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Manic fringe inhibits tumor growth by suppressing
Notch3 degradation in lung cancer
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Abstract: Notch signaling plays an essential role in development as well as cancer. We have previously shown that
Notch3 is important for lung cancer growth and survival. Notch receptors are activated through the interaction with
their ligands, resulting in proteolytic cleavage of the receptors. This interaction is modulated by Fringe, a family
of fucose-specific 31,3 N-acetylglucosaminyltransferases that modify the extracellular subunit of Notch receptors.
Studies in developmental models showed that Fringe enhances Notch’s response to Delta ligands at the expense
of Jagged ligands. We observed that Manic Fringe expression is down-regulated in lung cancer. Since Jaggedl, a
known ligand for Notch3, is often over-expressed in lung cancer, we hypothesized that Fringe negatively regulates
Notch3 activation. In this study, we show that re-expression of Manic Fringe down-regulates Notch3 target genes
HES1 and HeyL and reduces tumor phenotype in vitro and in vivo. The mechanism for this phenomenon appears to
be related to modulation of Notch3 protein stability. Proteasome inhibition reverses Manic Fringe-induced protein
turnover. Taken together, our data provide the first evidence that Manic Fringe functions as a tumor suppressor in
the lung and that the mechanism of its anti-tumor activity is mediated by inhibition of Notch3 activation.
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Introduction

Notch signaling plays a highly conserved role in
determining cell fate and controlling cell growth
in both mammals and lower organisms [1]. In
mammals, there are four Notch receptors. They
are single transmembrane proteins, containing
29 to 36 epidermal growth factor-like (EGFL)
repeats within the extracellular domain [2].
There are two families of Notch ligands, the
Delta-like ligands (Delta-like 1, 3 and 4) and the
Jagged ligands (Jagged1-2). In the canonical
pathway, the interaction between Notch recep-
tors and their ligands results in pathway activa-
tion through a series of proteolytic cleavages,
releasing the intracellular fragment, which
translocates to the nucleus to activate tran-
scription of target genes.

Notch regulates cell fate determination through
its effects on differentiation, growth and apop-
tosis. Unsurprisingly, aberrant activation of
Notch proteins has been associated with can-
cer phenotypes [3-5]. We were first to link
Notch3 with lung cancer [6]. We showed that

Notch3 is over-expressed in about 40% of non-
small cell lung cancers (NSCLC), and suppres-
sion of Notch3 results in the loss of the malig-
nant phenotype both in vitro and in vivo models
[7]. Furthermore, recent research indicates a
role for Notch3 signaling in other cancers such
as breast and ovarian cancer [8, 9].

Given the important role of Notch signaling in
cancer, we seek to better understand its regula-
tion in the context of cancer. Originally described
in Drosophila, Fringe was shown to regulate the
ligand-sensitivity of Notch signaling, defining
the precise signal location at the dorsal/ventral
boundary of the wing marginal disc [10]. Mam-
mals have three Fringe homologues, Lunatic
Fringe (Lfng), Manic Fringe (Mfng) and Radical
Fringe (Rfng). Recent studies showed that
Fringe proteins are fucose-specific $1,3-GIcNAc
transferases and utilize uridine diphosphate
N-acetylglucosamine (UDP-GIcNAc) as a donor
substrate. The addition of GIcNAc groups to
O-fucose groups within Notch’s extracellular
domain modulates the response of Notch to its
ligands by potentiating Delta ligand signaling
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while inhibiting Serrate ligands, such as Jagg-
ed1 [11, 12].

While the contribution of Fringe to the modula-
tion of Notch activation in development is still
being elucidated, Fringe’'s role in cancer rem-
ains poorly understood. High expression of
Jaggedl with reciprocal decrease in expression
of Manic Fringe was observed in the progres-
sion of human papillomavirus-mediated cervi-
cal cancer [13]. Furthermore, the loss of Lunatic
Fringe cooperates with Met/Caveolin in the
development of basal-like breast cancer [14].

Human Manic Fringe is located on chromosome
220913.1, a region often found to be deleted in
lung cancer using CGH and karyotypic analyses
[15-17]. By contrast, the loci for Lunatic Fringe
and Radical Fringe, 7p22 and 17925 appear
unaffected in lung cancer, leaving Manic Fringe
as the only family member the genetic locus of
which is deleted. These observations suggest a
role for Manic Fringe in tumor suppression in
the context of lung cancer. In the present study,
we observed lower expression of Manic Fringe
in lung cancer compared to normal tissue. We
also noted that re-introduction of Manic Fringe
in lung cancer cells decreased Notch3 protein
stability and reduced cell proliferation and
tumor growth. These findings support hypothe-
sis that Manic Fringe functions as a tumor sup-
pressor in lung cancer.

Materials and methods

Cancer microarray database and data mining
platform

Oncomine (Compendia Bioscience, Ann Arbor,
MI) was used to retrieve the public cancer data-
base information for the analysis of Fringe
expression in lung cancer [18]. Seven datasets
containing both normal tissues and cancers
were used for analysis [19-25]. The probes for
Fringe genes were derived from the following
the probe sets: HG-U133_Plus_2 (MFNG
204152_s_at, RFNG 212968_at, and LFNG
215270_at for Hou, Landi, Su and Wachi data-
sets, HG-U95Av2 (MFNG 41521_at; RFNG
41705_at, and LFNG 431908_at for Bhatta-
charjee and Stearman) and IMAGE clone 51817
(Garber). Values for Log2 Mean-Centered Int-
ensity were extracted from Oncomine. Student’s
two-sided t-tests were performed to determine
the statistical significance of an observation.
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P-values <0.05 were considered statistically
significant. To compare the relative significance
of expression among Manic Fringe, Lunatic
Fringe and Radical Fringe, we used Oncomine’s
gene rank analysis. Each gene rank reflects the
rank of that gene in the dataset based on its
p-value.

DNA constructs

Plasmid pcDNA4-Notch3 expressing full-length
Notch3 with a carboxy-terminal His-tag has
been described previously [26]. Human Manic
Fringe expressing plasmid with a N-terminal
FLAG-tag was generated using PCR amplifica-
tion followed by directional cloning in pCMV-
3tag vectors at EcoRl and Hindlll restriction
sites.

Cell lines and cell culture

The Notch3-expressing lung cancer cell line
HCC2429 was established as previously
described [6]. The human embryonic kidney
(HEK) 293T cell line and the human non-small
cell lung cancer cell line H460 were obtained
from American Type Culture Collection (ATCC)
and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) and RPMI supplemented with
10% fetal calf serum, respectively. To establish
stable clones expressing Manic Fringe, the
pcDNA3.1-mFng (Manic Fringe construct) was
transfected into HCC2429 or H460 cells using
Lipofectamine (Invitrogen) according to manu-
facturer’s recommendation. After 48 hours, the
cells were selected using G418 for 4 weeks.
Incorporation of the Manic Fringe construct
was determined using antibody detection of the
FLAG epitope tag.

Chemicals and antibodies

Cycloheximide and MG132 were obtained from
Sigma and Calbiochem, respectively. Rabbit
anti-Notch3 (D11B8) and rat anti-Notch1 anti-
bodies (5B5) were obtained from Cell Signaling
Technology Inc. Mouse monoclonal antibodies
against a-tubulin, FLAG-tag M2, and GFP were
obtained from EMD Millipore Co., Sigma-Aldrich
Inc., and Roche Diagnostic GmbH.

RNA extraction and real-time PCR

Total RNA was extracted with PureLink™ RNA
Mini Kits by Life Technology from HCC2429
cells or HEK 293 cells after transfection of
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either Notch3 plasmids or control plasmids.
RNA was reverse transcribed with iScript cDNA
synthesis kits (Bio-RAD, Hercules, CA). Real-
time PCR was performed with the iQ5 multicol-
or Real-Time PCR detection system (Bio-RAD).
For the reactions, 50 ul mixtures were used
containing 5 ul cDNA sample (0.5-1 pg/ul), 300
nM of primers for target genes or GAPDH. After
incubation at 50°C for 2 min followed by 95°C
for 10 min, the reactions were carried out for
40 cycles of the following: 95°C for 15 sec and
55°C for 1 min. The threshold cycle value (Ct)
was obtained with iCycler Optical system inter-
face software. The mean Ct of target genes was
calculated from triplicate measurements and
normalized with the mean Ct of the control
gene for GAPDH. The sequences for forward
and reverse primers were as followed: HES1,
ATG CTC TGA AGA AAG GCT CGC GG and TCC
GGA GGT GCTTCACTG TCATTT; HEY L, TCATCT
GCA AGA CCT CGG CTT and AGG GCA CTG GCA
GTT ATA GGT GTT;, NOTCH3, TGT GAA GTG AAC
GTG GAC GAC TGT and AGG GCA CTG GCA GTT
ATA GGT GTT; MANIC FRINGE, ACG AGG CTG
GTA CAG TTC TGG TTT and TCA GGG TGT GCA
CTG TGA GAT CAA; and GAPDH, TCT CCT CTG
ACT TCA ACA GCG ACA and CCC TGT TGC TGT
AGC CAA ATT CGT.

Proliferation and soft agar colony formation
assay

Cell proliferation was assessed using alamar
blue cell viability reagent (Invitrogen) according
to the manufacturer's protocol. Briefly,
HCC2429 cells or H460 cells, stably transfect-
ed with or without mFng-expressing plasmid,
were plated at the density of 3000 cells/96-
well plate and cultured in complete RPMI with
300 pg/ml of G418. On each day of analysis,
alamar reagent was added directly to cells in
the culture medium and incubated 4 hours at
37°C, after which the absorbance at 570 nm
wave length was measured using a synergy HT
instrument (BioTek). The experiments were per-
formed in triplicate. For agar colony formation
assays, cells expressing mFng were plated into
35 mm dishes at a density of 5000 cells per
plate and suspended in 0.4% agar containing
10% FBS RPMI and 300 pg/ml of G418 over
0.8% base agar. The plates were incubated at
37°C and 5% CO, in a humidified chamber for
14 days. The number and area of the colonies
in each dish were determined with NIH Image)J
software.
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In vivo tumorigenicity assay

Animal experiments were performed in accor-
dance with the approval by the University of
Virginia Institutional Animal Care and Use
Committee (IACUC). Briefly, athymic 4-6-week-
old female nude mice were used as tumor
xenograft model. HCC2429-mFng cells (1 x 10°
cells in the volume of 200 pl of PBS) were inoc-
ulated subcutaneously (s.c.) into the right pos-
terior legs of the mice. The animals were fol-
lowed daily and tumors were measured with a
caliper after three weeks. Tumor volume (TV)
was calculated using the formula: TV = (length)
x (Width)/2.

Cycloheximide chase and protein accumula-
tion assays

The HEK cells were transfected with Notch3
and Manic Fringe or vector control plasmids.
Twelve hours after transfection, the cells were
treated with 40 yg/mL cycloheximide or protea-
some inhibitor MG132 at 20 pyM for various
time intervals and then lysed in 2 x SDS sample
buffer. The samples were analyzed with immu-
noblotting using Notch3 antibodies.

Results

Expression of manic fringe is down-regulated
in lung cancer

Fringe modulates Notch signaling via glycosyl-
ation of the O-fucose residues that are attached
to the epidermal growth factor-like sequence
repeats of the Notch receptor. This glycosyl-
ation potentiates Notch signaling through
Delta-like ligands at the expense of the Jagged
ligands [10]. We have previously shown that
Jaggedl and Notch3 are over-expressed in lung
cancers and that inhibiting Notch3 signaling
results in the suppression of tumor phenotype
[7, 26]. Furthermore, Jaggedl formed a juxta-
crine loop with Notch3 to promote cancer
growth [27]. Based on these observations, we
hypothesized that Fringe may function as a
tumor suppressor by inhibiting Jaggedl
signaling.

To test our hypothesis, we utilized available
lung cancer databases through Oncomine
(www.oncomine.org) to query for the expres-
sion of the three mammalian Fringes. Seven
lung cancer microarray datasets with normal
controls were utilized. We found that Manic
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Figure 1. Manic Fringe expression is downregulated in cancer cells. A: Oncomine analysis of deposited expression
microarray data shows down-regulation of Manic Fringe transcript in multiple tumor types compared with normal
tissue. Reporters: 204152_s_at from Human Genome U133A Array (Hou, Landi, Su and Wachi datasets), cDNA
IMAGE:51817 (Garber) and 41521 _at from Human Genome U95A-Av2 Array (Bhattacharjee and Stearman). B: Six
datasets containing all three Fringes were used for analysis. Using gene rank analysis by Oncomine, the highest
reduction in expression was observed for Manic Fringe compared to Lunatic Fringe and Radical Fringe. C: Expres-
sion of Manic Fringe in 22 lung cancer cell lines is decreased compared to immortalized epithelial cell line BEAS-2B.

Fringe expression is statistically decreased in
lung tumors compared to controls (Figure 1A).
To compare expression of Manic Fringe, Lunatic
Fringe and Radical Fringe, we used gene rank-
ing based on the P-value for each analysis
(www.oncomine.org) and noted that of the six
eligible data sets, Manic Fringe is more likely to
be down-regulated compared to Lunatic Fringe
or Radical Fringe (Figure 1B). This observation
concurs with the finding that Manic Fringe is the
only family member whose genetic locus is
deleted in lung cancer. We then surveyed the
expression of Manic Fringe in 21 lung cancer
cell lines. We noted that, compared to the
immortalized lung epithelial cell line BEAS2-B,
nearly all cell lines exhibited reduced expres-
sion of Manic Fringe (Figure 1C). Loss of tumor
suppressor expression is a hallmark of many
cancers, and the reduced expression of Manic
Fringe in lung cancer supports the hypothesis
that Manic Fringe is a tumor suppressor.

Forced expression of manic fringe reduces tu-
mor growth in vitro and in vivo

To examine the functional role of Manic Fringe
in lung cancer, we created stable clones
expressing human Manic Fringe in lung cancer
cell lines HCC2429 and H460. Using the ala-
mar blue assay, we observed a decrease in the
proliferation of H460 cells transfected with
Manic Fringe compared with control vector in
serum-free condition but not in serum-supple-
mented media (Figure 2A). We noted a similar
effect of Notch3 inhibition on cancer cell prolif-
eration in serum-deprived media in previous
studies [26]. One hallmark of cancer cells is
anchorage-dependent growth. Manic Fringe
diminished either the number or the size of the
colonies (Figure 2B). When the clones were
injected into the flanks of nude mice, a signifi-
cant reduction in tumor size was observed.
Moreover, whereas all control animals formed
tumors after 15 days, approximately half of the
experimental animals transfected with clones
expressing Manic Fringe formed no appreciable
tumors (Figure 2C).
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Manic fringe suppresses Notch3 levels and
expression of Notch-dependent genes in lung
cancer cells and 293T cells

Fringe is a key modulator of Notch, by suppress-
ing Jaggedl-dependent signaling [27]. We
expect that Manic Fringe reduced lung tumor
proliferation and growth by inhibiting the inter-
action between Notch3 and its ligand Jagged1.
However, as shown in Figure 3A, the expres-
sion levels of activated Notch3 (N3ICD) and
full-length Notch3 (N3FL) were decreased with
the overexpression of Manic Fringe in both lung
cancer cell lines HCC2429 and H460. No
change in the level of Jaggedl was noted
(Figure 3A, first panel). Furthermore, when HEK
293T cells were transiently transfected with
both full-length Notch3 and Manic Fringe, we
observed reduced levels of both full-length
(N3FL) and activated Notch3 (N3ICD) in the
presence of Manic Fringe (Figure 3B). We noted
that Manic Fringe also reduced the full-length
(N1FL) and activated form (N1ICD) of Notchl,
although to a lesser degree (Figure 3C). In addi-
tion, Manic Fringe reduced the expression of
Notch-dependent genes HES1 and HeyL, sug-
gesting repression of Notch-dependent activa-
tion (Figure 3D).

Manic fringe enhances degradation of Notch3

Given the role of Fringe in modulating Notch
activation, we also examined the effect of
Manic Fringe on Notch3’s interaction with
Jaggedl. However, we did not observe any dif-
ference between the ability of Jaggedl to
induce cleavage and activation of Notch3 (data
not shown). Furthermore, Manic Fringe did not
alter N3ICD’s binding with the Notch transcrip-
tion factor RBP-Jk (data not shown). These
observations suggest that Manic Fringe does
not interfere with Notch3’s activation by Jagged
ligands, but rather that it modulates Notch3’s
activity by regulating its protein turnover. While
the protein level of Notch3 was suppressed by
Manic Fringe, the transcriptional expression of
Notch3 was not significantly reduced (Figure
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Figure 2. Manic Fringe suppresses the tumor phenotype in lung cancer cells. A: Manic Fringe increases the depen-
dency of H460 cells on exogenous growth factors. Under serum-starved conditions, the proliferative growth of the
cells expressing Manic Fringe is severely inhibited compared with that of control. However, with the addition of exog-
enous growth factors the growth rate is equal to that of VC. B: Manic Fringe (MFng1 and MFng4) markedly reduces
the number (First panel) or size (Second panel) of the colonies formed in soft agar, compared with vector control
(VC) in HCC2429 cells. A representative soft agar experiment demonstrating a significant decrease in the number of
colonies of clones expressing Manic Fringe compared to VC (Third panel). The number and size of colonies formed
were measured and calculated using the NIH Imagel. C: Cells transfected with Manic Fringe formed less tumors in
the flanks of nude mice compared to control clones. The sizes of the Manic Fringe tumors were generally smaller.
(*) Denotes statistical significance p<0.05.

4A). In fact, in transient transfections using Fringe transfected cells was increased (Figure
HEK 293, the transcription of Notch3 in Manic 4A, second panel). Since we did not detect a
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Figure 3. Manic Fringe reduces Notch3 protein levels and down-regulates Notch target genes. A: H460 and HCC2429
cells stably transfected with Manic Fringe showed a decreased in the levels of both full-length and activated forms
of Notch3. No change in the level of the Notch ligand Jagged1 was detected. B: Similar results were observed when
HEK293 cells were transiently transfected with Manic Fringe. C: Minimal reduction of Notch1 was observed in HEK
293 when Manic Fringe were over-expressed. D: Marked fold-change in transcriptions of Notch-dependent genes
HES1 and HeyL was observed with realtime RT-PCR, compared to control clone.

reduction in Notch3 transcriptional expression the turnover rate of Notch3 protein, using cyclo-
in Manic Fringe transfected cells, we examined heximide blocking. Immunoblot analysis of
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Figure 4. Manic Fringe enhances Notch3 degradation. A: Manic Fringe has no effect on mRNA expression of Notch3
in stably transfected HCC2429 clones. After transient transfection of Manic Fringe in HEK 293 cells, the mRNA of
Notch3 was increased compared to control, suggesting that the inhibitory effect on Notch3 is not through transcrip-
tion. B: Cycloheximide blocking assays showed a noticeable increase in the clearance of both full-length (N3FL) and
activated form (N3ICD) of Notch3 in Manic Fringe clones compared to controls, particularly after 12 and 24 hours.
C: Extracts from HEK 293 cells were transfected with Notch3 and Manic Fringe or vector control and treated with 20
UM MG132 at different intervals. The activated level of Notch3 increased with treatment in both transiently trans-
fected HEK 293. D: Similar observation was made in stable clones expressing Manic Fringe.

Notch3 protein showed that in the presence of
Manic Fringe Notch3 protein was cleared more
quickly than under control conditions (Figure
4B). The increased turnover rate in cells trans-
fected with Manic Fringe suggests that Manic
Fringe enhances the degradation of Notch3.

Notch proteins contain a PEST domain at the
C-terminus. This domain is a target for ubiquity-
lation and proteasome-mediated degradation,
a common mechanism of inactivation for pro-
teins with regulatory functions. In a time-course
experiment, HEK 293 cells transiently trans-
fected with Manic Fringe or vector control were
treated with the proteasome inhibitor MG132.
Compared with controls, activated Notch3 pro-
tein started to accumulate within 3 hours of
incubation with MG132 (Figure 4B). Similar
observations were made in stable clones
expressing Manic Fringe (Figure 4D). The data
supports a role for Manic Fringe as a tumor sup-
pressor that diminishes the level of Notch3 by
promoting degradation through a proteasome
mediated pathway.

Discussion

Three mammalian Fringe paralogs have been
described: Manic Fringe, Lunatic Fringe and
Radical Fringe. Their collective roles in develop-
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ment are still being explored. Like Notch recep-
tors, the differential expression of the three
Fringe proteins in development suggests non-
redundancy and context-dependent signaling
[28, 29]. A recent paper showed that deletion
of Lunatic Fringe contributed to basal-like
breast cancer through the accumulation of
Notch’s intracellular domain [14]. The results of
the present study indicate that Manic Fringe,
but not Lunatic or Radical Fringe, is a tumor
suppressor in lung cancer. While more studies
are needed to reach a definitive conclusion, it is
likely that, analogous to Notch receptors, the
phenotypic outcome of Fringe modulation is
context-dependent.

Since Notch’s activated intracellular domain
can no longer be modified by extracellular stim-
uli after receptor signaling, it is not surprising
that a major mode of controlling Notch signal-
ing is through the control of protein turnover
rates. Indeed, known negative regulators of
Notch signaling such as Deltex and Numb pro-
mote Notch degradation [30, 31]. Since no
Notch-independent activity has been described
for Fringe, it is likely that the mechanism of
Manic Fringe’s anti-tumor effect is modulation
of Notch’s activation. Previous studies have
shown that Fringe-mediated glycosylation mod-
ulates Notch-ligand binding through glycosyl-
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ation. Our data suggests a novel mechanism
for Manic Fringe-mediated Notch3 downregula-
tion, through accelerated proteasome depen-
dent-degradation.

It is not known whether different Fringe enzy-
mes glycosylate different Fucose residues and/
or a different number of Fucose residues on
Notch receptors. The pattern of glycosylation
catalyzed by Manic Fringe may affect the cellu-
lar distribution of Notch3, for example by inhib-
iting its export to the plasma membrane and
promoting its recycling into endosomes. Since
the turnover of full-length Notch3 was also
affected by Manic Fringe, it is possible that
Manic Fringe-glycosylated Notch3 is less effi-
ciently exported to the trans-Golgi and/or
cleaved by Furin-like convertase. Uncleaved
Notch3 would be shunted to an intracellular
degradation pathway. Alternatively, glycosyl-
ation by Manic Fringe may prevent Jaggedl-
dependent Notch activation. In the absence of
Delta ligands, this may indirectly enhance recy-
cling and turnover of inactive Notch3.

In summary, we have shown that the expres-
sion of Manic Fringe is frequently down-regulat-
ed in lung cancer and that Manic Fringe inhibits
lung cancer cell proliferation and tumorigene-
sis. These observations support a novel role of
Manic Fringe as tumor suppressor, confirm the
role for Notch-dependent oncogenesis in lung
cancer and reveal a new function of Manic
Fringe as a regulator of Notch3 protein turn-
over.
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