER mouse model. Together, these findings
unravel a previously unknown link between the oncogene
K-Ras and tumor suppressor menin, whose intertwining may
play a crucial role in regulating the development of lung cancer.

EXPERIMENTAL PROCEDURES

Cell Culture and Gene Transfection—Cell culture and trans-
fection of human lung adenocarcinoma cell line A549 were
described previously (16). The cells were treated with or with-
out 5 wmol/liter 5-aza-2'-deoxycytidine (5-aza-dc; Sigma) for 4
days to determine the impact of DNA demethylation on the
lung cancer cells.

Bisulfite Modification, Methylation-specific PCR, and DNA
Cloning—CpG islands in the promoter regions of MENI were
identified by using CpG island searcher. The primers for meth-
ylation-specific PCR were designed by using the online pro-
gram MethPrimer (supplemental Table S1). The bisulfite mod-
ification of genomic DNA, which was extracted from clinical
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lung adenocarcinoma samples, was performed using the CpGe-
nome DNA modification kit (Chemicon International). PCR
products were cloned into the pMDI18-T plasmid and
sequenced for analysis by using ABI-PRISM 7300.

Ras Activity Assay—A549 cells were grown to 70% conflu-
ence in a 100-mm dish, starved overnight in serum-free
DMEM, and recovered in 10% FBS DMEM for 20 min. The
activity of Ras was determined by Ras activation assay kits
(Upstate), based on the manufacturer’s instructions.

Real Time qRT-PCR and ChIP— qRT-PCRs were performed
as described previously using an ABI-PRISM 7300 detection
system (16) with the primers shown in supplemental Table S2.
ChIP assays were performed essentially as previously described
(18). Antibodies used for ChIP assays were: anti-DNMT1
(Abcam), anti-trimethylated histone H3 Lys-4 (Abcam), anti-
trimethyl-histone H3 Lys-27 (Millipore), and control IgG
(Santa Cruz). We performed PCR using primers specific for
MENI and p18 promoter sequences (supplemental Table S3).

Immunoprecipitation Assay—IP assays were performed as
previously described (17, 18). Antibodies used for IP assays
were: anti-SOS1 (Santa Cruz), GRB2 (Santa Cruz), Ras (BD Bio-
sciences), and menin (Bethyl Laboratory).

Mouse Breeding—All of the mouse experiments were
approved by the Institutional Animal Care and Use Committee
of the University of Pennsylvania and were performed accord-
ing to institutional and national guidelines. The K-Ras®'*"/*
mice (C57BL/6 and 129/Sv mixed background) were obtained
from the group of Dr. Tyler Jacks and crossed with Men "/ mice
to generate Men P”/;K-Ras**”* mice. They were then crossed
with Ubc9 promoter driven Cre-ER mice (C57B6 background)
as previously described (19). Men”/ and Men’/;Cre-ER mice
were as described previously (20). Animal genotyping was done
by PCR according to published methods using DNA extracted
from tails.

Activation of K-Ras by Tamoxifen—K-Ras®'*®'*;Ubc9
Cre-ER and K-Ras®'?"*";MenV”/ Ubc9 Cre-ER were fed
tamoxifen at 200 mg/kg of body weight/day by oral gavage for
two consecutive days (20). The animals were sacrificed on day 9,
and the lungs were removed for further analysis.

RESULTS

Expression Level of Menin Is Inversely Correlated with K-Ras
Expression in Lung Adenocarcinoma—OQOur previous studies
indicate that menin expression is reduced in certain primary
human lung cancer, but the underlying mechanism is unknown
(16). MENI missense mutations usually reduce the stability of
menin and thus its expression level in MEN1 tumors (21). To
determine whether the reduced menin expression is correlated
with MENI mutations in the lung cancer samples, we extracted
the genomic DNA from six paraffin-embedded lung adenocar-
cinoma samples in which menin expression was reduced.
Through the whole exon PCR amplification and sequencing of
the MENI gene, we only found one single nucleotide polymor-
phism (C to T change at codon 7), with no change in amino acid
sequence (date not shown).

We then turned our attention to the possibility that reduced
menin expression might be affected by alteration of other onco-
genes in lung cancer. Ras is the most frequently mutated gene in
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FIGURE 1. Down-regulated menin expression was correlated with up-regulated Ras. A-D, sections from paraffin-embedded adjacent normal tissues and
cancer tissues were stained with antibodies against menin (A and B) and Ras (C and D) for IHC staining, respectively, Original magnification, X200. E and F, the
expression of menin, detected by real time qRT-PCR (E) and Western blot (F), was increased in A549 cells that were transfected with shRNA vector against K-Ras
compared with luciferase. G, menin expression, detected by Western blot, was reduced in K-Ras overexpression A549 cells.

lung cancer (6) and is a driving force for the development for
lung adenocarcinoma (6). The mutated K-Ras becomes consti-
tutively active because of the locked state of Ras-GTP (5). Thus,
we examined the expression of menin and Ras in 34 lung ade-
nocarcinoma samples, along with adjacent normal tissues.
Immunohistochemistry (IHC) analysis revealed that menin
expression was high in the nucleus of the normal bronchiole
epithelial cells and alveoli (Fig. 14) but much weaker or even
undetectable in certain tumors (Fig. 1B), consistent with our
previous finding (16). The expression of menin was markedly
reduced in eight adenocarcinoma samples, compared with its
adjacent normal tissue, accounting for 23.5% of the tumors we
examined (supplemental Table S4). In contrast, Ras staining in
the cytoplasm and cell membrane was noticeably increased in
16 of 34 (47.1%) adenocarcinomas (Fig. 1D), compared with the
adjacent normal tissue (Fig. 1C). In eight cases with reduced
menin, Ras expression was significantly up-regulated in six
cases (supplemental Table S4). It is noteworthy that the atten-
uated menin expression was associated with the enhanced
expression of Ras, analyzed by chi-squared test (p < 0.05).
These results suggest that menin expression was correlat-
ed with a high level of Ras expression in human lung
adenocarcinomas.

K-Ras Inhibits Menin Expression in A549 Lung Cancer Cells—
The Ras subfamily consists of H-Ras, K-Ras, and N-Ras. Notice-
ably, 90% of Ras mutations in lung adenocarcinomas occurred
in K-Ras, and ~97% of K-Ras mutations in NSCLC involve
codons 12 or 13 (9). Thus, we focus on the relationship of K-Ras
and menin in lung cancer cells. A549 cell line harbors a muta-
tion in codon 12 of K-Ras (e.g., G'* to C), thereby maintaining
constitutive activation of K-Ras. We transduced A549 cells with
either control luciferase (Luc) sShRNA or a K-Ras shRNA. Nota-
bly, real time qRT-PCR showed that K-Ras knockdown (KD)
led to an increase in MENI expression, as compared with the
control Luc shRNA (Fig. 1E). Likewise, compared with con-
trols, the menin protein level was elevated in K-Ras KD A549
cells, as shown by Western blot (Fig. 1F). Next, we examined
whether overexpression of K-Ras affects menin expression. The
full-length K-Ras ¢cDNA was cloned from A549 cells, and
sequencing results confirmed that G12C mutation was detect-
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able in A549 cells (date not shown). The empty plasmid and
pcDNA3.1(+)-K-RasS'?C were transfected into A549 cells,
which were selected by G418. The Western blot analysis indi-
cated that the menin level was reduced when ectopic K-Ras®'*“
was overexpressed in A549 cells (Fig. 1G). These observations
collectively indicate that K-Ras down-regulates menin expres-
sion in A549 human lung adenocarcinoma cells.

Reduced MEENI Expression Was Correlated with DNA Meth-
ylation at Its Promoter—Genetic and epigenetic processes, such
as DNA methylation at the CpG island of the promoter region,
play an important role in gene silencing in cancer (22). To
determine whether menin reduction is associated with DNA
methylation, we examined the MENI promoter methylation in
lung adenocarcinoma samples. We designed DNA methyla-
tion-specific PCR (MS-PCR) primers spanning the CpG islands
of the MENI promoter (Fig. 24). MS-PCR amplification was
used to verify the DNA methylation of the six paired samples of
primary human lung adenocarcinoma and the adjacent tissue
obtained from surgery. Consistent with less MEN1 mRNA in
the cancer, DNA methylation level at the MENI promoter was
considerably increased in lung cancer, as compared with the
adjacent tissue (Fig. 2B; n = 6, p = 0.001). To investigate the
status of each CpG site, we cloned the MS-PCR amplification
products from two pairs of cancer and the adjacent tissues to
pMD18-T plasmids and sequenced 10 clones. Bisulfite
sequencing analysis showed the representative CpG sites,
which were methylated in cancer and unmethylated in the adja-
cent normal tissues (Fig. 2C). The —1051-bp site (ATG defined
as 0 bp) had a higher level of DNA methylation, compared with
the adjacent tissue, i.e., 60% (12/20) versus 25% (5/20), respec-
tively, and the CpG methylation probability of the —1013bp site
increased from 5% (1 of 20) in normal tissues to 45% (9 of 20) in
the cancer (Fig. 2D). The collective results suggest that cancer
tissue contains far more methylated MENI CpG sites than the
adjacent normal tissue. To determine whether genomic DNA
demethylation in cells affects the expression of the MENI gene,
we treated A549 cells with DNA methylation inhibitor,
5-aza-dc (5 uM, for 3 days). Real time RT-PCR analysis revealed
that treatment with 5-aza-dc elevated the MENI mRNA level
(Fig. 2E). Collectively, these findings indicate that increased
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FIGURE 2. Down-regulated menin expression was partly associated with
promoter DNA methylation. A, the scheme shows the CpG islands of MENT
promoter thatis the aim of the MS-PCR primer. B, MS-PCR analysis of the MEN1
promoter methylation of lung cancer tissue and adjacent normal tissue,
obtained from the surgeries of six patients. The methylation/unmethylation
of normal samples was setto 1 (n = 6). C, the representative bisulfite sequenc-
ing chromatograms of cancer and normal tissues in the two MENT promoter
CpG sites. D, DNA methylation analysis by bisulfite cloning and sequencing.
The analysis was carried out for two paired cancer and normal tissues bisulfite
sequencing. Each circle in each row represents a single CpG site. Each line
represents an individually sequenced clone, and circles represent CpG resi-
dues. White and black circles represent unmethylated and methylated CpG
sites, respectively. E, A549 cells were either treated or not treated with DNA
methylation inhibitor 5-aza-dc (5 um). Real time qRT-PCR was performed to
detect the MENT mRNA expression. *, p < 0.05 versus control. DMSO, dimethyl
sulfoxide.
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DNA methylation at the MENI promoter is an important
means to suppress menin expression in lung adenocarcinoma.

K-Ras Affects DNA Methylation at the MEN1 Promoter by
Promoting the Binding of DNMTI to the MENI Locus—To
assess whether there is an intrinsic relationship between K-Ras
and DNA methylation in regulating menin expression, we
examined the methylation profile of the MENI promoter DNA
in K-Ras KD A549 cells. Interestingly, MS-PCR result revealed
that the DNA methylation of the MENI promoter was reduced,
which was only 0.18-fold as compared with the control (Fig.
3A). Bisulfite sequencing also showed that the methylated CpG
sites were reduced in K-Ras KD A549 cells (Fig. 3B), in agree-
ment with reduced methylation of the MENI promoter. These
results suggest that K-Ras increases the DNA methylation of
the MENI promoter. Mammalian DNA methylation was con-
trolled by DNA methyltransferases (DNMTs). DNMT1 is over-
expressed in lung cancer samples (23), and the tobacco-specific
carcinogen  4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
induces DNMT1 expression, which leads to hypermethylation
of certain tumor suppressor genes (24). We examined the pro-
tein expression of three main DNMTs: DNMT1, DNMT3A,
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and DNMT3B in K-Ras KD A549 cells. Western blot analysis
showed that the diminished K-Ras expression in A549 led to
reduction of DNMT1 and DNMT3B, but not DNMT3A (Fig.
3C). Also the increased DNMT1 protein expression by K-Ras
was shown in supplemental Fig. S1A. Next, we performed ChIP
assays with vector and K-RasS'*“ overexpressed A549 cells.
ChIP assays clearly showed that DNMT1 bound to the MENI
promoter locus, marked with primer pair PP1 and PP2, and the
binding in K-Ras overexpressing A549 cells was more than that
in the control cells (Fig. 3D, lanes 3 and 6). These results indi-
cate that K-Ras down-regulates MENI expression at least partly
by promoting the binding of DNMT1 to the MENI locus, lead-
ing to the DNA methylation at the MENI promoter.

A previous report has shown that histone methylation is
mechanistically linked to DNA methylation in mammals (25).
EZH2 is a member of PcG family and acts as a gene silencer by
catalyzing histone H3 lysine 27 trimethylation (H3K27me3),
which can compress chromatin structure (26). However, the
EZH2 expression in K-Ras KD A549 cells was indistinguishable
from that of control (Fig. 3C). Furthermore, ChIP assays
showed that down-regulated K-Ras expression did not affect
H3K27me3 level at MENI locus (supplemental Fig. S1B). On
the other hand, histone H3 lysine 4 trimethylation (H3K4me3)
is correlated with positive gene transcription (11). However, we
failed to detect the difference between H3K4me3 at the MENI
locus in control and K-Ras knocked down A549 cells by ChIP
assays (supplemental Fig. S1C). Together, these results suggest
that K-Ras represses menin expression mainly through increas-
ing DNMT1 binding to the MENI locus.

Menin Inhibits Ras Activity by Repressing Its Binding to SOS1—
Next, we studied whether menin also reciprocally affects
expression of Ras. To this end, we examined the K-Ras mRNA
level in vector and menin-overexpressing A549 cells using two
sets of primers and found that menin had no effect on the
mRNA level of K-Ras (supplemental Fig. S2A4). The Western
blot assay showed that ectopic expression of menin barely
affected the protein level of total Ras (supplemental Fig. S2B).
Interestingly, the Ras-GTP level, detected by Ras activity assay,
showed that the quantity of Ras-GTP was noticeably reduced in
menin-overexpressing cells (supplemental Fig. S2B). These
findings suggest that menin mainly reduces the level of the
active Ras-GTP form in human lung adenocarcinoma cancer
cells, suggesting the regulation at the post-translational level.

Ras activity is regulated by GAP and GEFs (5, 6). GAP
reduces Ras activity through hydrolysis of GTP to GDP in com-
plex with Ras. To assess how menin regulates the active Ras-
GTP, we examined GAP expression in stably menin expressed
A549 cells. However, Western blotting results indicate that
ectopic expression of menin did not affect the expression of
GAP (Fig. 4A). There are numerous members of GEF, which
may be responsible for activation of different substrates. SOS1
is a Ras-specific GEF (27, 28). Formation of GRB2, SOS1, and
Ras complex after ligand binding to the growth factor receptor
leads to Ras activation (increased level of Ras-GTP) (29, 30). We
found that menin did not affect the expression of SOS1 and
GRB2 (Fig. 4A). Because binding to SOS1 is necessary for Ras-
GDP to get activated, we performed co-IP and found that
ectopic expression of menin reduced the binding of GRB2 and
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SOS1 to Ras but did not affect the interaction between SOS1
and GRB2 (Fig. 4, B-D). We next sought to determine whether
menin associates with Ras complex. Fig. 4E showed that menin
was co-immunoprecipitated with GRB2, SOS1, and Ras. Con-
sistent with these observations, the reverse co-IP also showed
that endogenous GRB2, SOS1, and Ras were co-immunopre-
cipitated with endogenous menin (Fig. 4F).

EGF binds its cell surface receptor and induces the receptor
phosphorylation, leading to sequential recruitment of GRB2,
SOS1, and Ras to the cell membrane, thereby increasing Ras-
GTP (31, 32). The Ras-GTP level was significantly increased 5
min after treatment with EGF (supplemental Fig. S3A). How-
ever, there was no significant change in the EGF and EGF2
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mRNA levels upon overexpression of menin (supplemental Fig.
S3, Band C). Furthermore, the EGFR expression and its various
phosphorylation forms were not affected by menin (supple-
mental Fig. S3D), and menin also did not inhibit EGF-mediated
induction of EGFR phosphorylation; in contrast, the phosphor-
ylation was only slightly increased (supplemental Fig. S3E).
Together, these findings suggest that menin could bind to
either GRB2 and SOS1 or Ras to block their interaction and
thus inhibit Ras activation, and it is independent of EGF and its
receptor. The precise biochemical model of menin interaction
with the Ras complex needs further investigation.

Menin Excision Promotes Lung Epithelial Cell Proliferation—
Menin represses proliferation of human endocrine tumor cells,

JOURNAL OF BIOLOGICAL CHEMISTRY 40007
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FIGURE 5. Men1 KO promotes lung epithelial cell proliferation. A, control Men1” and Men1”;Cre-ER mice (n = 8 mice) were fed tamoxifen at the age of 12
weeks at 200 mg/kg of body weight/day for 2 consecutive days. Four weeks after the last dose of tamoxifen feeding, the mice were sacrificed. The lung tissue
sections from Men 1" and Men1”;Cre-ER mice were stained with antibody of menin, BrdU, and p18. B, sections from paraffin-embedded Men™/* and Men1*/~
mice lung (3 months old) samples were alsoimmunostained with menin, BrdU, and p18 antibody (-200; insets, X400). Cand D, quantification of BrdU™" lung cells
from the groups of Men1” (control) versus tamoxifen-fed Men1”;,Cre-ER mice and Men */* (control) versus Men1*/~ mice. *, p < 0.05 versus control. E, real time
gRT-PCR shows p18 mRNA expression in vector- or menin-expressing A549 cells. F, Western blot analysis the expression of P18, CDK4, and CDKG6 in vector and
menin overexpression A549 cells. G, a schematic representation of the p718 gene loci and amplicons used for ChIP assay. ChlIP assay using the antibody against

H3K4me3 in vector and K-Ras transfected A549 cells.

insulinoma cells, intestinal epithelial cells, and Ras-trans-
formed NIH3T3 cells via several distinct mechanisms (33, 34).
Previously, we found that menin suppresses proliferation of
lung cancer cells and migration partly through polycomb gene
(PcG)-dependent repression of pleitrophin expression in vitro
(16). In this study, we used Men 1 conditional KO (20) and Men1
loss of heterozygosity mice (35) to investigate the proliferation
of lung epithelial cells by detecting BrdU uptake proliferating
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cells. As expected, IHC detection confirmed that menin expres-
sion in MenI”%Cre-ER mice, in which Menl gene was excised
when treated with tamoxifen, was markedly reduced in lung
epithelial cells and bronchial epithelial cells, as compared with
control Men1”" mice (Fig. 5A). With the reduction of menin,
the number of proliferating cells were increased as assessed by
the IHC detection of BrdU™ cells (Fig. 54). We quantified the
number of BrdU™ cells in each 400 magnification field. Statis-
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tical analysis showed that the numbers of BrdU * cells/field in
Meni"" and Meni”",Cre-ER mice were 6.5 and 10.7, respec-
tively (Fig. 5C; n = 6), similar to conditional MenI KO mice.
The BrdU"' lung epithelial cells were also significantly
increased, whereas menin expression was decreased in
Menl*’" mice, as detected by IHC (Fig. 5B). The statistical
analysis indicates that there was an average of 3.7 BrdU ™ cells/
field in Men1"" mice, whereas the value was 11.2 in Men1™*'~
mice (Fig. 5D; n = 6, p < 0.05). These experiments confirmed
that MenI excision leads to enhanced proliferation of lung epi-
thelial cells. Moreover, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assays revealed that the proliferation
was much slower in menin cDNA-transfected A549 cells (sup-
plemental Fig. S4, A and B) but accelerated in MENI KD A549
cells, as compared with the control (supplemental Fig. S4, C and
D).

Menin regulates cell proliferation via many different ways. It
not only regulates cell cycle related proteins, such as cyclin D,
CDK4, p18™%*< (p18), and p27"P! (p27), but also affects DNA
replication proteins such as Cdc7/ASK (34). We investigated
the possible role of menin in regulation the proliferation of lung
epithelial cells and lung cancer cells. IHC results indicate that
p18 was highly expressed in the nucleus of bronchial epithelial
cells in MenI”" and MenI™”" mice but hardly detectable in
Men1"";Cre-ER and Men1"~ mice (Fig. 5, A and B). To test
whether menin regulates lung cancer proliferation through the
p18 signaling pathway, we measured the pI8 mRNA level in
MENI-transformed A549 cells. qRT-PCR analysis revealed
that p18 mRNA level was increased 5.6 times when A549 cells
were transformed with the menin cDNA (Fig. 5E). Consistent
with these findings, Western blot analysis indicates that the
overexpressed menin level in A549 cells was accompanied by
the increased p1l8 protein level and the decreased levels of
CDK4 and CDK6 (Fig. 5F), but not Cdc7 (supplemental Fig.
S4E). 1t is well known that p18 inhibits CDK4 and CDK®6 to
arrest cell cycle (36, 37). It is likely that menin can facilitate the
transcription of p18 and then repress the activity of CDK4,
preventing the cell cycle progression and inhibiting prolifera-
tion of lung cancer cells. Further ChIP assay results indicate
that ectopic expression of K-Ras represses menin protein level
and the H3K4me3 in p18 promoter loci (Fig. 5G, lanes 3 and 6).
This is consistent with the previous report that menin pro-
motes methylation of H3K4 at the p18 promoter loci and up-
regulates p18 transcription in islet cells (38). To test the biolog-
ical significance of the K-Ras knockdown, we measured
proliferation of A549 cells that were transfected with either
control Luc shRNA or K-Ras shRNAs. Correlated with K-Ras
knockdown, the proliferation of A549 cells was significantly
reduced, as compared with the control shRNA (supplemental
Fig. S5; n = 8, p < 0.05).

To test whether menin affects the development of K-Ras
induced lung cancer, we bred mice with a conditionally induc-
ible knock-in K-Ras“**" with mice harboring the floxed Men1;
Cre-ER (see “Experimental Procedures”). This mouse model
(knock-in K-RasS'*P) is widely used to investigate the develop-
ment/maintenance of the lung cancer (39). We found that all
three K-Ras mutant mice (K-Ras“’?”";Cre ER) show hyper-
plasia and some small tumors in lungs as seen in hematoxylin-

NOVEMBER 16, 2012« VOLUME 287 +NUMBER 47

A K-Ras®?20*; Cre ER

(" T
N

B c .
w 8(\]
2 o 3 E [
£ 215 3. 6
S = 5\95
Q=12
2% 2% 4
20 9 o=
s s S 3
2% 5% 2
523 s81
2 0 E2o
E
2 &
G < +
A\ \K.\{r
& &
W W

FIGURE 6. Menin excision promotes the development of K-Ras-induced

lung cancer. A, the lung tissue hematoxylin and eosin staining of K-Ras®'2>/*+

mice (C57BL/6 and 129/Sv mixed back(};round and Men17%K-Ras®"2®* mice
/1

)
(K-Ras®'?®* mice crossed with Men1”f mice) fed tamoxifen. B and C, the

quantitative analysis of the number and the size of tumors in K-Ras®'2®*;
Cre-ER mice and Men1”;K-Ras®'2®'*;Cre-ER mice, respectively. *, p < 0.05
versus control.

and eosin-stained tissues (Fig. 6A4). We calculated the number
of tumors and measured the area of each tumor nodule. Nota-
bly, we observed that not only the number but also the volume
of the lung tumors was significantly increased when the Menl
gene was knocked out in K-Ras®**" mice (MenI/7;K-Ras'?>'*;
Cre ER mice), as compared with K-Ras“’*?”*;Cre ER mice (Fig.
6, B and C). These observations collectively demonstrated that
the excision of the Menl gene can promote the tumor forma-
tion induced by K-Ras mutation.

DISCUSSION

Previous studies have identified that multiple genes, includ-
ing TP53, CDKN2A, EGFR, and K-Ras were involved in the
development of lung cancer (1-3). Our previous studies have
shown reduced expression of menin in lung adenocarcinoma,
but the mechanism remains elusive (16). In the present study,
we found that although menin expression was lower in lung
adenocarcinoma samples, no mutation was identified in the
MENI gene. As a high percentage of NSCLCs contain activat-
ing mutation in the K-Ras gene (7, 8). We examined whether
menin was repressed by K-Ras expression in lung cancer. The
histological study of clinical lung adenocarcinoma samples
revealed that menin reduction was associated with increased
Ras expression in cancer tissue. Further cellular study verified
that K-Ras down-regulates expression of MENI mRNA and
protein. The animal model confirmed that excision of the Men1
gene markedly promotes the tumor formation that is triggered
by K-Ras mutation (G12D), consistent with a previous report
that menin can repress Ras-mediated tumor transformation in
NIH-3T3 cells (33). Intriguingly, we also found that menin sig-
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nificantly represses the active Ras-GTP form while slightly
reducing the amount of the total Ras in A549 cells. Our findings
offer the first biochemical evidence that menin expression
reduces the active form of K-Ras-GTP. This further supports
the correlation between reduced menin expression and
increased Ras expression in the lung tumor samples.

DNA methylation plays an important role in gene silencing,
and a number of methylated tumor suppressors were identified
in lung cancer, such as p16, DAPK1, RASSF1A, and HOX genes
(40). Our results have shown that DNA methylation of MENI
promoter was increased in lung cancer tissues as compared
with the adjacent tissue, and the MENI mRNA level can be
up-regulated by DNA methylation inhibitor in A549 cells. In
turn, methylation of MENI promoter was decreased in K-Ras
KD A549 cells. These observations are consistent with the
notion that K-Ras may repress menin expression via increasing
MENI methylation. Supporting this notion, we demonstrated
that the expression of DNMT1 and DNMT3B was substantially
reduced in K-Ras KD A549 cells, but DNMT3A expression was
not changed. DNMT1 and DNMT3B may cooperate to silence
the MENI gene in A549 as previously reported for methylation
of other genes in colorectal cancer cell line (41). ChIP assay
results provided direct evidence that K-Ras can promote
DNMT1 binding to the MENI promoter. This is similar to the
finding that increased binding of DNMT3B to E-cadherin pro-
moter by K-Ras causes promoter hypermethylation for reduced
expression of E-cadherin in human prostate cancer cells (42).

Intriguingly, we also found that menin reduced the active
Ras-GTP form in A549 cells. In investigating the mechanism
whereby menin inhibits Ras activity, we found that ectopic
expression of menin in A549 cells decreased binding of SOS1
and GRB2 to Ras, without affecting the expression of GAP,
SOS1, and GRB2. Menin bound to endogenous GRB2 and
SOS1. Thus, it is likely that menin binds to the GRB2-SOS1
complex to reduce the binding of SOS1 and GRB2 to Ras,
resulting in the decreased Ras-GTP. Although Ras mutations at
positions 12, 13, and 61 impair the intrinsic GTPase activity,
causing the accumulation of Ras-GTP (9), menin-mediated
repression of SOS1 binding to K-Ras may still help to reduce
K-Ras-GFP levels. In our previous study, we found that menin
represses phosphorylation of ERK1/2 and AKT in lung cancer
cells (17). Recently, Wang et al. (43) demonstrated that menin is
an important negative regulator of AKT kinase activity in non-
endocrine and endocrine cells. Consistent with these observa-
tions, our results uncover a new mechanism whereby menin
represses the K-Ras, through inhibiting the formation of GRB2-
SOS1-Ras complex, thereby inhibited the Ras-RAF-MEK-
MAPK pathway in the formation of lung cancer.

We also found that the Ras-GTP level was increased in A549
cells by EGF stimulation, but menin expression did not affect
phosphorylation of EGER. These results suggest that menin
regulates the Ras-GTP level likely downstream of EGER, con-
sistent with the impact of menin on repressing interaction
between SOS1 and Ras.

In summary, we have unraveled a novel feedback loop of Ras
and tumor suppressor gene MENI in lung adenocarcinoma.
K-Ras inhibits menin expression by promoting DNMT1 bind-
ing to the MENI promoter and increased DNA methylation,
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whereas menin inhibits Ras-mediated signaling at least partly
via suppressing SOS1-mediated activation of Ras by blocking
GRB2-SOS1 from binding to Ras. The mouse model suggests
that the excision of the Menl gene can promote the tumor
formation caused by K-Ras mutation. The imbalance of MEN1
and Ras may play a crucial role to promote the lung cancer
development. These results have unraveled a novel mechanism
underlying menin-mediated repression of lung cancer and pro-
vide a novel potential target for treating menin-negative and
Ras active lung adenocarcinoma via inhibiting DNMTs.

The latter part of our study showed that menin excision can
promote lung epithelial cell proliferation via p18 regulation, but
the mechanism is unclear. One study revealed that menin plays
a critical role in the MLL-trithorax Histone methyltransferases
complex by recruiting MLL to the p18 and p27 promoters (44).
Function loss of either menin or MLL results in down-regula-
tion of p18 and p27 expression and deregulating cell prolifera-
tion (44). Another study showed that the menin-MLL complex
can up-regulate p18 and p27 transcription by increasing H3K4
methylation at their loci in both cultured and murine pancre-
atic islet (45). Further research is necessary to determine
whether the loss of menin expression will diminish MLL-His-
tone methyltransferases activity and epigenetic regulation of
p18, p27, and other cancer-related genes in K-Ras involved lung
cancer. Further experiments remains on determining the H3K4
methylation of p18 in A549 cells or K-Ras-mediated pulmonary
tumors.
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