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Abstract

MAX dimerization protein 1 (MAD1) is a transcription suppressor that antagonizes MY C-mediated transcription
activation, and the inhibition mechanism occurs mainly through the competition of target genes' promoter MYC
binding sites by MAD1. The promoter binding proteins switch between MYC and MADI1 affects cell proliferation
and differentiation. However, little is known about MAD1's regulation process in cancer cells. Here, we present
evidence that AKT inhibits MADI-mediated transcription repression by physical interaction with and
phosphorylation of MADI1. Phosphorylation reduces the binding affinity between MAD]1 and its target genes'
promoter and thereby abolishes its transcription suppression function. Mutation of the phosphorylation site from
serine to alanine rescues the DNA-binding ability in the presence of activated AKT. In addition, AKT inhibits
MAD1-mediated target genes (W\TERT and ODC) transcription repression and promotes cell cycle and cell growth.
However, mutated S145A MADI1 abrogates the inhibition by AKT. Thus, our results suggest that phosphorylation
of MADI1 by AKT inhibits MAD1-mediated transcription suppression and subsequently activates the transcription

of MADI target genes.
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INTRODUCTION

The MYC/MAX/MAD family is a group of basic helix-loop helix-leucine-zipper (PHLHZip)
transcription factors that play important roles in cell physiology, including proliferation,
transformation, differentiation, and apoptosis. Among these factors, MYC is the most
well-known factor because of its frequent dysregulation in many types of cancer 1. MYC is a
transcription activator that forms a heterodimer complex with MYC-associated factor X
(MAX) and interacts with the consensus 5'-CACGTG-3" DNA sequence, referred to as E-box
2. Subsequently, the transcription activation domain (TAD) in MYC recruits transcription
activators such as transformation/transcription domain-associated protein (TRRAP) and
creb-binding protein (CBP) to promote expression of its target genes 3.

While MYC stimulates target genes expression, MAX dimerization protein 1 (MAD1) serves
an opposite role by repressing their transcription. MAD1 has the same common bHLHZip
motif as MYC. However, MAD1 possesses a Sin3-interacting domain (SID) in the N terminal,
thereby recruiting the mSin3—-HDAC transcription repressor complex 4, 5. Similar to MYC,
formation of the heterodimer complex with MAX is required for MADI to interact with the
E-box region on the promoter. Thus, the occupation of a target gene's promoter by MYC or
MADI1 determines the positive or negative expression, respectively 6.

The expression levels of MYC and MADI are considered opposite in normal cells. A general
observation is that a high expression level of MYC is found in proliferating cells, whereas the
MADI expression level is elevated in differentiated cells 7. Thus, one aspect of antagonism
between MAD1 and MYC is their distinct expression patterns. Interestingly, however, it has
been reported that MAD1 is expressed in several different types of cancer, including leukemia,
gastric cancer, and breast cancer 8—10. Therefore, alternate types of regulation, such as
posttranslation modifications, may occur in cancer cells to suppress MAD1 function.

The phosphoinositide 3-kinase (PI3K)-AKT signaling pathway plays an important role in
preventing cells from undergoing apoptosis and contributes to the pathogenesis of malignancy,
including proliferation 11, 12. Furthermore, AKT is frequently dysregulated in cancer cells
and activates several MYC and MADI target genes such as human telomerase reverse
transcriptase (hTERT) and ornithine decarboxylase (ODC) 13-15. The activations of these
target genes occur mainly through transcriptional activation, but the regulation mechanisms
remain obscure. It has been reported that MADI1 is phosphorylated at serine residue 145
(Ser145) by RSK and S6K. The phosphorylation inhibits MAD1 function by promoting
MADI degradation 16. In this study, we confirmed that the phosphorylation of Ser145
inhibits MAD1 function. However, in addition to RSK and S6K, we demonstrated that
MAD1-mediated transcriptional repression is also suppressed by AKT and that this
suppression is correlated with MAD1 DNA-binding affinity. We found that AKT can
physically associate with MADI and phosphorylates a consensus serine residue (Serl45).
Phosphorylated MADI1 reduces its binding affinity to the promoter DNA E-box site.
Consequently, the E-box on the promoter is dominantly occupied by MYC while MADI is



phosphorylated. Thus, our study shows that AKT plays an important role in regulating MADI
target genes by inhibiting MAD1 inhibition.

MATERIALS AND METHODS

Cell Culture and Transfection Conditions

All cell lines were provided by ATCC (Manassas, VA) and maintained in Dulbecco's modified
Eagle's medium/F-12 with 10% fetal calf serum and 1000 pg/mL penicillin and streptomycin.
For transient transfection, cells were transfected with DNA using either SN liposome 17 or
lipofectamine plus reagent. Briefly, cells were grown on Petri dishes and incubated with a
plasmid—liposome complex in serum-free medium for 4(/h, after which the medium was
replaced by complete medium and the cells incubated at 37°C for 2448 h.

Plasmids, Antibodies, and Chemicals

DNA plasmids encoding CA-AKT and DN-AKT were described previously 18. The
full-length MADI cDNA was then subcloned into the pCMVS5-FL, pGEX-6P-1, and
pEGFP-C2 vectors. Mutations of Ser-145 to Ala in MAD1 and GST-MADI were generated
using a Quickchage site-directed mutagenesis kit (Strategene, La Jolla, CA) according to the
manufacturer's instructions and mutations were confirmed by DNA sequencing. We used
antibodies to Flag (Sigma-Aldrich, St. Louis, MO, F3165), HA (Roche, Molecular Systems
Inc., Branchburg, NJ, 11666606001), MAD1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
C-19), MAX (Santa Cruz Biotechnology, C-17), c-MYC (Cell Signaling Technology Inc.,
Danvers, MA, 9402), pS6K1(T389) (Cell Signaling Technology, 9205), pAKT(S473) (Cell
Signaling Technology, 9271), AKT (Cell Signaling Technology, 9272, 2966),
phospho-(Ser/Thr) AKT substrate antibody (Cell Signaling Technology, 9611), ERK1/2
(Upstate Biotechnology, Billerica, MA, 06-182), pERK1/2(T202/Y204) (Cell Signaling
Technology, 4377), and ACTIN (Sigma, A2066). Antibodies to the Serl145 phosphorylation
sites of MAD1 were generated in collaboration with the Center for Molecular Medicine,
China Medical University Hospital. Synthetic phosphorylated peptides representing portions
of MADI1 around serine 145 was used as an antigen for producing antibodies. Rapamycin,
IGF, and cycloheximide were purchased from Sigma. PD98059 was purchased from Cell
Signaling Technology.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP analysis was performed as previously described 19. Cells were lysed with sodium
dodecyl sulfate (SDS) lysis buffer (1% SDS, 100 mM EDTA, and 500)mM Tris, pH 8.1) and
then sonicated and subjected to immunoprecipitation with indicated antibodies. The resulting
samples were purified by phenol/chloroform extraction followed by ethanol precipitation.
Polymerase chain reactions (PCRs) for ChIP were performed and analyzed on ethidium

bromide-stained agarose gels.



In Vitro Pull-Down Assay

Recombinant AKT proteins (Upstate Biotechnology, 14-276) were incubated with in vitro
transcription and translation lysates of Flag-tagged MADI1, which was produced using a
TNT-coupled reticulocyte lysate system (Promega Corporation, Madison, WI), in binding
buffer (250 1mM Tris—HCI, pH 7.5, 125[1mM NaCl, 1[1mM phenylmethylsulfonyl fluoride,
1 7ug of leupeptin/mL, 1[1pg of aprotinin/mL, and 1[1ug of pepstatin/mL) for 1[7h at 4°C.
Anti-AKT antibody was then added and incubation was continued at 4°C overnight. The
resulting immunocomplexes were precipitated with protein A-Sepharose beads (Roche) at 4°C
for 4(1h and washed extensively with Tris-buffered saline. The bound proteins were eluted

with SDS—polyacrylamide gel electrophoresis (PAGE) sample buffer and then analyzed.
Immunoprecipitation and Immunoblotting

Immunoprecipitation and immunoblotting were performed as previously described 20.
DNA Affinity Protein-Binding Assay (DAPA)

The biotin-labeled double-stranded oligonucleotides were synthesized by the company we
obtained them from (Sigma); biotin-5'-CCGCGCTTCCCACGTGGCGGAGGGAC-3' and
5'-GTCCCTCCGCCAC GTGGGAAGCGCGG-3'; according to the hTERT promoter
MAD1-binding sequence. The binding assay was performed by mixing 400( /ug of nuclear
proteins, 2[1ug biotin-labeled DNA oligonucleotides, and 20[1uL streptavidin-agarose beads
(4%) with 70% slurry. The mixture was incubated at room temperature for 1[h with shaking.
The beads were pelleted and washed with cold phosphate-buftered saline PBS three times.
The binding proteins were separated by SDS—-PAGE, followed by Western blot analysis, and

probed with specific antibodies.
Identification of Phosphorylation Sites by Mass Spectrometry

After protein gel electrophoresis, bands corresponding with MAD1 phosphorylated by AKT
in vitro were identified, excised from the gels, and subjected to tryptic digestion.
Subsequently, samples were isolated by immobilized metal affinity chromatography, the
enriched phosphopeptides were analyzed by micro-liquid chromatography/tandem mass
spectrometry. The raw data were searched against the National Center for Biotechnology

Information (NCBI) protein sequence database using the Mascot search engine.
In Vitro Phosphorylation

In vitro phosphorylation was assessed as described previously 20. The AKT kinase (Upstate
Biotechnology, 14-276) was incubated at 30°C for 30 /min in 20[IuL of kinase reaction
mixture containing 1001uM [y-32P]ATP and 1[7/ug of bacterial expressed GST-MADI1 as

AKT substrate. The reaction was stopped by the addition of an equal volume of protein



sample buffer. Proteins were separated by electrophoresis on 10% SDS polyacrylamide gels,

and phosphorylated GST-fusion proteins were visualized by autoradiography.
Quantitative RT-PCR

MCFT7 cells were transfected with GFP-MAD]1 and sorted for GFP-positive cells. Total RNA
was extracted from GFP-positive cells by TRIzol (Invitrogen, Carlsbad, CA) and was
quantified by SmartSpec Plus Spectrophotometer (Biorad, Hercules, CA). The reverse
transcription reaction was performed using the Superscript III first-strand synthesis system
(Invitrogen) according to the manufacturer's instructions. Quantitative RT-PCR analyses of
human  hTERT and ODC  were  performed using  designed  primers
(5'-AACCTTCCTCAGCTATGCCC, 5'-GTTTGCGACGCATGTTCCTC for hTERT, and
5'-TCGATGAAGGTTTTACTGCCAAG, 5-AGAGCTTTTAACCACCTCAGATG for ODC)
and i1Q SYBRTM Green Supermix (Biorad). Assays were performed using the ABI StepOne
Plus Real-Time PCR system (Applied Biosystems, Foster City, CA). GAPDH was used for

normalization.
Genome Structure Analyses

For SNP-based copy number analysis, we obtained Affymetrix 10K SNP microarray genotype
data for 104 breast cancers clinical samples and cell lines from the Cancer Genome Project of
the Wellcome Trust Sanger Institute. The SNP data of the MADI1 loci were analyzed and
visualized using Cluster and TreeView software (Eisen, MB), and the results were presented
in heat maps. For array comparative genomic hybridization (aCGH) analysis, we used
SIGMA software to examine the genome gain and loss of the MADI1 loci.

Cell Cycle, Cell Proliferation, Reporter, and Immunofluorescence Assays

For cell-cycle analysis, MCF7 cells were transfected with GFP-MADI1 with or without AKT
for 300Jh. Cells were harvested and stained with propidium iodide, and subjected to FACS
analysis. For cell proliferation assay, HeLa cells were transfected with wild-type or S145A
mutant MAD1 with or without constitutive active AKT. The cell proliferation rate was
measured by MTT assay. Luc assays were performed using Dual-Luciferase Assay (Promega).
For immunofluorescence, MCF7 was cotransfected with Flag-MAD1 plus the indicated AKT
constructs. After fixation, the cells were stained with anti-Flag and anti-HA antibodies, and

the cellular localizations of MAD1 and AKT were determined using a fluorescent microscope.

RESULTS
MAD1 Expresses Cancers in the Presence of MYC

MYC is deregulated in many types of cancer, and deregulation is also responsible for

tumorigenesis 3, 21, 22. However, clinical pathology studies have shown that MADI is



expressed in various types of cancers 9, 10. To confirm the expression level of MADI in
cancers and its correlation with MYC, we first searched for the MADI mRNA level and its
correlation with MYC in 295 cases of breast carcinoma from the Oncomine database
(http://www.oncomine.org). Positive expression of MAD1 was found in several cases but with
a low correlation between MYC and MADI (R[1<[J0.1) (Supplementary Figure 1A). Protein
levels of MAD1 and MYC were also analyzed in several breast cancer cell lines, and low
correlation between MADI and MYC was found (Supplementary Figure 1B). In addition,
when the copy numbers of MADI1 loci were evaluated by SNP arrays in 104 breast cancer
samples from the Cancer Genome Project database at Wellcome Trust Sanger Institute, no
obvious genomics loss was found (Supplementary Figure 2). These results suggest the

alternative regulation in suppressing MAD1 function in cancers.
AKT Suppresses MAD1 Transcription Repression Function

Several reports have indicated that AKT could regulate MYC and MADI target genes at the
transcriptional level 13—15, 23; however, the mechanism for regulation is obscure. Because
AKT is frequently dysregulated in cancers 24, we speculated that AKT activates MADI target
genes by suppressing MADI1 function. To investigate this hypothesis, we transiently
cotransfected pGL3-CM2 (4[1x[JE-box luciferase reporter plasmid) and MAD1, along with
dominant-negative or constitutively active AKT, into the cancer cell line MDA-MB-435 25
and a rat fibroblast cell line Ratl. After 48[ 1h of transfection, cells were lysed for the reporter
assay. As shown in Figure 1A, dominant-negative AKT leads to a twofold improvement in
MAD1-mediated transcription repression, but the constitutively active AKT relieved such
repression in the MDA-MB-435 cell line. We also observed similar effects in the Rat-1 cell
line (Figure 1B), suggesting that MADI1 function is inhibited by AKT. Although there has
been debated regarding whether MDA-MD-435 is a breast cancer or melanoma cell line 26,
one report indicated that MDA-MD-435 indeed originates from a breast cancer cell line that

expresses melanocyte proteins 25.
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Figure 1. AKT suppresses MADI transcription repression function. (A) The
dominant-negative AKT leads to a twofold increase in MADI repression, whereas
constitutively active AKT relieves MAD1-mediated repression. Lysates of MDA-MB-435
cancer cells cotransfected with MADI and AKT were subjected to Ebox luciferase reporter
assays. The relative activity was normalized by Renilla luciferase. (B) Similar effects were
also observed in Ratl cells subjected to the same experimental conditions. CA, constitutively

active; DN, dominant negative.
MAD1 Is Physically Associated With AKT

The observation of AKT-mediated MADI inhibition raised a question; what is the mechanism
of this negative regulation? Because AKT is a serine/threonine kinase, we hypothesized that
MADI is a substrate of AKT and that the phosphorylation of MADI1 suppresses its function.
To address this hypothesis, the physical interaction between MADI1 and AKT was
investigated. Coimmunoprecipitation assays showed that AKT physically interacted with
MADI1 when both were overexpressed in the 293 cell line (Figure 2A), and this interaction
was also observed endogenously in the MCF7 cell line (Figure 2B). The in vitro pull-down
assay further suggested that AKT and MADI have a direct interaction (Figure 2C). In addition,
MADI1 showed an obvious interaction with constitutively active AKT but less with
dominant-negative AKT (Figure 2D), suggesting that activation of AKT is important for the



MADI1/AKT association.
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Figure 2. MAD1 physically interacts with AKT in vitro and in vivo. (A) Exogenous MADI
interacted with AKT. Lysates of 293 cells cotransfected with HA-AKT and Flag-MAD1 were
subjected to immunoprecipitation and immunoblotting with either anti-HA or anti-Flag
antibodies. (B) Endogenous MADI1 interacted with AKT. Lysates of MCF7 breast cancer cells
were analyzed by reciprocal coimmunoprecipitation and immunoblotting with anti-MADI
and anti-AKT antibodies. (C) MADI1 directly interacted with AKT. In vitro transcribed
Flag-MADI1 proteins, which were produced using a TNT-coupled reticulocyte lysate system,
were incubated with AKT protein and then pulled down by antibody to AKT. IVT, in vitro
transcription and translation. (D) Kinase activity is required for AKT and MADI] interaction.
CA and DN AKT were cotransfected with Flag-MAD1 in 293 cells. Lysates were
immunoprecipitated by anti-Flag antibody and immunoblotting with anti-HA and anti-Flag
antibodies. expo. is the abbreviation of “exposure time.” (E) AKT physically interacted
indirectly with MAX in the presence of MADI. Lysates of 293 cells transfected with
HA-AKT, Flag-MAD, and/or MAX were subjected to immunoprecipitation with the anti-HA
antibody and immunoblotting with anti-MAX, anti-Flag, and anti-HA antibodies.

Since MAD1 forms a heterodimer complex with MAX to interact with the target genes'

promoter and suppresses target gene transcription, the physical interaction between AKT and



the MAD1/MAX complex was examined. Cotransfection of only MAX and AKT showed no
obvious physical interaction (Figure 2E, lane 4). However, MAX showed a physical
association with AKT in the presence of MADI1 (Figure 2E, lane 6). Thus, MAX indirectly
associates with AKT, that is, AKT interacts with the MAD1/MAX complex through MADI.

AKT Phosphorylates MAD1 Predominately at Ser145

Given the physical interaction between AKT and MADI, we examined whether MADI1 is a
physical substrate of AKT-mediated phosphorylation. Cotransfection of MAD1 and AKT
showed that AKT caused the accumulation of a slow-migrating form of MADI1, and this
migrating form was entirely eliminated by treatment with calf intestinal alkaline phosphatase
(CIAP) (Figure 3A). This mobility shift was caused by AKT-mediated posttranslation
modification on MADI1, which could be phosphorylation. Amino acid sequences revealed that
MADI has a putative AKT phosphorylation site at Ser145 (Figure 3B). In addition, mass
spectrometric analysis of GST-MAD1 showed that the Ser145 was phosphorylated by AKT in
vitro (Figure 3C). To further confirm that MADI1 is phosphorylated at Ser145, the in vitro
kinase assay demonstrated that MAD1 was phosphorylated by purified AKT kinase, and the
mutation of Ser145 residue to Ala (S145A) abolished the phosphorylation (Figure 3D). These
results suggest that AKT directly phosphorylates MAD1 at Ser145.
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Figure 3. AKT phosphorylates MADI both in vitro and in vivo. (A) AKT induced a mobility
shift of MADI, and calf intestine alkaline phosphatase (CIAP) reversed it. Lysates from 293
cells transfected with HA-AKT and Flag-MADI1 were treated with CIAP and subjected to
immunoblotting. (B) MADI has a putative AKT phosphorylation site at Serl45
(RIRMDS145). R, arginine; S, serine; T, threonine; X, any amino acid. (C) Mass
spectrometric analysis of AKT-mediated MADI1 phosphorylation site on GST-MADI1 at
Ser145. (D) MADI1 phosphorylation site Serl45 was identified by in vitro kinase assays in
which recombinant AKT was incubated with GST-MAD1 and mutant GST-MAD1 (S145A)
fusion proteins. (E) AKT-mediated phosphorylation of MADI1 was detected by
phospho-(Ser/Thr) AKT substrate antibody and showed in vivo phosphorylation in the
presence of AKT. Lysates from 293 cells transfected with the indicated AKT and MAD1 were
subjected to immunoblotting. (F) Characterization of antibodies to pMADI1 (S145) by



immunoprecipitation. Lysates from 293 cells transfected with MAD1 and AKT were
immunoprecipitated by anti-Flag antibody and immunoblotting was performed using
phospho-MAD1 anti-serum #1 and #5. (G) MADI Serl45 in vivo phosphorylation was

detected by direct immunoblotting. Lysates were prepared as in (E).

To assess whether this phosphorylation also occurs in vivo, phospho-AKT substrate antibody
was used to detect the AKT-mediated phosphorylation. Wild-type MAD1 was phosphorylated
in the presence of constitutively active AKT but not in the presence of the dominant-negative
AKT (Figure 3E). In addition, phosphorylation of MADI1 Ser145 was abrogated when it
mutated to Ala. To further confirm MAD1 Ser145 phosphorylation in vivo, mouse polyclonal
antibodies were raised to specifically detect MADI1 Ser145 phosphorylation. Two of the five
anti-sera detected phosphorylation of MADI1 in the presence of constitutively active AKT
(Figure 3F). Similar results were also shown in direct immunoblotting, but with S145A
abrogating the AKT-mediated phosphorylation (Figure 3G). A recent report indicated that
MAD1 Serl45 is also phosphorylated by RSK and S6K 16. We therefore tested
AKT-mediated MAD1 phosphorylation in the presence of inhibitors that inhibit either RSK or
S6K activity. The inhibition of S6K activity partially decreased MAD1 S145 phosphorylation,
which confirmed that S6K can also phosphorylate MAD1 S145. However, combination
inhibition of MAPK-ERK pathway downstream kinase RSK and S6K did not further
suppress S145 phosphorylation levels compared with inhibition of S6K alone (Supplementary
Figure 3). This result suggested that activation of AKT can phosphorylate MAD1 S145, while
other MADI kinases are inhibited. Taken together, MADI is phosphorylated by AKT both in

vitro and in vivo.
Ser145 Phosphorylation Suppresses the Interaction Between MAD1 and Its Target Promoter

Protein phosphorylation was reported to inhibit protein function largely through translocation,
degradation, and functional disabling 12, 20, 27. To determine the possible mechanism of
AKT-mediated MADI inhibition, MADI's location, stability, and function were investigated
when activated AKT appeared. Neither constitutively active AKT nor dominant-negative AKT
affected MADI's nuclear localization (Supplementary Figure 4), indicating that
AKT-mediated phosphorylation of MAD1 does not alter its localization. To investigate
whether AKT causes MADI1 degradation, MAD]1 protein half-life was measured in the
presence or absence of AKT. The half-life of MAD1 was around 10-200Jmin, and
constitutively active AKT did not significantly affect the MADI1 half-life (Supplementary
Figure 5A). Further half-life assays were performed to compare the MAD1 S145A mutant
with wild-type MADI1 and also found no significant difference (Supplementary Figure 5B). In
addition, endogenous MAD1 was detected in some AKT highly activated cancer cell lines
such as MDA-MB-436 and MDA-MB-453 (Supplementary Figure 1B). Thus, degradation
might not be the major mechanism of AKT-mediated MADI1 inhibition. Since MAD1 has to



form a heterodimer complex with MAX to bind to the target promoter site, the dimerization
was investigated upon MAD1 phosphorylation. Constitutively active AKT could be present or
absent, and the interaction between MAX and MADI1 remained comparable (Supplementary
Figure 6). Therefore, phosphorylation of MADI does not affect its dimerization with MAX.

Since MADI1 is a DNA-binding transcription factor, the DNA-binding ability of
phosphorylated MAD1 was investigated. Interestingly, the in vitro DNA-binding assay
demonstrated that constitutively active AKT reduced the interaction between MAD1 and the
target gene promoter (MADI target gene hTERT Ebox element, Figure 4A), but this reduction
of interaction was abolished in the set of MAD1 S145A mutants. To confirm this result, ChIP
assays were performed. The results showed that constitutively active AKT suppressed the
interaction between MAD1 and the target genes promoter (WTERT and ODC). However, the
MAD1 S145A mutant abrogated this inhibition (Figure 4B and C). Similar effects were also
demonstrated in endogenous ChIP that endogenous MADI reduced the interaction to both
hTERT and ODC promoters upon the IGF-1 stimulation, while the stimulation of IGF-1
increased the interaction between MYC and target genes promoters (Figure 4D and E).
Consequently, we found that AKT-mediated phosphorylation of MADI1 causes the promoter to
switch from the transcription repression MAD1/MAX complex to the transcription activation

MYC/MAX complex and activates the target genes' expression.
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Figure 4. Phosphorylation of MADI affects its target DNA binding. (A) DNA-binding affinity
assay showed that MADI phosphorylation affects its target DNA binding. Lysates of 293 cells
transfected with designed plasmids were incubated with biotin-conjugated hTERT-Ebox DNA
probe and pulled down by streptavidin beads. Probes pulled down proteins were subjected to
immunoblotting by anti-Flag, anti-HA, and MAX antibodies. (B) AKT-mediated
phosphorylation affects hTERT promoter binding to the MADI1 target gene but not to the
MAD1 S145A mutant. Lysates of HeLa cells transfected with the indicated plasmids were
subjected to ChIP analysis with anti-Flag antibody. (C) Phosphorylation-mediated MAD1
promoter binding alternation was also shown in ChIP assay with anti-Flag antibody and ODC
promoter. The experimental setup was the same as for (B). (D) IGF-1 stimulation suppressed
MADI1 and induced MYC binding on the hTERT promoter. Lysates of MCF7 cells, treated as
indicated, were subjected to the ChIP assay with anti-MADI and anti-MYC antibodies. (E)
Transcription factors that switched from MAD]1 to MYC upon IGF-1 stimulation were also
shown in the ODC promoter ChIP assay with anti-MAD1 and anti-MYC antibodies.

AKT-Mediated Phosphorylation of MAD1 Increases MAD1 Target Gene Expression and
Promotes the Cell Cycle

Based on the results of the reduced interaction between phosphorylated-MADI1 and the target
genes' promoter, we speculated that the expression level of MADI1 target genes can be
elevated by AKT. To test this theory, we compared the MADI1 S145A mutant with the
wild-type form in several functional assays. In the reporter assay, AKT abolished the
wild-type MADI1 inhibition effect but not in the MAD1 S145A mutant (Figure 5A). We
further analyzed the MADI target genes' expression by real-time PCR and found that the
MAD1 S145A mutant transcription suppression function was not affected by active AKT,

which is similar to the result of reporter assay (Figure 5B).
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Figure 5. Ser145 phosphorylation of MADI inhibits its transcription repression to target genes.
(A) MADI(S145A) mutant transcription repression was not affected by AKT. Lysates of
MDA-MB-435 cells transfected with Flag-MADI1 or Flag-MAD1(S145A) mutant with or
without AKT were subjected to reporter assay. (B) mRNA levels of MADI1 target genes
hTERT and ODC were affected by the presence of AKT in MAD1 but not in MADI1(S145A)
mutant. RNA of MCF7 cells transfected with the indicated plasmids were subjected to
quantitative PCR. (C) MAD1(S145A) mutant did not reduce its suppression of the cell cycle
in the presence of AKT. MCF7 cells were transfected with the indicated plasmids, and
GFP-positive cells were gated for cell-cycle assay by flow cytometry. (D) The repression of
cell growth by MAD1(S145A) mutant was not affected by AKT. HeLa cells were transfected
with wild-type MAD1 (WT) or mutant MADI1 (S145A) in the presence or absence of AKT.
The growth rate was measured by MTT assay.

Since MAD1 and MYC are highly related to cell cycle, we performed cell-cycle assays to
address the alteration caused by MADI1 phosphorylation. Fewer cells in S phase in the
presence of MAD1 S145A compared with wild-type MADI cells in the presence of activated



AKT (Figure 5C), suggesting that Serl45 phosphorylation inhibits MADI-mediated
cell-cycle suppression. In addition, in vitro cell proliferation assay also showed higher growth
rate in the presence of both wild-type MADI and constitutive active AKT in comparison to
wild-type alone. However, this effect was abrogated when wild-type MAD1 was replaced by
MAD1 S145A mutant (Figure 5D). Taken together, our findings indicate that AKT activates
MADI1 target genes through phosphorylation of MADI1 and inhibits its transcription

repression function, subsequently promoting cell cycle.

DISCUSSION

MADI plays an important role in antagonizing MY C-mediated transcription activation by
competing with the same target genes' promoter and recruiting transcription repressors.
Differential expression has been well documented using different cells and tissues 6, 21.
During cell differentiation, MAD1 RNA expression is elevated, while MYC RNA decreases
22. This unique expression pattern is the cause of the switch between MYC and MADI in the
normal cell condition. However, the expression of MAD1 was found in various cancers in
which cells are continuously proliferating 10. Current concepts of cancer stem cells also
suggest that cancer cells may also still undergo a differentiation process, although the
proliferation status is preserved due to the dysregulation of oncogenes 23. This might provide
an explanation as to why MAD1 can be detected in cancer cells.

Since MADI1 is a tumor suppressor gene, what mechanism could cancer cells use to suppress
MADI1 function? We hypothesized that posttranslation modification is responsible for the
functional alteration and identified that AKT-mediated MAD1 phosphorylation caused the
abrogation of target promoter binding ability. AKT is frequently activated in cancer cells and
inhibits various tumor suppressors such as Forkhead, p21, p27, p53, and GSK3p through
posttranslation phosphorylation modification 12, 18, 24, 25. Upon stimulation by growth
factors, AKT detaches from the inner surface of the plasma membrane and relocalizes to the
nucleus, suggesting that nuclear proteins may also be targets of AKT 25. In this study, we
identified that the function of the nuclear protein MADI is suppressed by AKT by physical
interaction and phosphorylation. In vitro and in vivo assays identified Serl45 as the
phosphorylation site on MADI, and this Ser is also located in the AKT consensus
phosphorylation motif (RXRXXS-145). Mutation of MADI1 Serl45 to Ala abolished
AKT-mediated phosphorylation. Although the phosphorylation site is located at the
C-terminal of MADI and is close to the leucine-zipper domain, the phosphorylation does not
significantly affect the interaction with MAX. However, the phosphorylation somehow affects
the interaction between MAD1 and its target genes' promoter. Consequently, AKT causes the
molecules to switch from a MAD/MAX complex to a MYC/MAX complex to activate the
expression of target genes.

It has been reported that MAD1 C-terminal Ser182 and Ser184 are phosphorylated by Casein
Kinase II (CKII), and that phosphorylation also inhibits MAD1 DNA binding 26. Additionally,



a recent study reported that Ser145 of MADI1 is phosphorylated by S6K and RSK and that this
phosphorylation mediates protein degradation 16. Although such study mentioned that MAD1
Ser145 phosphorylation is blocked by rapamycin and PD98059 under serum stimulation
condition, which implies that AKT does not involved directly in the phosphorylation of
MADI1 Serl45. However, we demonstrated that AKT physically interacts with MADI1 and
phosphorylates MAD1 both in vitro and in vivo. In addition, in the presence of constitutive
active AKT, rapamycin and PD98059 can only partially reduce MADI Serl45
phosphorylation. The possibilities for the discrepancy results could be due to the different cell
lines and experimental conditions used. For instance, the cells were serum starved and
followed by serum stimulation in their study. However, serum stimulation is able to trigger
multiple pathways which might caused more complicated results; thus, in this study, we tried
to identify the role of AKT in mediating MADI phosphorylation directly by the presence of
AKT under normal serum containing culture condition. Taken together, our results indicated
that AKT is also directly involved in MAD1 Ser145 phosphorylation under our experimental
conditions. Moreover, in addition to MADI1 degradation, AKT-mediated MADI
phosphorylation and inhibition of function seem to occur mainly through the suppression of
DNA binding. It is not clear why the same Ser145, which can be phosphorylated by different
enzymes, results in a different outcome. One possibility is that other unknown molecules are
involving the complex, which may affect the recruitment of different enzymes and lead to
different outcomes. In this regard, it is worthwhile to mention that p53 has similar effects in
which same serine or threonine sites were phosphorylated by different enzymes and followed
by different consequences 27. Therefore, the detailed mechanisms of phosphorylated MADI
in reducing interaction with promoter will need further investigation.

MYC/MAX and MAD1/MAX complexes are well regulated by the status of proliferation and
differentiation under normal development. However, in cancer cells, dysregulation of
oncogenic pathways may alter that status by inhibiting differentiation-related proteins such as
MADI. Thus, based on our findings, we propose a model of AKT for regulating MADI
function. AKT-mediated phosphorylation on MADI1 affects its DNA-binding property and
subsequently induces MADI target gene expression. Taken together, our results provide a
model of AKT-mediated MAD1/MAX/MY C network regulation.
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