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The Notch signal pathway plays multifaceted roles to promote or suppress tumorigenesis. The Notch1
receptor intracellular domain (N1IC), the activated form of the Notch1 receptor, activates the c-myc proto-
oncogene. The complex of N1IC and transcription factor YY1 binds to the human c-myc promoter to enhance
c-myc expression in a CBF1-independent manner. Here we demonstrated that N1IC interacted with the
c-Myc-regulating proteins �-enolase and c-myc promoter binding protein 1 (MBP-1). Both �-enolase and
MBP-1 suppressed the N1IC-enhanced activity of the c-myc promoter in a CBF1-independent manner. The YY1
response element in front of the P2 c-myc promoter was essential and sufficient for the modulation of c-myc by
N1IC and �-enolase or MBP-1. Furthermore, N1IC, YY1, and �-enolase or MBP-1 but not CBF1 bound to the
c-myc promoter through associating with the YY1 response element. Hemin-induced erythroid differentiation
was suppressed by N1IC in K562 cells. This suppression was relieved by the expression of �-enolase and
MBP-1. In addition, both �-enolase and MBP-1 suppressed the N1IC-enhanced colony-forming ability through
c-myc. These results indicate that the activated Notch1 receptor and �-enolase or MBP-1 cooperate in
controlling c-myc expression through binding the YY1 response element of the c-myc promoter to regulate
tumorigenesis.

The Notch signal pathway is involved in the control of sev-
eral cellular functions, including cell fate decision, prolifera-
tion, differentiation, apoptosis, and tumorigenesis (for reviews,
see references 3, 5, 20, 26, 34, and 39). Notch genes encode
evolutionarily conserved receptors that may be exhibited as an
oncogene or tumor suppressor to modulate tumorigenesis (for
reviews, see references 22, 29, and 34). Depending on the
cellular context and cross talk with other signal pathways in
various tumor types, the multifaceted roles of Notch signaling
function via their effects on differentiation, cellular metabo-
lism, cell cycle progression, angiogenesis, self-renewal, and im-
mune response (29, 30, 34, 47). However, the mechanisms
which underlie the Notch signal pathway controlling tumori-
genesis are not yet fully understood.

Notch receptors are single-span transmembrane proteins
with several functional domains. In the prevailing model of the
Notch signal pathway, the Notch receptor is activated after
ligand binding and is cleaved to release and translocate its
intracellular domain into the nucleus. The Notch receptor in-
tracellular domain modulates its target genes through both C
promoter binding factor 1 (CBF1, also called RBP-J�)-depen-
dent and -independent pathways (29).

Recently, several reports have documented that the Notch

signal pathway enhances the expression of c-myc (19, 24, 28,
30, 35, 36, 44). In our previous study (24), the activated form of
Notch1 receptor (the Notch1 receptor intracellular domain
[N1IC]) was found to activate c-myc expression via its associ-
ation with the transcription factor Ying Yang 1 (YY1). Fur-
thermore, the N1IC-YY1-associated complex binds to the c-myc
promoter and activates c-Myc expression in a CBF1-independent
pathway.

We also had screened cellular factors associated with the
activated Notch1 receptor to gain insight into the molecular
mechanism of Notch signaling (45, 46). The �-enolase was
identified as a candidate N1IC-associated protein. The �-eno-
lase gene encodes both a glycolytic enzyme (17) and a tran-
scriptional suppressor, the c-myc promoter binding protein 1
(MBP-1). MBP-1 is produced by an alternative translation
initiation codon from the �-enolase gene but does not have the
enzyme activity of enolase (11, 37). c-myc expression is sup-
pressed by �-enolase and MBP-1 through binding to the major
c-myc promoter, P2 (7, 11, 31, 32, 37). Both �-enolase and
MBP-1 were shown to play an important role in tumorigenesis.
They exert a tumor-suppressive effect on breast carcinoma
(33), non-small-cell lung cancer (6, 14), prostate tumors (15,
16), and neuroblastoma (10), whereas �-enolase expression is
upregulated in hepatitis C virus-related hepatocellular carci-
noma (38).

It was demonstrated that the induction of c-myc expression
contributes to tumorigenesis (for reviews, see references 1, 2,
9, and 13). A significant proportion (10% to 15%) of genes in
both the human and Drosophila genomes are regulated by
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c-Myc (12, 23, 27). Therefore, it is important to dissect the
regulatory mechanism of c-myc expression by Notch signaling,
�-enolase, and MBP-1.

MATERIALS AND METHODS

Plasmids and plasmid construction. The pcDNA-HA-N1IC expression con-
struct contains cDNA encoding the human Notch1 receptor intracellular domain
with an N-terminal hemagglutinin (HA) tag (46). The pCMV-YY1 expression
construct contains cDNA encoding the full-length YY1 (25, 46). The cDNAs of
�-enolase and MBP-1 were cloned by reverse transcription-PCR from RNA of
HeLa cells and were confirmed by sequencing. The expression constructs
pcDNA-HA-�-enolase and pcDNA-HA-MBP-1 contain the cDNAs encoding
�-enolase and MBP-1 with N-terminal HA tags. The expression construct
pSG5Flag-RBP-VP16 (a gift of E. Manet) contains cDNA encoding the consti-
tutively active RBP-J� mutant. The pGST-�-enolase and pGST-MBP-1 plasmids
direct the expression of glutathione S-transferase (GST) fusion proteins with
�-enolase and MBP-1, respectively.

The promoter DNA fragments were constructed in front of the luciferase gene
in the pGL2-basic vector for all reporter plasmids containing various lengths of
the human c-myc promoter. The c-myc promoter DNA was derived from
pLB1530 (24), a kind gift from L. M. Boxer. Reporter plasmid pc-Myc-Pro-Luc
contains the c-myc promoter (nucleotides [nt] �2328 to �961 in relation to the
P2 promoter). The reporter plasmids KNM-Luc, SNM-Luc, NNM-Luc, KXM-
Luc, KPM-Luc, and PXM-Luc contain c-myc promoter DNA fragments from the
KpnI to NaeI, SmaI to NaeI, NotI to NaeI, KpnI to XhoI, KpnI to PvuII, and
PvuII to XhoI sites, respectively. The P0-Luc and P1-Luc reporter plasmids, with
P0 and P1 c-myc promoters, contain c-myc promoter DNA fragments from the
KpnI to SmaI and SmaI to XhoI sites, respectively. The reporter plasmid
KXdPSM-Luc contains the c-myc promoter from the KpnI to XhoI sites in
which the DNA fragment from the PvuII to SmaI sites was deleted. The
reporter plasmid KXM-YY1 (mt)-Luc contains the c-myc promoter from the
KpnI to XhoI sites in which the putative YY1 response element located at nt
�244 to �240 in relation to the P2 promoter was mutated from CCATA to
TTATA. The reporter plasmid pYY1-RE-Luc containing the wild-type YY1
response elements was described previously (25). All constructs were verified
by sequencing.

To knock down the endogenous Notch1 receptor and �-enolase or MBP-1, the
following target sequences were constructed in the small interfering RNA
(siRNA) vector pLKO.1: Notch1 receptor, 5�-GCCGAACCAATACAACCCTC
T-3�; �-enolase or MBP-1, 5�-CCGGCGTTCAATGTCATCAAT-3� (no. 22)
and 5�-CGTGAACGAGAAGTCCTGCAA-3� (no. 24). An siRNA vector
against luciferase (pLKO.1-shLuc) was used as a negative control for knockdown
validation. The pPGK-GFP expression construct contains cDNA encoding the
green fluorescent protein (GFP) in the pLKO.1 vector as a control. To knock
down the endogenous c-Myc, the target sequence 5�-GGTCAGAGTCTGGAT
CACC-3� was constructed in the siRNA vector pSilencer 3.1-H1 neo.

Cell culture and transfection. Human erythroleukemia K562 cells, acute T-cell
leukemia Jurkat cells, acute T-cell lymphoblastic lymphoma SUP-T1 cells, and
cervical carcinoma HeLa cells were cultured in RPMI 1640 and Dulbecco mod-
ified Eagle medium with 10% fetal bovine serum. Established K562 cells express-
ing the HA-N1IC fusion protein (K562/HA-N1IC) and their control cells (K562/
pcDNA3) were described previously (46). Established c-Myc-knockdown HeLa
cells (HeLaMyci4 and -5) and their control cells (HeLa control) were described
previously (8).

K562 and HeLa cells were transiently transfected with the SuperFect trans-
fection reagent (Qiagen) and the calcium phosphate coprecipitation method,
respectively (45, 46). Jurkat and SUP-T1 cells were transiently transfected by
electroporation (46). For luciferase reporter gene assay, K562 cells (5 � 105)
were seeded onto six-well plates and transiently transfected for 2 days. Luciferase
activities were measured using the dual-luciferase reporter assay system (Pro-
mega), and then Renilla luciferase activity was used to normalize for transfection
efficiency.

For Western blot analysis, HeLa cells (2 � 106) were seeded onto 10-cm dishes
and transiently transfected for 2 days. In chromatin immunoprecipitation (ChIP)
experiments, K562/HA-N1IC cells (1 � 106) were transfected with 10 �g of the
indicated reporter plasmids, and cells were harvested 24 hours after transfection.
In erythroid differentiation experiments, K562 cells (5 � 105) were transfected
and then induced to differentiate with hemin at 2 days after transfection. For
colony-forming assay, K562 cells (5 � 105) and HeLa cells (3 � 105) were
transfected with the indicated combination of plasmids with relevant controls for
2 days.

DAPT {N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester}
(Sigma-Aldrich) at the indicated concentrations in dimethyl sulfoxide or an equal
volume of dimethyl sulfoxide was added for treatment.

Western blot analysis. Nuclear extracts and whole-cell lysates were prepared
as previously described (46). Laemmli’s sample buffer was added to the cell
lysates or immunoprecipitated pellets, heated at 95°C for 5 min, and then analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). West-
ern blotting was performed with anti-HA, anti-�-enolase, anti-Notch1 C terminus
(C-ter), anti-YY1, anti-c-Myc (Santa Cruz), and anti-glyceraldehyde-3-phosphate
dehydrogenase (anti-GAPDH) (Biogenesis) antibodies.

Coimmunoprecipitation. As described previously (46), 5 �l of anti-�-enolase
or anti-Notch1 C-ter antibodies and 50 �l of a 50% (vol/vol) slurry of protein
A-Sepharose were added into 450 �l of NETN buffer and then rotated at 4°C for
more than 1 hour to prepare the slurry of antibody-conjugated protein A-
Sepharose. Immunoprecipitation was performed by rotating mixtures of cell
lysates and mouse immunoglobulin G (IgG)-bound protein A-Sepharose (con-
trol) or antibody (anti-�-enolase or anti-Notch1 C-ter)-conjugated protein A-
Sepharose at 4°C for at least one hour.

Immunofluorescence staining and confocal microscopy. For immunofluores-
cence staining, cells (1 � 104) were washed and then resuspended in 300 �l of
phosphate-buffered saline. They were spun onto silane-coated slides with a
cytofuge (Thermo Cytospin 4; Shandon) at 400 rpm for 5 min. After air drying
for 10 min, cells on slides were fixed with acetone-methanol (1:1) at �20°C for
5 min. The cells were then incubated with primary rabbit anti-�-enolase antibody
or goat anti-Notch1 C-ter antibody (Santa Cruz) and subsequently with second-
ary Alexa Fluor 488-conjugated donkey anti-goat IgG or Alexa Fluor 568-con-
jugated donkey anti-rabbit IgG (Molecular Probes). For nuclear staining, cells
were further incubated with 4�,6-diamidino-2-phenylindole dihydrochloride
(DAPI) (Sigma-Aldrich). After staining, the cells were mounted with antibleach-
ing reagent (Dako), and the localizations of the Notch1 receptor intracellular
domain and �-enolase or MBP-1 were examined by confocal laser scanning
microscopy (Leica TCS SP2).

GST fusion protein pull-down assay. GST–MBP-1 and GST–�-enolase fusion
proteins expressed from the pGST-MBP-1 and pGST-�-enolase expression con-
structs were induced and purified as described previously (46). Whole-cell ex-
tracts of K562/HA-N1IC, K562/pcDNA3, and SUP-T1 cells were prepared in
NETN buffer. A 50% (vol/vol) slurry of glutathione-agarose resin prebound with
0.5 �g of GST or GST fusion proteins was incubated with 500 �g of whole-cell
extracts for the pull-down assay at 4°C for 2 h as described previously (46).

ChIP assay. For the ChIP assay to amplify the DNA fragments in chromo-
somal or plasmid DNAs, nuclear or whole-cell extracts were prepared as de-
scribed before (43, 46). The ChIP assay of K562/HA-N1IC cells with or without
transfection was performed using protein A-Sepharose-bound antibodies, includ-
ing anti-�-enolase, anti-Notch1 C-ter, anti-YY1, and anti-CBF1 (Chemicon)
antibodies. The specific primers 5�-GAGGAGCAGCAGAGAAAGG-3� and 5�-
TCCCCCACGCCCTCTGC-3� for PCR amplification were used to amplify a
210-bp DNA fragment (nt �409 to �200 in relation to the P2 promoter) of the
c-myc promoter including chromosomal DNA and reporter plasmids KXM-Luc
and KXM-YY1 (mt)-Luc. The specific primers 5�-CAAGACCAAAGCGGAA
AGAA-3� and 5�-GGATCCTGTGTGATCCCTAGGC-3� for PCR amplifica-
tion were used to amplify a 312-bp DNA fragment of the Hes-1 promoter in
chromosomal DNA. The specific primers 5�-CCTCTATCATTCCTCCC-3� and
5�-TCCCCCACGCCCTCTGC-3� for PCR amplification were used to amplify
473- and 225-bp DNA fragments (nt �672 to �200 in relation to the P2 pro-
moter) of the c-myc promoter in reporter plasmids KXM-Luc and KXdPSM-
Luc, respectively. The GLprimer1 and GLprimer2 primers for PCR amplifica-
tion were used to amplify a 334-bp DNA fragment containing the thymidine
kinase promoter of herpes simplex virus type 1 and YY1 response elements in
the reporter plasmids pYY1-RE-Luc and pYY1-RE (mt)-Luc. The percentages
of immunoprecipitated promoter fragments were quantified by real-time PCR
using Sybr green as described elsewhere (24) and normalized to total input DNA.

Erythroid differentiation and benzidine staining. The transfected K562 cells
were treated with 40 �M hemin (Sigma-Aldrich) for 2 days to induce erythroid
differentiation. The cells (1 � 105) were then washed twice with ice-cold phos-
phate-buffered saline and resuspended in 27 �l of ice-cold phosphate-buffered
saline. The benzidine stock solution contains 0.2% (wt/vol) benzidine dihydro-
chloride (Sigma-Aldrich) in 0.5 M glacial acetic acid. After addition of 3 �l of
benzidine solution containing hydrogen peroxide (0.3% final concentration), the
cells were further incubated for 10 min at room temperature. The dark-blue-
stained cells were quantitated as benzidine-positive cells under light microscopy.
At least 100 cells were counted in triplicate for each experiment.

Colony-forming assay. To assay for anchorage-independent growth in soft
agar, transfected K562, HeLa, Jurkat, or SUP-T1 cells were harvested after 2
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days of transfection, and 2,000 K562 cells, 4,000 HeLa cells, 2,000 Jurkat cells, or
2,000 SUP-T1 cells were mixed in 1 ml of 0.2% agar with complete medium and
seeded onto a six-well plate containing 1.5 ml of 0.6% agar in complete medium.
These cells were further incubated for 7 or 14 days, and 200 �l of medium was
added every 3 days to prevent desiccation. After staining with 0.005% crystal
violet in phosphate-buffered saline for 1 h, colonies larger than 0.1 mm in
diameter were counted under the microscope from 10 random fields.

Real-time PCR analysis. As described previously (24), total RNA was ex-
tracted using the Trizol reagent (Invitrogen), and real-time PCR analysis was
performed. The 84-bp Hes-1 cDNA was amplified with the primers 5�-AGCGG
GCGCAGATGAC-3� and 5�-CGTTCATGCACTCGCTGAA-3�. The 71-bp
Hey-1 cDNA was amplified with the primers 5�-GAAAAAGCCGAGATC-3�
and 5�-TAACCTTTCCCTCCT-3�. The 51-bp Hey-2 cDNA was amplified with
the primers 5�-AGATGCTTCAGGCAACAGGG-3� and 5�-CAAGAGCGTGT
GCGTCAAAG-3�. The 478-bp c-Myc cDNA was amplified with the primers
5�-TACCCTCTCAACGACAGCAG-3� and 5�-TCTTGACATTCTCCTCGGT
G-3�. The 176-bp cDNA of the internal control GAPDH was amplified with the
primers 5�-AAATCCCATCACCATCTTCC-3� and 5�-TCACACCCATGACG
AACA-3�. The relative quantification of mRNA expression level was normalized
to that of GAPDH and corrected to a calibrator using the RelQuant software
(Roche). All data are mean values and standard deviations from three or four
independent experiments.

RESULTS

N1IC associates with �-enolase and MBP-1 in the nuclei of
cells. To dissect the molecular mechanism of Notch signaling
in tumorigenesis, we had screened cellular factors associated
with the activated Notch1 receptor (45, 46). �-Enolase was a
candidate N1IC-associated protein. To confirm the association
between N1IC and �-enolase in cells, coimmunoprecipitation
was performed with N1IC-expressing K562 cells (K562/HA-
N1IC). The �-enolase was immunoprecipitated by antibody
against �-enolase but not IgG (Fig. 1A, left). After stripping
and reprobing of this immunoprecipitated blot, N1IC and YY1
were also detected by anti-Notch1 C-ter and anti-YY1 anti-
bodies, respectively. Furthermore, MBP-1 was also immuno-
precipitated and detected by anti-�-enolase antibody.

Alternatively, whole-cell extracts of N1IC-expressing gastric
SC-M1 cells and HEK293 cells were also used to confirm the
associations among these proteins. N1IC, YY1, �-enolase, and
MBP-1 all were coimmunoprecipitated by anti-Notch1 C-ter
antibody (data not shown). Furthermore, associations among
these endogenous proteins were also observed in Jurkat and
SUP-T1 cells by coimmunoprecipitaion using anti-Notch1 C-
ter antibody (Fig. 1A, middle and right).

�-Enloase is localized in cytoplasm and nuclei (41), but
MBP-1 is localized predominantly in nuclei (11). To check
whether N1IC interacts with �-enolase and MBP-1 in nuclei,
coimmunoprecipitation was also performed with nuclear ex-
tracts of K562/HA-N1IC cells using anti-Notch1 C-ter anti-
body (Fig. 1B). Besides YY1, the �-enolase and MBP-1 were
coimmunoprecipitated with N1IC. Additionally, immunofluo-
rescence staining of N1IC and �-enolase or MBP-1 was also
performed and then analyzed by confocal microscopy. As de-
scribed in a previous study (18), the polyclonal H-300 antibody
against �-enolase antibody was used to detect �-enolase and
MBP-1. N1IC and �-enolase or MBP-1 were colocalized in
nuclei of Jurkat, SUP-T1, and K562/HA-N1IC cells (Fig. 1C).
These results showed that N1IC is associated with YY1, �-eno-
lase, and MBP-1 in the nuclei of cells.

To investigate whether the interaction between N1IC and
�-enolase or MBP-1 is direct or indirect, both the GST–MBP-1
and GST–�-enolase fusion proteins were expressed and puri-

fied for GST pull-down assay. The partially purified GST-
MBP-1 and GST–�-enolase fusion proteins were analyzed by
Western blot analysis using anti-�-enolase antibody (Fig. 1D).
Both GST–MBP-1 and GST–�-enolase fusion proteins were
associated with N1IC and YY1 of K562/HA-N1IC cells (Fig.
1E, left). However, GST–MBP-1 and GST–�-enolase fusion
proteins were not associated with endogenous YY1 of K562/
pcDNA3 control cells. Additionally, the associations of GST–
MBP-1 and GST–�-enolase fusion proteins with endogenous
N1IC and YY1 were also confirmed in SUP-T1 cells (Fig. 1E,
right). These results suggest that YY1 does not directly inter-
act with �-enolase and MBP-1 in the absence of N1IC. N1IC is
required for the associations among N1IC, YY1, and �-enolase
or MBP-1.

The YY1 response element is important for transactivation
of c-myc by N1IC. To assess the role of the cooperation be-
tween N1IC and �-enolase or MBP-1 in the control of the
c-myc gene, we first searched the critical regions of the c-myc
promoter for c-myc expression modulated by N1IC. Reporter
plasmids containing various lengths of the human c-myc promoter
were constructed for luciferase reporter gene assay (Fig. 2A).

The activity of the reporter gene was enhanced after the
cotransfection with N1IC-expressing plasmid (pcDNA-HA-
N1IC) and pc-Myc-Pro-Luc or KNM-Luc reporter plasmids
containing the P0, P1, and P2 c-myc promoters in K562 cells
(Fig. 2B). The expression of N1IC also elevated reporter
gene activity after transfection with the KXM-Luc reporter
plasmid in which the P2 c-myc promoter was deleted. Thus,
the P2 c-myc promoter is dispensable for the transactivation
of c-myc by N1IC. Additionally, reporter gene activity was
slightly promoted after the cotransfection of the N1IC-ex-
pressing construct and SNM-Luc reporter plasmid contain-
ing both the P1 and P2 c-myc promoters or with the NNM-
Luc reporter plasmid containing the P2 c-myc promoter.
However, the expression of N1IC did not significantly en-
hance reporter gene activity after the transfection with P0-
Luc or P1-Luc reporter plasmids, containing P0 or P1 c-myc
promoters, respectively.

To further map the critical regions of the c-myc promoter
regulated by N1IC, the DNA fragment of this promoter in
the KXM-Luc reporter plasmid was divided into two parts to
construct the KPM-Luc (5� half) and PXM-Luc (3� half)
reporter plasmids. Reporter gene activity was enhanced af-
ter the cotransfection with the N1IC construct and reporter
plasmid PXM-Luc, but not KPM-Luc (Fig. 2C, left). Owing
to the inability of N1IC to promote reporter gene activity of
the P1-Luc reporter plasmid (Fig. 2B), it is possible that
N1IC may activate c-myc through the DNA sequence be-
tween the PvuII and SmaI sites in the c-myc promoter of the
PXM-Luc reporter plasmid. To evaluate this possibility, the
DNA fragment of the c-myc promoter between the PvuII
and SmaI sites in the KXM-Luc reporter plasmid was omit-
ted and the KXdPSM-Luc reporter plasmid was con-
structed. The data showed that the expression of N1IC did
not elevate reporter gene activity after transfection with the
KXdPSM-Luc reporter plasmid (Fig. 2C, right). Therefore,
the DNA sequence between the PvuII and SmaI sites in the
c-myc promoter is necessary for its activation by N1IC.

As described previously (24), we also found that the activa-
tion of the c-myc promoter by N1IC depends on the formation
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FIG. 1. N1IC associates with �-enolase and MBP-1. (A) Whole-cell extracts of N1IC-expressing K562/HA-N1IC cells (left), Jurkat cells
(middle), and SUP-T1 cells (right) were prepared for coimmunoprecipitation using anti-IgG, anti-�-enolase, and anti-Notch1 C-ter
antibodies. The precipitated proteins were resolved by SDS-PAGE and analyzed by Western blot analysis using anti-Notch1 C-ter antibody.
The immunoblot was stripped and then reprobed with anti-YY1 and anti-�-enolase antibodies, sequentially. Note the anti-�-enolase
antibody can recognize both �-enolase and MBP-1 (18). (B) Nuclear extracts of K562/HA-N1IC cells were prepared for coimmunoprecipi-
tation using anti-IgG and anti-Notch1 C-ter antibodies. The precipitated proteins were analyzed by Western blot analysis using anti-Notch1
C-ter, anti-YY1, and anti-�-enolase antibodies. (C) The localizations of the Notch1 receptor intracellular domain and �-enolase or MBP-1
were assessed by immunofluorescence staining and confocal microscopy. Slides were incubated with goat anti-Notch1 C-ter or rabbit
anti-�-enolase antibodies and subsequently with Alexa Fluor 488-conjugated donkey anti-goat IgG or Alexa Fluor 568-conjugated donkey
anti-rabbit IgG. Cell nuclei were also stained by DAPI. (D) Purified GST, GST–MBP-1, and GST–�-enolase fusion proteins were analyzed
by Western blot analysis using anti-�-enolase antibodies. (E) Whole-cell extracts of K562/HA-N1IC, K562/pcDNA3, and SUP-T1 cells were
used for pull-down assay with purified GST, GST–MBP-1, and GST–�-enolase fusion proteins. The pull-down pellets were resolved by
SDS-PAGE and analyzed by Western blotting using anti-Notch1 C-ter (upper panel) or anti-YY1 (lower panel) antibodies. The immunoblots
shown here are representative of three or four independent experiments. IP, immunoprecipitated proteins. The white stars indicate the heavy
chain of antibody used for immunoprecipitation.
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of the N1IC-YY1-associated complex. There should be a YY1
response element in the DNA sequence between the PvuII and
SmaI sites of the c-myc promoter. To check whether the pu-
tative YY1 response element in the KXM-Luc reporter plas-
mid is involved in activation of the c-myc promoter by N1IC,
the reporter plasmid KXM-YY1 (mt)-Luc containing the mu-
tated YY1 response element was constructed for reporter gene
assay. The results showed that the enhancement of reporter

gene activity by N1IC was decreased from 20-fold to 5-fold
after the YY1 response element was mutated (Fig. 2D).

Both �-enolase and MBP-1 suppress the N1IC-enhanced
activity of the c-myc promoter. The N1IC-YY1-associated
complex binds to the YY1 response element (24). As shown in
Fig. 1, N1IC interacted with �-enolase and MBP-1 in the
nuclei. In addition to binding the P2 promoter, it is possible
that �-enolase and MBP-1 could regulate c-myc expression

FIG. 2. The YY1 response element is important for transactivation of c-myc by N1IC. (A) Schematic representation of luciferase reporter
plasmids containing various lengths of the human c-myc promoter. The reporter plasmid pc-Myc-Pro-Luc contains the full-length c-myc promoter.
The P0, P1, and P2 promoters transcribing the c-myc gene and restriction enzymes cleavage sites are shown. The hatched boxes represent the
sequence of the c-myc promoter. The star indicates the position of the putative YY1 response element which was mutated in the KXM-YY1
(mt)-Luc reporter plasmid. (B) Reporter plasmids containing various lengths of the c-myc promoter were cotransfected with the N1IC expression
construct (pcDNA-HA-N1IC) or its control vector (pcDNA-HA) into K562 cells. (C) Reporter plasmids (left, KPM-Luc, PXM-Luc, and
KXM-Luc; right, KXdPSM-Luc and KXM-Luc) containing various lengths of the c-myc promoter were cotransfected with the pcDNA-HA-N1IC
expression construct or pcDNA-HA control vector into K562 cells. (D) Both KXM-Luc and KXM-YY1 (mt)-Luc reporter plasmids containing
wild-type or mutated YY1 response elements in the c-myc promoter were cotransfected with the pcDNA-HA-N1IC expression construct or
pcDNA-HA control vector into K562 cells. Two days after transfection, luciferase activity was determined from whole-cell extracts, and the basal
promoter activity of reporter construct was set to unity. Values are means and standard deviations from at least three independent experiments.
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through associating with N1IC to bind the YY1 response ele-
ment. To address this issue, a reporter gene assay was per-
formed.

Both �-enolase- and MBP-1-expressing plasmids (pcDNA-
HA-�-enolase and pcDNA-HA-MBP-1) were constructed and
transfected into HeLa cells. The exogenous expression of these
two proteins were detected by Western blot analysis using
anti-HA antibody (Fig. 3A, left), and then the KXM-Luc re-
porter plasmid containing the c-myc promoter was cotrans-
fected with YY1, N1IC, and �-enolase or MBP-1 expression
constructs into K562 cells. In agreement with our previous
report (24), the expression of YY1 further elevated the N1IC-
enhanced activity of the reporter gene containing the c-myc
promoter. This elevation of reporter gene activity was sup-
pressed by the expression of �-enolase or MBP-1 (Fig. 3A,

right). Both �-enolase and MBP-1 also inhibited the N1IC-
enhanced activity of the reporter gene containing the c-myc
promoter after transfection with the pc-Myc-Pro-Luc reporter
plasmid containing the full-length c-myc promoter (Fig. 3E).
However, the reporter gene activity was not significantly en-
hanced after cotransfection of the N1IC-expressing construct
and the NNM-Luc reporter plasmid containing the P2 c-myc
promoter (Fig. 3B).

The YY1 response element is essential and sufficient for
modulation of the c-myc promoter by N1IC, YY1, �-enolase,
and MBP-1. Based on the results described above, we further
searched the critical regions of the c-myc promoter modulated
by N1IC, YY1, and �-enolase or MBP-1. The PXM-Luc,
KPM-Luc, KXdPSM-Luc, and KXM-Luc reporter plasmids
were cotransfected with the indicated expression constructs

FIG. 3. Both �-enolase and MBP-1 suppress the N1IC-enhanced activity of the c-myc promoter through the YY1 response element. (A) The
MBP-1- and �-enolase-expressing constructs (pcDNA-HA-MBP-1 and pcDNA-HA-�-enolase) were transfected into HeLa cells. Two days after
transfection, MBP-1, �-enolase, and GAPDH were detected by Western blot analysis using anti-HA and anti-GAPDH antibodies. IB, proteins
detected by immunoblotting. The KXM-Luc reporter plasmid was cotransfected with plasmids expressing the indicated proteins or their control
vector into K562 cells. (B) NNM-Luc and KXM-Luc reporter plasmids were cotransfected with plasmids expressing the indicated proteins or their
control vector into K562 cells. (C) The PXM-Luc or KPM-Luc (left) and KXdPSM-Luc or KXM-Luc (right) reporter plasmids were cotransfected
with plasmids expressing the indicated proteins or their control vector into K562 cells. (D) The KXM-YY1 (mt)-Luc and KXM-Luc reporter
plasmids were cotransfected with plasmids expressing the indicated proteins or their control vector into K562 cells. (E) The pc-Myc-Pro-Luc,
KXM-Luc, and pYY1-RE-Luc reporter plasmids were cotransfected with plasmids expressing the indicated proteins or their control vector into
K562 cells. Luciferase reporter gene activity was determined as described in the legend to Fig. 2.
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into K562 cells for reporter gene assay (Fig. 3C). The expres-
sion of N1IC and YY1 enhanced reporter gene activity after
transfection of the PXM-Luc reporter plasmid but not the
KPM-Luc and KXdPSM-Luc reporter plasmids. This enhance-
ment was suppressed by the expression of both �-enolase and
MBP-1.

To investigate the role of the YY1 response element in the
control of the c-myc promoter by N1IC, YY1, and �-enolase or
MBP-1, the KXM-YY1 (mt)-Luc reporter plasmid and expres-
sion constructs of the indicated proteins were cotransfected for
reporter gene assay (Fig. 3D). The results showed that the
mutation of the YY1 response element dramatically abolished
the effect of N1IC, YY1, and �-enolase or MBP-1 on the
control of the c-myc promoter.

A reporter gene assay was also performed to check whether
the expression of N1IC and �-enolase or MBP-1 regulates the
activity of a reporter gene with YY1 response elements. The
pYY1-RE-Luc reporter plasmid containing YY1 response el-
ements was cotransfected with N1IC- and �-enolase- or MBP-
1-expressing constructs into K562 cells. With YY1 response
elements, the expression of �-enolase or MBP-1 suppressed
N1IC-enhanced activity of the reporter gene (Fig. 3E).

N1IC cooperates with �-enolase and MBP-1 in regulating
c-myc promoter activity in a CBF1-independent manner. The
cooperation of N1IC and �-enolase or MBP-1 in modulating
c-myc promoter activity was also evaluated by suppression of
endogenous Notch signaling for reporter gene assay. When
K562 cells were transfected with the pc-Myc-Pro-Luc reporter
plasmid containing the full-length c-myc promoter, reporter
gene activity was inhibited by treatment with a Notch signaling
inhibitor (DAPT), knockdown of the Notch1 receptor, and
expression of �-enolase or MBP-1 (Fig. 4A, left, and B, left).
The expression of �-enolase or MBP-1 further suppressed this
reporter gene activity inhibited by treatment with DAPT and
knockdown of the Notch1 receptor.

As demonstrated in Fig. 2B, the P2 c-myc promoter is dis-
pensable for the transactivation of c-myc by N1IC. After trans-
fection with the KXM-Luc reporter plasmid in which the P2
c-myc promoter was deleted, reporter gene activity in K562
cells was decreased by treatment with DAPT and knockdown
of the Notch1 receptor but not by the expression of �-enolase
or MBP-1 (Fig. 4A, right, and B, right). The expression of
�-enolase or MBP-1 also did not further affect this reporter
gene activity suppressed by treatment with DAPT or knock-
down of the Notch1 receptor.

It was demonstrated that N1IC enhances the c-myc pro-
moter activity through a CBF1-independent pathway (24). To
elucidate whether the cooperation of N1IC and �-enolase or
MBP-1 in modulating c-myc promoter activity is CBF1 inde-
pendent, the pSG5Flag-RBP-VP16 expression construct was
transfected into cells to express a constitutively active RBP-J�-
VP16 fusion protein. The KXM-Luc reporter plasmid was co-
transfected with N1IC-, �-enolase- or MBP-1-, and RBP-J�-
VP16 fusion protein-expressing constructs into K562 cells for
reporter gene assay (Fig. 4C). Reporter gene activity regulated
by N1IC and �-enolase or MBP-1 was not further affected by
the exogenous RBP-J�-VP16 fusion protein. Therefore, the
modulation of c-myc promoter activity by cooperation of N1IC
and �-enolase or MBP-1 is CBF1 independent.

N1IC, YY1, and �-enolase or MBP-1, but not CBF1, bind to
the c-myc promoter through the YY1 response element. The
aforementioned data showed that N1IC, YY1, and �-enolase
or MBP-1 regulated the c-myc promoter through the YY1
response element. We surmised that these proteins might bind
to the DNA of the c-myc promoter to modulate reporter gene
activity in the context of living cells. To study this possibility,
we examined the DNA binding abilities of these proteins on
the c-myc promoter by ChIP assay using anti-IgG, anti-Notch1
C-ter, anti-YY1, anti-CBF1, and anti-�-enolase antibodies in
K562/HA-N1IC cells. The immunoprecipitated DNA was used
to amplify the 210-bp PCR products of the c-myc promoter and
the 312-bp PCR products of the promoter of Hes-1, a target
gene of the CBF1-dependent Notch signal pathway. The am-
plified 210-bp PCR products of the c-myc promoter were
present in the samples immunoprecipitated with anti-Notch1
C-ter, anti-YY1, and anti-�-enolase antibodies but not in those
immunoprecipitated with anti-IgG and anti-CBF1 antibodies
(Fig. 5A). Furthermore, the amplified 312-bp PCR products of
the Hes-1 promoter were present in samples immunoprecipi-
tated with anti-Notch1 C-ter and anti-CBF1 antibodies but not
in those immunoprecipitated with anti-YY1 and anti-�-eno-
lase antibodies. The percentages of immunoprecipitated pro-
moter fragments were also quantified by real-time PCR. These
results suggest that N1IC, YY1, and �-enolase or MBP-1, but
not CBF1, bind to the c-myc promoter in chromosomal DNA
of K562/HA-N1IC cells, whereas N1IC and CBF1, but not
YY1 and �-enolase or MBP-1, bind to the Hes-1 promoter.

To further delineate whether the YY1 response element is
essential and sufficient for binding of N1IC, YY1, and �-eno-
lase or MBP-1 to the c-myc promoter, the ChIP assay was
applied after transfection of reporter plasmids into K562/HA-
N1IC cells. When the KXM-Luc reporter plasmid was trans-
fected, both 210-bp and 473-bp PCR products of the c-myc
promoter were present in samples immunoprecipitated with
anti-Notch1 C-ter, anti-YY1, and anti-�-enolase antibodies
but not in those immunoprecipitated mouse anti-IgG and anti-
CBF1 antibodies (Fig. 5B, left). However, the 225-bp PCR
products of the c-myc promoter were absent in those immu-
noprecipitated with anti-Notch1 C-ter, anti-YY1, anti-CBF1,
and anti-�-enolase antibodies when the KXdPSM-Luc re-
porter plasmid was transfected.

After transfection of the KXM-YY1 (mt)-Luc reporter plas-
mid, the 210-bp PCR products of the c-myc promoter were
faintly present in samples immunoprecipitated with anti-
Notch1 C-ter, anti-YY1, and anti-�-enolase antibodies but not
in those immunoprecipitated with anti-IgG antibody (Fig. 5B,
middle and right). These results demonstrated that the YY1
response element is important for binding of N1IC, YY1, and
�-enolase or MBP-1 to the c-myc promoter in cells.

The ChIP assay was also used to examine the specific asso-
ciations between YY1 response elements and �-enolase or
MBP-1 in the context of living cells. K562/HA-N1IC cells were
transiently transfected with the pYY1-RE-Luc reporter plas-
mid containing the wild-type YY1 response elements. At 24
hours after transfection, cells were harvested for the ChIP
assay using anti-IgG or anti-�-enolase antibodies. The ampli-
fied PCR product of 334 bp was present only in the sample
immunoprecipitated with anti-�-enolase antibody (Fig. 5C)
and not in that immunoprecipitated by anti-IgG control anti-

VOL. 28, 2008 Notch1, �-ENOLASE, AND MBP-1 MODULATE c-myc 4835



body. However, the amplified 334-bp PCR products were ab-
sent in the samples immunoprecipitated by both anti-�-enolase
and control antibodies after transfection with the pYY1-RE
(mt)-Luc reporter plasmid containing the mutant YY1 re-
sponse elements.

�-Enolase and MBP-1 relieve N1IC-suppressed erythroid
differentiation in K562 cells. It was found that N1IC sup-
presses erythroid differentiation of K562 cells (21). To eluci-
date the biological function of the cooperation between N1IC
and �-enolase or MBP-1 in tumorigenesis, erythroid differen-

tiation of K562 cells was evaluated in the present study. After
the transfection of �-enolase- or MBP-1-expressing constructs,
erythroid differentiation of K562 cells was promoted in the
presence of hemin (Fig. 6A). Furthermore, the expression of
�-enolase and MBP-1 also relieved the N1IC-suppressed ery-
throid differentiation in K562 cells.

The siRNA method was also applied to confirm the roles of
endogenous �-enolase and MBP-1 in the regulation of N1IC-
suppressed erythroid differentiation in K562 cells. As pre-
sented in Fig. 6B, transient transfection with siRNA vectors

FIG. 4. N1IC cooperates with �-enolase and MBP-1 to regulate the c-myc promoter in a CBF1-independent manner. (A) Reporter plasmids
pc-Myc-Pro-Luc (left) and KXM-Luc (right) were cotransfected with MBP-1- and �-enolase-expressing constructs (pcDNA-HA-MBP-1 and
pcDNA-HA-�-enolase) into K562 cells treated with 50 or 100 �M DAPT. (B) Reporter plasmids pc-Myc-Pro-Luc (left) and KXM-Luc (right) were
cotransfected with expression constructs of the indicated proteins and siRNA vector against Notch1 receptor or its control vector (pPGK-GFP)
into K562 cells. The upper inset shows results of Notch1 receptor knockdown after transfection with siRNA vector in N1IC-expressing K562/
HA-N1IC cells by Western blot analysis. (C) The KXM-Luc reporter plasmid was cotransfected with plasmids expressing the indicated proteins
or their control vector into K562 cells. Luciferase reporter gene activity was determined as described in the legend to Fig. 2.
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(no. 22 and 24) against �-enolase and MBP-1 could knock
down the endogenous expression of these two proteins in K562
cells. The erythroid differentiation of K562 cells was inhibited
after transfection with siRNA vectors against �-enolase and
MBP-1 in a dose-dependent manner (Fig. 6C). When the
siRNA vectors against �-enolase and MBP-1 were transfected
into K562 cells, the N1IC-suppressed erythroid differentiation
was further downregulated.

The cooperation of N1IC and �-enolase or MBP-1 in mod-
ulating erythroid differentiation was also investigated by sup-
pression of endogenous Notch signaling. The erythroid differ-
entiation of K562 cells was enhanced by treatment with DAPT,
knock down of the Notch1 receptor, and expression of �-eno-
lase or MBP-1 (Fig. 6D and E). The erythroid differentiation
enhanced by treatment with DAPT or knockdown of the

Notch1 receptor was further promoted by the expression of
�-enolase or MBP-1. To check whether the enhancement of
erythroid differentiation by �-enolase and MBP-1 is CBF1
independent, the RBP-J�-VP16 fusion protein expression con-
struct was transfected into K562 cells. The results showed that
erythroid differentiation promoted by exogenous �-enolase or
MBP-1 was not further affected by the expression of RBP-J�-
VP16 fusion protein (Fig. 6F). Therefore, the regulation of
erythroid differentiation in K562 cells by �-enolase and MBP-1
is CBF1 independent.

�-Enolase and MBP-1 suppress the colony-forming ability
enhanced by N1IC through c-myc. The role of the cooperation
between N1IC and �-enolase or MBP-1 in colony-forming
ability was also assessed in soft agar. As shown in Fig. 7A, the
colony-forming ability of K562 cells was increased by N1IC and

FIG. 5. N1IC, YY1, and �-enolase or MBP-1 but not CBF1 bind to the c-myc promoter in cells through associating with the YY1 response
element. (A) The hatched box indicates sequences of the c-myc promoter in chromosomal DNA and reporter plasmids, including KXM-Luc,
KXdPSM-Luc, and KXM-YY1 (mt)-Luc (left). The arrows indicate positions of primer pairs used to amplify the PCR products of the c-myc
promoter. The star indicates the position of the mutated YY1 response element (nt �244 to �240 in relation to the P2 promoter). K562/HA-N1IC
cells were harvested for ChIP assay using anti-IgG, anti-Notch1 C-ter, anti-YY1, anti-CBF1, and anti-�-enolase antibodies (middle). The
immunoprecipitated DNA was used to amplify the 210-bp PCR products of the c-myc promoter and the 312-bp PCR products of the Hes1
promoter. The percentages of immunoprecipitated DNAs were also quantified by real-time PCR and normalized to total input DNA (right).
(B) K562/HA-N1IC cells were transfected with KXM-Luc and KXdPSM-Luc reporter plasmids (left). Twenty-four hours after transfection, cells
were harvested for ChIP assay using anti-IgG, anti-Notch1 C-ter, anti-YY1, anti-CBF1, and anti-�-enolase antibodies. The immunoprecipitated
DNAs were used to amplify the 210-bp PCR products in the region of the c-myc promoter (upper panel). The immunoprecipitated DNAs were
also used to amplify the 473-bp and 225-bp PCR products in the region of the c-myc promoter in the KXM-Luc and KXdPSM-Luc reporter
plasmids (lower panel), respectively. K562/HA-N1IC cells were transfected with KXM-Luc and KXM-YY1 (mt)-Luc reporter plasmids (middle
and right). Twenty-four hours after transfection, cells were harvested for ChIP assay using anti-IgG, anti-Notch1 C-ter, anti-YY1, and anti-�-
enolase antibodies. The immunoprecipitated DNA was used to amplify the 210-bp PCR products in the region of the c-myc promoter.
(C) K562/HA-N1IC cells were transfected with pYY1-RE-Luc and pYY1-RE (mt)-Luc reporter plasmids. Twenty-four hours after transfection,
cells were harvested for ChIP assay using anti-IgG and anti-�-enolase antibodies. The immunoprecipitated DNA was used to amplify the 334-bp
PCR products in the region of the YY1 response elements in the reporter plasmid. Input, 10% of cell lysates. Error bars indicate standard
deviations.
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inhibited by �-enolase and MBP-1. Moreover, the increment
of colony-forming ability in K562 cells by caused N1IC was
suppressed after cotransfection with �-enolase or MBP-1 con-
structs. We also found that the enhancement of colony-form-
ing ability in K562 cells by N1IC was further increased after
cotransfection with siRNA vectors against �-enolase and
MBP-1 (Fig. 7B).

The cooperation of N1IC and �-enolase or MBP-1 in mod-
ulating colony-forming ability was also assessed by suppression
of endogenous Notch signaling. The colony-forming ability of
K562 cells was inhibited by treatment with DAPT, knockdown
of Notch1 receptor, and expression of �-enolase or MBP-1
(Fig. 7C and D). The colony-forming ability inhibited by treat-
ment with DAPT or knockdown of the Notch1 receptor was
further suppressed by �-enolase or MBP-1. To check whether
the modulation of colony-forming ability by �-enolase and

MBP-1 is CBF1 independent, the RBP-J�-VP16 fusion protein
expression construct was transfected into K562 cells. The data
showed that colony-forming ability inhibited by exogenous
�-enolase or MBP-1 was not further affected by the expression
of RBP-J�-VP16 fusion protein (Fig. 7E). Therefore, the reg-
ulation of colony-forming ability in K562 cells by �-enolase and
MBP-1 is CBF1 independent.

To check whether c-myc is necessary for the regulation of
colony-forming ability by cooperation of N1IC and �-enolase or
MBP-1, the colony-forming assay was applied after knockdown of
endogenous c-myc in K562 and HeLa cells. The increment of
colony-forming ability in K562 cells caused by N1IC was sup-
pressed after cotransfection with �-enolase- or MBP-1-expressing
constructs (Fig. 7F). However, the effect elicited by the coopera-
tion of N1IC and �-enolase or MBP-1 on colony-forming ability
was abolished after knockdown of c-Myc in K562 cells.

FIG. 6. �-Enolase and MBP-1 relieve the N1IC-suppressed erythroid differentiation in K562 cells. (A) K562 cells were transfected with
plasmids expressing the indicated proteins or their control vector for 2 days. The transfected cells were treated with 40 �M hemin for 2 days to
induce erythroid differentiation, and then the benzidine-positive cells were counted after staining. Bar, 0.2 mm. (B) K562 cells were transfected
with siRNA vectors against �-enolase and MBP-1 (no. 22 and 24) or luciferase for 2 days. Whole-cell extracts of the transfected cells were used
to evaluate knockdown of endogenous �-enolase and MBP-1. Western blot analysis was performed using anti-�-enolase and anti-GAPDH
antibodies. (C) K562 cells were cotransfected with the pcDNA-HA-N1IC expression plasmid and various amounts (0.25, 0.5, and 1.0 �g) of siRNA
vectors against �-enolase and MBP-1 (no. 22 and 24). (D) MBP-1- or �-enolase-expressing constructs were transfected into K562 cells treated with
50 �M DAPT. (E) K562 cells were cotransfected with expression constructs of the indicated proteins and siRNA vector against Notch1 receptor
or its control vector. (F) Expression constructs of the indicated proteins were cotransfected into K562 cells. Two days after transfection, the cells
were treated with hemin to induce erythroid differentiation, and then the cells were stained and counted as described above. * and #, P � 0.05;
** and ##, P � 0.01; ***, P � 0.001. Error bars indicate standard deviations.
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As demonstrated in a previous report (8), the knockdown of
c-Myc was also observed in both HeLaMyci4 and HeLaMyci5
cells compared with HeLa control cells (Fig. 7G). The colony-
forming ability was suppressed after knockdown of endoge-
nous c-myc in HeLaMyci4 and HeLaMyci5 cells. Furthermore,
the increase of colony-forming ability in HeLa control cells by
N1IC was suppressed after cotransfection with �-enolase- or
MBP-1-expressing constructs (Fig. 7H). However, the effect on
colony-forming ability caused by the cooperation of N1IC and
�-enolase or MBP-1 was abolished after knockdown of c-Myc
in HeLaMyci4 and HeLaMyci5 cells.

�-Enolase and MBP-1 suppress colony-forming ability and
Notch target gene expression in leukemia cells. Owing to the
important roles of the Notch1 receptor and c-Myc activation in
T-cell development and leukemia, we surmised that �-enolase
and MBP-1 might participate in regulation of tumorigenesis in
T-cell leukemia. Therefore, the colony-forming ability of Jur-

kat and SUP-T1 cells was evaluated to address the role of
�-enolase and MBP-1 in T-cell leukemia. The results showed
that expression of �-enolase and MBP-1 suppressed the colo-
ny-forming ability of these cells (Fig. 8A). Additionally, knock-
down of �-enolase and MBP-1 enhanced colony-forming abil-
ity in Jurkat and SUP-T1 cells (Fig. 8B). Expression of
�-enolase and MBP-1 also inhibited the mRNA expression of
Notch target genes, including Hes-1, Hey-1, Hey-2, and c-Myc,
in Jurkat and SUP-T1 cells (Fig. 8C).

DISCUSSION

The role and control of the Notch signal pathway in tumor-
igenesis are very complicated and still remain unclear. Protein-
protein interaction is an important regulatory mechanism of
Notch signaling. The Notch receptor intracellular domain elic-
its its biological function through associating with many cellu-

FIG. 7. �-Enolase and MBP-1 suppress the colony-forming ability enhanced by N1IC through c-myc. (A) K562 cells were transfected with
plasmids expressing the indicated proteins or their control vector for 2 days. The transfected cells were harvested, seeded in top agar, and incubated
for 7 days, and then cells were stained with 0.005% crystal violet for 1 hour and counted under the microscope from 10 random fields. Bar, 1.0
mm. (B) K562 cells were cotransfected with pcDNA-HA-N1IC expression plasmid and siRNA vectors against �-enolase and MBP-1 (no. 22 and
24). Two days after transfection, the colony-forming ability of the cells was determined. (C) The �-enolase or MBP-1 expression plasmids were
transfected into K562 cells treated with 50 �M DAPT. (D) K562 cells were cotransfected with expression constructs of the indicated proteins and
siRNA vector against Notch1 receptor or its control vector. (E) K562 cells were cotransfected with expression constructs of the indicated proteins
or their control vector. (F) K562 cells were cotransfected with expression constructs of the indicated proteins and siRNA vector against c-Myc or
its control vector (�). The upper inset shows results of c-Myc knockdown after transfection with siRNA vector in K562 cells by Western blot
analysis. (G) The c-Myc-knockdown HeLa cells (HeLaMyci4 and HeLaMyci5) and their control cells (HeLa control) were seeded in top agar and
incubated for 14 days. The colony-forming assay was performed as described above. The upper inset shows results of c-Myc expression in
HeLaMyci4, HeLaMyci5, and HeLa control cells by Western blot analysis. (H) The HeLaMyci4, HeLaMyci5, and HeLa control cells were
transiently transfected with plasmids expressing the indicated proteins or their control vector for 2 days. The cells were then assayed for their
colony-forming ability as described above. *** and ###, P � 0.001. Error bars indicate standard deviations.
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lar factors. Here, we show that endogenous N1IC associates
with intrinsic �-enolase and MBP-1 in Jurkat and SUP-T1 cells
(Fig. 1A). These associations were also observed in the nuclei
(Fig. 1B and C).

N1IC, YY1, �-enolase, and MBP-1 bound on the c-myc
promoter to modulate c-myc expression, at least in part, via the
YY1 response element (Fig. 5). Therefore, these proteins co-
operate in the control of c-myc expression to regulate cellular
processes such as colony-forming ability and erythroid differ-
entiation (Fig. 6 and 7). Similarly, Pim1 is recruited to the
DNA of the E-box element via associating with c-Myc in
tumorigenesis (48). The formation of the Myc-Max-Pim1 ter-
nary complex contributes to the activation of c-Myc target
genes.

Our results demonstrated the inhibitory effect of N1IC on
erythroid differentiation in K562 cells, which is also consistent
with the previously published work of Lam et al. (21). We also
demonstrated that the cooperative effect of N1IC and �-eno-
lase or MBP-1 affected the biological function of colony-form-
ing ability in K562 and HeLa cells through c-myc expression
(Fig. 7F and H). Additionally, both �-enolase and MBP-1 were
involved in the control of tumorigenesis in T-cell leukemia
(Fig. 8). This is the first report regarding the role of �-enolase
and MBP-1 in the control of c-myc expression modulated by
CBF1-independent Notch signaling.

As shown in Fig. 2D and 3D, the activities of reporter genes

containing the c-myc promoter with the mutated YY1 response
element were slightly enhanced by the expression of N1IC.
Actually, YY1 still slightly bound to the mutated YY1 re-
sponse element after the transfection with the KXM-YY1
(mt)-Luc reporter plasmid (Fig. 5B). Therefore, the activity of
the reporter gene containing the c-myc promoter with the
mutated YY1 response element was slightly upregulated by the
expression of N1IC. However, the mutation of the YY1 re-
sponse element significantly decreased the binding of N1IC,
YY1, and �-enolase to the c-myc promoter (Fig. 5B). Addi-
tionally, the other binding sites of transcription factors may
also contribute to the transcativation of c-myc by the Notch1
receptor intracellular domain. Many transcription factors, such
as NF-�B, are involved in the control of the c-myc promoter
(42). The Notch1 receptor intracellular domain can regulate
the target genes of the NF-�B pathway (40).

The majority of c-myc RNA in humans is transcribed from
the P1 and P2 promoters (4). Here, the results show that the
activated Notch1 receptor can significantly enhance the activity
of the c-myc promoter, by 30-fold (Fig. 2B). The deregulated
Notch1 expression may lead to aberrant c-myc expression to
promote tumorigenesis. Therefore, it is important to maintain
a moderate level of the Notch signal pathway in cells. Actually,
the promotion of c-Myc protein expression is only 3.8-fold in
N1IC-expressing K562/HA-N1IC cells (24). It is possible that
the Notch1 receptor intracellular domain is unstable (21), and

FIG. 8. �-Enolase and MBP-1 suppress the colony-forming ability and Notch target gene expression in leukemia cells. (A) Jurkat and SUP-T1
cells were transfected with �-enolase or MBP-1 expression plasmids for colony-forming assay as described above. (B) The siRNA vectors against
�-enolase and MBP-1 (no. 22 and 24) or luciferase were transfected into Jurkat or SUP-T1 cells for colony-forming assay. (C) After transfection
with �-enolase or MBP-1 expression constructs into Jurkat and SUP-T1 cells for 2 days, the transcript levels of Hes-1, Hey-1, Hey-2, and c-Myc
were measured by quantitative real-time PCR. The data were compared after being normalized to GAPDH. *, P � 0.05; **, P � 0.01; ***, P �
0.001. Error bars indicate standard deviations.
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both �-enolase and MBP-1 could also prevent the irregularity
of c-myc expression activated by N1IC in two ways. Both
�-enolase and MBP-1 suppress the activity of the c-myc pro-
moter via direct binding to its P2 promoter (7, 11, 31, 32, 37).
In addition, these two proteins also indirectly bind on the YY1
response element in the c-myc promoter to inhibit c-myc pro-
moter activity (Fig. 3 and 5).

MBP-1 is the product of internal translation initiation from
the �-enolase gene (11, 37). Here, it is not excluded that the
transfection of the �-enolase-expressing construct could simul-
taneously express �-enolase and MBP-1 to suppress the c-myc
promoter. So far, many genes have been found to possess the
ability for internal translation initiation. Apparently, there
must be an efficient, rapid, and conserved means for regulating
the activity of these genes (7, 11, 31, 32, 37). The regulation of
�-enolase and MBP-1 expression by internal translation initi-
ation could participate in the proper control of c-myc activity
to protect cells from tumorigenesis.

As presented in Fig. 6C and 7B, the knockdown of �-enolase
and MBP-1 suppressed erythroid differentiation and promoted
the colony-forming ability of K562 cells. However, these two
biological effects were not dramatic. This may be due to the
partial knockdown after transient transfection of siRNA vec-
tors (Fig. 6B). Additionally, we found that the effect of N1IC
and �-enolase or MBP-1 on the colony-forming ability of K562
and HeLa cells was c-Myc dependent (Fig. 7F and H). The
knockdown of MBP-1 also delays cell cycle progression by
inhibiting cyclin A and cyclin B1 expression in prostate cancer
cells (15, 16). Therefore, MBP-1 could regulate tumorigenesis
through different pathways.

The DNA sequence between the PvuII and SmaI sites in the
c-myc promoter is necessary for its activation by N1IC (Fig. 2C,
right, and 3C, right). There is no CBF1 binding site in the DNA
sequence of the 210-bp PCR product of the c-myc promoter
between the PvuII and SmaI sites. These results showed that
N1IC can activate c-myc expression in a CBF1-independent
manner, which is consistent with our previous study (24). Four
Notch receptors regulate their target genes in both CBF1-
dependent and -independent pathways (29). Here, this activa-
tion by N1IC was proven to be suppressed by the expression of
�-enolase or MBP-1 (Fig. 3A, right). Whether the other Notch
receptors are also involved in the regulation of c-myc expres-
sion remains unknown. Further studies are still needed to
explain the c-myc expression regulated by Notch signaling.
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