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DLX5 (Distal-less Homeobox 5) Promotes Tumor Cell
Proliferation by Transcriptionally Regulating MYC*
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The human DLX homeobox genes, which are related to DIl
(Drosophila distal-less gene), encode transcription factors that
are expressed primarily in embryonic development. Recently,
DLXS was reported to act as an oncogene in lymphomas and
lung cancers, although the mechanism is not known. The iden-
tification of target genes of DLX5 can facilitate our understand-
ing of oncogenic mechanisms driven by overexpression of
DLX5. The MYC oncogene is aberrantly expressed in many
human cancers and regulates transcription of numerous target
genes involved in tumorigenesis. Here we demonstrate by lucif-
erase assay that the MYC promoter is specifically activated by
overexpression of DLX5 and that two DLX5 binding sites in the
MYC promoter are important for transcriptional activation of
MYC. We also show that DLX5 binds to the MYC promoter both
in vitro and in vivo and that transfection of a DLX5 expression
plasmid promotes the expression of MYC in a dose-dependent
manner in mammalian cells. Furthermore, overexpression of
DLX5 results in increased cell proliferation by up-regulating
MYC. Knockdown of DLXS5 in lung cancer cells overexpressing
DLXG5 resulted in decreased expression of MYC and reduced cell
proliferation, which was rescued by overexpression of MYC.
Because DLX5 has a restricted pattern of expression in adult
tissues, it may serve as a potential therapeutic target for the
treatment of cancers that overexpress DLX5.

The MYC protooncogene encodes a DNA-binding factor
that can activate or repress transcription. MYC regulates
expression of numerous target genes that control key cellular
functions, including cell proliferation (1, 2). Deregulation of
MYC has been observed in most human cancers (3-7). MYC
activation can result from gene amplification or various
chromosomal rearrangements to promote oncogenesis
(6-11). The MYC promoter can also be regulated by various
transcription factors (12—14). Studies in mouse models of
lymphoma, osteogenic sarcoma, lung cancer, and pancreatic
tumors have shown that Myc is a potentially important ther-
apeutic target (15-19). For example, brief inactivation of
Myc in osteogenic sarcoma cells resulted in sustained regres-
sion of tumors (19). However, the application of a small mol-
ecule inhibitor of MYC in human cancer cells has limited
effectiveness (20, 21).
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Homeobox genes are characterized by a 180-base pair DNA
segment encoding a highly conserved 60-amino acid DNA-
binding domain. The homeobox domain interacts with DNA
elements containinga TAAT core motif. It is estimated that the
human genome includes more than 200 homeobox genes (22).
These genes play important roles in various developmental pro-
cesses (23, 24). A growing number of homeobox genes have
been shown to be deregulated in various human cancers and
have the potential to serve as therapeutic targets (25-27).
Among the homeobox gene superfamily, DLX (distal-less
homeobox) genes, related to the distal-less gene (DI[) of Dro-
sophila, are expressed primarily in the developing forebrain and
craniofacial structures. In humans, there are six distal-less
homeobox (DLX) genes, represented by three bigene clusters,
DLX1/DLX2, DLX5/DLX6, and DLX3/DLX7.

The DLX5/DLX6 locus was implicated in split hand/split foot
malformation (28, 29). Mice lacking Dix5 and DIx6 die shortly
after birth and are characterized by complex defects in cranio-
facial, vestibular, and bone structures (24, 30). Overexpression
of DIx5 in mouse osteoblastic cells can induce osteoblast differ-
entiation resembling the phenotype of cells incubated with the
bone morphogenetic protein BMP4 (31, 32). Various DIx5 tar-
get genes involved in osteoblast differentiation have been iden-
tified (33—35). For example, DIx5 can up-regulate the expres-
sion of the ALP (alkaline phosphatase) gene either directly by
binding to the ALP promoter or indirectly by stimulating
Runx?2 expression (34).

Recently, DIx5 was reported to be overexpressed in a subset
of lymphomas and lung cancers. We reported that expression
of DIx5 could be up-regulated as a result of a novel recurrent
chromosome 6 inversion, inv(6), seen in spontaneous thymic
lymphomas from Lck-Myr-Akt2? transgenic mice, in which the
Lck promoter is used to drive expression of a myristoylated,
constitutively active form of Akt2 in the early stages of thymo-
cyte development (36). Moreover, knockdown of DIx5 was
shown to result in decreased cell proliferation in lymphoma
cells harboring an inv(6). Another group reported overexpres-
sion of DLX5 in most human lung cancers (37). DLX5 protein
was present mainly in the nucleus, suggesting that DLX5 could
play an important role in transcriptional regulation and thereby
directly or indirectly transactivate various downstream genes in
lung cancer cells. Intriguingly, inhibition of DLX7 in erythro-

2The abbreviations used are: Lck-Myr-Akt2, transgene encoding myristoy-
lated (active) form of Akt2 kinase, driven by the Lck (lymphocyte-specific
protein-tyrosine kinase) gene promoter; NSCLC, non-small cell lung can-
cer; siRNA, small interfering RNA; RT, reverse transcription; ChIP, chromatin
immunoprecipitation.
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leukemia cells leads to a reduction in MYC expression (38).
Here we report that DLX5 directly binds the MYC promoter
and can promote tumor cell proliferation by up-regulating
MYC.

EXPERIMENTAL PROCEDURES

Cell Line and Reagents—]Jurkat cells and NCI-H322M cells
were cultured in RPMI containing 10% fetal bovine serum.
HeLa cells and HEK293 cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum. DLX5
and ODC antibodies were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA). MYC antibody was from Cell
Signaling Technology. Antibody against (-actin was from
Sigma. Validated Stealth RNAi™ siRNA against MYC, DLX5
Stealth Select RNAi™, and non-targeting siRNA were from
Invitrogen.

Plasmids and Site-directed Mutations—Luciferase reporter
plasmids driven by a MYC promoter (i.e. pGL2-XNM (dubbed
XNM-Luc herein) and pGL2-SNM (SNM-Luc)) were gifts from
Dr. Mark D. Minden (12). pcDNA3.1-DLX5 was generated by
cloning the cDNA of human DLXS5 into EcoRI and BamHI of
pcDNA3.1. Primers used to make DLXS5 binding site mutations
are indicated in the text. A site-directed mutation kit from
Stratagene was employed to make mutated MYC reporter
constructs.

RNA Extraction and cDNA Synthesis—RNAs for mouse sam-
ples were isolated by TRIzol (Invitrogen) from either wild-type
lymphocytes or fresh T-cell lymphoma samples prepared from
Lck-Myr-Akt2 transgenic mice (36). All cDNAs were synthe-
sized by using SuperScript Il reverse transcriptase (Invitrogen)
with oligo(dT).

Real Time RT-PCR—Total RNA samples were treated with
TURBO DNA-free (Ambion) to remove possible contaminat-
ing DNA. RNA was quantified using a Nanodrop UV spectro-
photometer and reverse-transcribed using the Moloney murine
leukemia virus reverse transcriptase (Ambion) with a mixture
of anchored oligo(dT) and random decamers. Aliquots of
c¢DNAs were used for PCR. Real time Tagman PCR assays were
performed using an ABI 7900 HT instrument. The primers and
dual labeled 6FAM and BHQ1 (Black Hole Quencher) probes
for human DLXS5, mouse Dix5, and actin were designed using
Primer Express™ version 1.5 software from Applied Biosys-
tems. Assays-on-Demand from Applied Biosystems were used
for human ACTIN (assay ID number Hs99999903_m1), human
MYC (assay ID number Hs00153408_ml), and mouse Myc
(assay ID number, Mm00487803_m1). PCR master mix from
Applied Biosystems was used for PCR. Cycling conditions were
95 °C for 15 min followed by 40 (two-step) cycles (95 °C for 15,
60 °C for 60 s). A 4-fold dilution standard curve established with
a calibrator sample was used to convert the Ct values into quan-
tities. For each sample, the values were averages from two
PCRs performed with two different amounts of total RNA in
the RT reaction. Primer sequences for human DLX5 were as
follows: forward primer, 5'-CAACTTTGCCCGAGTCTTC-
A-3'; reverse primer, 5'-GTTGAGAGCTTTGCCATAGG-
AA-3';probe, 5'-6FAM-CTACCGATTCTGACTACTACA-
GCCCTACGGG-BHQI1-3'. Primer sequences for mouse
DIix5 were as follows: forward primer, 5'-CCGCTTTACAG-
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AGAAGGTTTCA-3'; reverse primer, 5'-TCTTCTTGATC-
TTGGATCTTTTGTT-3’; probe, 5'-6FAM-ACTCAGTAC-
CTCGCCCTGCCAGAAC-BHQ1-3'. Primer sequences for
mouse Actin were as follows: forward primer, 5'-CCAGCA-
GATGTGGATCAGCA-3'; reverse primer, 5'-CTTGCGG-
TGCACGATGG-3'; probe, 5'-6FAM-CAGGAGTACGA-
TGAGTCCGGCCCC-BHQ1-3".

Transient Transfection—An Amaxa Nucleofector kit V was
used to transfect the DLX5 plasmid into Jurkat cells, using the
manufacturer’s protocol. Briefly, 5 X 10° cells were centrifuged
in 15-ml conical tubes. Cell pellets were suspended in Nucleo-
fector solution V with DLX5 plasmids (or empty vector) in the
indicated amounts. The mixture was then transferred to a
cuvette and processed using program X-001 of the Amaxa
Nucleofector II system. Cells were transferred immediately into
prewarmed media using pipettes provided by the manufacturer
and then placed in culture. Cells were harvested at the indicated
time point(s) with either radioimmune precipitation assay lysis
buffer for protein analysis or the RNeasy Plus mini kit (Qiagen)
for RNA extraction.

Luciferase Assay—HeLa cells or HEK293 cells at 90% conflu-
ence were washed with PBS once and trypsinized. Then 2 X 10°
cells were centrifuged at 1,200 rpm for 5 min. Cell pellets were
suspended in 100 wl of Nucleofector solution R (Amaxa,
Nucleofector kit R) with plasmids pCMV-Renilla luciferase (0.5
png; Promega), pGL2-XNM-Luc, or pGL2 SNM-Luc (4 ug each)
and pcDNA3.1-DLX5 or pcDNA3.1 (4 ug each). All samples
were processed using program I-13 and immediately trans-
ferred into 6 ml of warm culture media. Each 6-ml sample was
evenly plated into three wells of a 6-well plate (2 ml/well). 12 h
following transfection, the media were replaced with normal
media. Cell extracts were collected in 200 ul of 1X Passive Lysis
Buffer 48 h after transfection. Luciferase activity was evaluated
using a dual luciferase reporter assay system (Promega).

ChiP Assay—ChlP assays were performed using the chroma-
tin immunoprecipitation assay kit from Upstate Biotechnology,
Inc. (Lake Placid, NY). Briefly, HeLa cells were transfected with
pcDNA3.1-DLX5. After 48 h, these cells (or untransfected
NCI-H322M cells, which overexpress DLX5) were used for
cross-linking of histones to DNA by the addition of formalde-
hyde. Cells were then washed and centrifuged, and then the cell
pellet was suspended in SDS lysis buffer. The lysates were son-
icated to shear DNA into fragments of 200-1000 base pairs.
The samples were diluted 10-fold in ChIP Dilution Buffer, and
the sheared chromatin was precleared with salmon sperm
DNA/protein A-agarose beads and subjected to immunopre-
cipitation with 2 ug of either anti-DLX5 (C-20) antibody or
goat IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
overnight at 4°C. Then 60 ul of protein A-agarose/salmon
sperm DNA (50% slurry) was added; after rotation for 1 h at
4. °C, the antibody-histone complex was collected. The immu-
noprecipitated chromatin complexes were washed and eluted
with freshly prepared elution buffer. Following the reversal of
cross-links, the DNA was extracted, resuspended in water, and
used as template for subsequent PCRs. The primer sequences
for endogenous human MYC promoter were as follows:
forward primer, 5'-TCTCCGCCCACCGGCCCTTTATAAT-
GCGA-3’; reverse primer, 5'-CCGTTCTTTTTCCCGCCA-
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AGC-3'. The primer sequences for upstream negative control
were as follows: forward primer, 5'-AACTCCTCTTTCTTCG-
GACCT-3'; reverse primer, 5'-ACCAATCGCTATGCTGG-
ATT-3". The primer sequences for downstream negative con-
trol were as follows: forward primer, 5'-TTCACTAAGTGCG-
TCTCCGA-3', reverse primer, 5'-TCCTGTTGGTGAAGCT-
AACG-3'. PCR products were checked on agarose gel and
confirmed by sequencing.

Gel Shift Assay—Gel shift assays were performed by using a
kit from Promega. Recombinant protein DLX5 (Prosci) was
incubated in a reaction containing 1X gel shift binding buffer in
a volume of 9 ul for 10 min, followed by the addition of 1 ul of
32P-labeled duplex oligonucleotide probes corresponding to
the MYC promoter region (as shown under “Results”). The
reactions were incubated at room temperature for 20 min, and
then 2 ul of 5X TBE loading buffer was added to each reaction.
The samples were loaded onto a 6% DNA retardation gel
(Invitrogen) and run at 300 V for 15 min. The gel was then dried
and exposed to x-ray film.

Immunoblot Analysis—Whole cell extract proteins (20 ug)
were separated electrophoretically on 4-12% Novex Tris-gly-
cine polyacrylamide gels (Invitrogen). Proteins were trans-
ferred to Immobilon-P membrane (Millipore), blocked in 5%
nonfat milk with 0.1% Tween 20 in phosphate-buffered saline.
Membranes were probed with different antibodies, as indi-
cated. Immunoreactive bands were visualized using Western
Lightning Chemiluminescence Reagent Plus (PerkinElmer Life
Sciences) and exposed to x-ray film or captured by the
Fluorchem™ SP imaging system (Alpha Innotech). All immu-
noblot experiments were performed at least three times.

RESULTS

Expression of Dix5 Correlates with Myc Expression in Lck-
Myr-Akt2 Lymphomas—In previous studies of thymic lympho-
mas from Lck-Myr-Akt2 mice, we reported a novel recurrent
inv(6) thatleads to robust expression of DIx5 (36). Interestingly,
Myc expression was consistently up-regulated in tumors from
mice harboring the inv(6) (Fig. 1). Based on this observation, we
hypothesized that Myc expression may be regulated, at least in
part, by DIx5. To test this hypothesis, we performed the follow-
ing series of experiments.

The MYC Promoter Is Directly Activated by Overexpression of
DLX5—We initially analyzed the conventional MYC promoter
(12), and we identified four putative homeobox binding sites
having the core binding sequence TAAT. In this report, these
sites are designated D1, D2, D3, and D4 (Fig. 2, A and D), and
the mutated binding sites are referred to as M1, M2, M3, and
M4, respectively (Fig. 2D). The luciferase constructs (dubbed
SNM-Luc and XNM-Luc) used in this investigation for the
MYC promoter activity assay have been reported elsewhere
(12). SNM-Luc contains the entire conventional MYC pro-
moter region, including the major transcription start sites P1
and P2 (39), whereas XNM-Luc contains only the P2 site. In
HeLa cells, transient transfection of DLX5 together with XNM-
Luc or SNM-Luc resulted in a 3- or 2-fold increase, respectively,
in MYC promoter activity (Fig. 2B). In HEK293T cells,
co-transfection of DLX5 with XNM-Luc or SNM-Luc resulted
in a 2.7- or 1.8-fold increase, respectively, in MYC promoter
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FIGURE 1.Expression of DIx5 and Myc in inv(6)-positive T-cell lymphomas
from Lck-Myr-Akt2 transgenic mice. Real time RT-PCR analysis was per-
formed with total RNA samples extracted from wild-type T cells (WT) or T-cell
lymphomas from 10 different mice represented by numbers 1-10. Values
were normalized against expression of Actin.

activity (Fig. 2, B and C). These data suggest that DLX5 can
directly regulate MYC transcription.

Our site-directed mutagenesis studies demonstrated that
mutations in D1 and D4 binding sites can inhibit MYC tran-
scriptional activation (Fig. 2, E and F). MYC promoter activity
was assayed by transient transfection of DLX5 together with
XNM-Luc or SNM-Luc. Interestingly, when the D4 binding site
in either XNM-Luc or SNM-Luc was mutated, the MYC pro-
moter did not respond to overexpression of DLX5. Likewise,
when the MYC promoter was mutated from D1 to M1 in the
SNM-Luc construct, impaired transcription was observed,
whereas M2 and M3 mutations did not inhibit MYC promoter
activity induced by DLX5. Collectively, these data suggest that
the binding sites D1 and D4, but not D2 and D3, are important
for the maintenance of MYC promoter activation in response to
DLX5.

DLXS5 Binds to the MYC Promoter in Vitro and in Vivo—To
investigate whether DLX5 can directly bind to the MYC pro-
moter, we employed a gel shift assay and a ChIP assay. Individ-
ual DNA probes corresponding to the four DLX5 binding sites
within the MYC promoter region (Fig. 2D) were used to per-
form the gel shift assay. These probes were labeled by ATP
(@-*?P) and incubated with recombinant human DLX5 protein.
Each probe was found to bind to recombinant DLX5 protein,
and the binding was competed by an excess molar concentra-
tion of unlabeled probe. When an anti-DLX5 antibody together
with recombinant human DLX5 protein were added into the
reaction, we detected a supershift of the DNA probe. No band
was detected by adding anti-DLX5 antibody alone into the reac-
tion, indicating that the supershift is DLX5-specific. These
results imply that DLX5 binds to the MYC promoter in vitro
(Fig. 3A). In addition, ChIP assays were carried out in HeLa cells
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transiently transfected with DLX5
or in NCI-H322M cells, which
express high endogenous levels of
DLX5. Following ChIP with a DLX5
antibody, PCR analysis using spe-
cific primers against the MYC pro-
moter revealed a single PCR ampli-
fication product. Sequence analysis
confirmed that the PCR products
represented a portion of the MYC
promoter. No PCR band was detected
when goat IgG was used in the ChIP
assay. Importantly, PCR analysis us-
ing specific primers against up-
stream or downstream sequences of
the MYC promoter did not show
bands in ChIP samples (Fig. 3B).
Thus, these findings suggest that
DLXS5 can directly bind to the MYC
promoter in vivo.

Overexpression of DLX5 Up-regu-
lates MYC Expression in a Dose-de-
pendent Manner—To test whether
DLX5 can regulate MYC expression,
we performed a series of transient
transfection experiments. In Jurkat
cells, overexpression of DLX5 re-
sulted in a 2.5-fold increase in the
expression of MYC protein (Fig. 4A)
as well as a 1.6-fold increase in MYC
mRNA. These findings suggest that
expression of DLX5 can up-regulate
MYC expression. To further con-
firm that DLX5 can regulate the
expression of MYC, we tested MYC
expression in Jurkat cells trans-
fected with increasing amounts of
DLX5 expression plasmids. Parallel
increases in MYC protein levels
(Fig. 4C) and MYC mRNA levels
(Fig. 4D) were observed. These data
indicate that up-regulation of MYC
correlates with expression of DLX5.

DLXS Accelerates Jurkat Cell Pro-
liferation by Regulating the Expres-
sion of MYC—We next tested
whether expression of DLX5 can
promote cell proliferation by di-
rectly regulating the expression of
MYC. Transient transfection of
DLX5 into Jurkat cells resulted in a
~2.5-fold or 6-fold increase in cell
proliferation at 24 or 48 h, respec-
tively. However, when cells were
transfected with both DLX5 and
siRNAs against MYC, cell prolifera-
tion increased only about 1.5- or
3.5-fold at 24 or 48 h, respectively,
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CON. DLX5 1IgG CON. DLX5 IgG

Upstream Con Upstream Con

Downstream Con Downstream Con

HeLa+DLX5 NCI-H322M

FIGURE 3. DLX5 binds to MYC promoter in vitro and in vivo. A, gel shift assays were performed using recombinant human DLX5 protein and radiolabeled
oligonucleotides. DLX5 binding could be competed by excess molar concentrations (25-, 50-, or 250-fold excess) of unlabeled probes, as indicated by the
triangles. Supershift was observed by adding a DLX5-specific antibody (a-DLX5) into each reaction. The arrow indicates oligonucleotides binding to DLX5.
B, ChlIP assay carried out using ChIP-grade antibody against DLX5 (or normal goat IgG as a negative control) with HelLa cells transiently transfected with DLX5
or NCI-H322M cells. PCR products represent a portion of the MYC promoter (MYC). The upstream control (Upstream Con) represents a portion of the upstream
MYC promoter containing nucleotides —2305 to —2015. The second control (Downstream Con) represents a downstream sequence containing nucleotides
1801-2062. Nucleotide numbers are relative to the P2 transcription start site (+1) in the MYC promoter. CON, positive control using total genomic DNA as
template; DLX5, PCR products amplified from the ChIP samples mediated by anti-DLX5 antibody; IgG, absence of PCR product corresponding to MYC promoter
in sample mediated by IgG.

which was similar to that of cells transfected with empty vector
alone. On the other hand, when the cells were transfected with
both DLX5 and non-targeting siRNA, the cell proliferation rate
was similar to that observed with DLX5 alone. Transient trans-
fection of MYC into Jurkat cells led to a similar enhancement in
cell proliferation (Fig. 4E).

Immunoblot analysis demonstrated that MYC expression
can be significantly up-regulated by transient transfection of
DLX5 in Jurkat cells. When Jurkat cells were transfected
with both DLX5 and siRNA against MYC, the expression
level of MYC decreased to about the same level seen in cells
transfected with vector alone, whereas in cells co-trans-
fected with DLX5 and non-targeting siRNA, expression of
MYC was comparable with that observed in cells transfected

with DLX5 alone (Fig. 5F). Thus, these data strongly suggest
that DLX5 accelerates cell proliferation by regulating the
expression of MYC.

DLXS5 Regulates Cell Proliferation and Expression of MYC
in Lung Cancer Cells—NCI-H322M, NCI-H520, and NCI-
H23 human lung cancer cells express high levels of DLX5.
Stealth select siRNAs against DLX5 or non-targeting siRNA
from Invitrogen were transfected into these cells by using the
Amaxa Nucleofector System. To test the transfection effi-
ciency, siRNA conjugated with fluorescein was introduced
into cells. After transfection for 24 h, the cells with positive
fluorescence were counted under a fluorescence micro-
scope, which revealed a transfection efficiency of nearly
100% (data not shown).

FIGURE 2. DLX5 regulates MYC transcription in vitro. A, annotation of the MYC promoter. SNM and XNM, sequences inserted in SNM-Luc and XNM-Luc
reporter vectors, respectively. The MYC promoter contains four putative DLX5 binding sites with the core motif of TAAT. P1 and P2 sites are major transcription
start sites. Band C, luciferase activity in cells transfected with XNM-Luc or SNM-Luc, respectively, normalized by Renilla luciferase. pcDNA3.1 (Vec) in samples 1
and 3 or pcDNA3.1-DLX5 (DLX5) in samples 2 and 4 was co-transfected with luciferase reporter constructs and Renilla luciferase plasmid. Statistical analysis was
performed by a two-tailed t test. D, MYC promoter reporter constructs bearing four different DLX5 binding sites were subjected to site-directed mutagenesis
to substitute putative DLX5 binding sequences with the designated sequences (underlined). E, promoter activity measured using XNM-Luc or XNM-M4-Luc
(Xmut-Luc), which contains a mutation in the D4 binding site of DLX5 in HeLa cells. Luciferase activity was normalized by Renilla luciferase. F, promoter activity
of four different SNM-Luc mutant vectors (M1-Luc, M2-Luc, M3-Luc, and M4-Luc) containing different mutations in putative DLX5 binding sites in SNM-Luc in
HelLa cells. Luciferase activity was normalized by Renilla luciferase.
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DLX5 compared with ~40% in NCI-
H23 cells. Importantly, the reduc-
tion in cell proliferation caused by
knockdown of DLX5 was rescued by
overexpression of MYC (Fig. 5C).
Taken together, these findings sug-
gest that DLX5 regulates cell prolif-
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FIGURE 4. DLX5 promotes Jurkat cell proliferation by regulating the expression of MYC. A, expression of
MYC proteinin Jurkat cells transfected by vector (7) or DLX5 (2). The histogram in A represents the density of the
MYCbands inimmunoblot. B, real time RT-PCR analysis of MYC mRNA levels in Jurkat cells transfected by vector
and DLX5. C, expression of MYC in Jurkat cells transfected with increasing amounts of DLX5 plasmid. D, real
time RT-PCR analysis of MYC mRNA level in Jurkat cells transfected with increasing amounts of DLX5 plasmid.
E, cell numbers counted at 0, 24, and 48 h in Jurkat cells transfected with vector (Vec), DLX5, DLX5 + non-
targeting siRNA (siCon), DLX5 + siRNAT against MYC (siMYC1), DLX5 + siRNA2 against MYC (siMYC2), and MYC.
F, expression of MYC, DLX5, and B-ACTIN in Jurkat cells transfected with Vec (1), DLX5 (2), DLX5 + non-
targeting siRNA (3); DLX5 + siRNA1 against MYC (4), DLX5 + siRNA2 against MYC (5), and MYC (6).

To test whether inhibition of the expression of DLX5 dimin-
ishes the expression of MYC, we performed real time RT-PCR
analysis on NCI-H322M, NCI-H520, and NCI-H23 cells trans-
fected with siRNA against DLXS5. To minimize the possibility
that expression of MYC could be affected by cell cycle progres-
sion, we analyzed early time points (i.e. 16 and 24 h) after trans-
fection (Fig. 5A). Interestingly, MYC transcription was rapidly
inhibited following transfection of siRNA against DLXS in all of
the three lung cancer cell lines. As shown in Fig. 54, transfec-
tion of NCI-H322M cells with stealth siRNA against DLX5
resulted in ~90% knockdown of DLX5 16 or 24 h after trans-
fection, whereas MYC mRNA expression was decreased ~40%.
In NCI-H520 cells, the expression of DLX5 was diminished
about 70% after transfection with siRNA against DLXS5,
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eration, at least in part, by reducing
MYC expression.

DISCUSSION

The DIx5 and DIix6 homeobox
genes are co-expressed in all skel-
etal structures found in midgesta-
tion embryos after the initial for-
mation of cartilage. Subsequent
studies revealed that DIx5 can be
induced by BMP and is involved in
osteoblast differentiation; further-
more, knock-out studies have con-
firmed that DIx5 plays an impor-
tant role in bone formation (24).
Recently, overexpression of DLX5
was reported in human lympho-
mas and lung cancers and has been
proposed to act as an oncogene
(36, 37). For example, we showed
that DIx5 can enhance the prolif-
eration of JML-5 lymphoma cells
as well as promote anchorage-in-
dependent growth of Rat-1 fibro-
blasts. Furthermore, DIx5 was
found to cooperate with activated
Akt2 kinase to promote increased soft agar colony formation
in Rat-1 fibroblasts (36). In non-small cell lung cancer
(NSCLC) patients, overexpression of DLX5 in lung tumors
correlated with a poor prognosis. Proliferation of NSCLC
cells in vitro was inhibited by specific siRNA against DLX5
(37).

MYC plays pivotal roles in controlling various cellular func-
tions, such as cell growth, proliferation, differentiation, and
senescence, by regulating the expression of numerous target
genes (1). Deregulated MYC expression resulting from up-
stream oncogenic signals leads to constitutive activation of
MYC in a variety of cancers to promote tumorigenesis.

In an earlier study of thymic lymphomas from Akt2 trans-
genic mice, we reported overexpression of DIx5 due to a
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FIGURE 5. DLX5 promotes proliferation of lung cancer cells by regulating the expression of MYC. A, real time RT-PCR analyses of -fold change of DLX5 and
MYC mRNA levels in NCI-H322M, NCI-H520, or NCI-H23 lung cancer cells transfected with siRNA against DLX5 (siDLX5; Invitrogen Oligo ID, HSS102810) or
non-targeting siRNA (siCON) for 16 h or 24 h. The DLX5 and MYC mRNA levels were normalized against the respective DLX5 and MYC mRNA levels observed in
cells transfected with control non-targeting siRNA. B, the same number of cells were transfected with buffer (Normal), non-targeting siRNA (siCON), siRNA1
against DLX5 (siDLX5-1; Invitrogen Oligo ID, HSS102808), or siRNA2 against DLX5 (siDLX5-2; Invitrogen oligo ID, HS5102810) and counted 48 h after transfection.
G, cell numbers counted at 48 h in NCI-H322M cells transfected with buffer (NCI-H322M), non-targeting siRNA (siCONTROL), siRNA1 against DLX5 (siDLX5-1),
siRNA2 against DLX5 (siDLX5-2), siRNA1 against DLX5 + pcDNA3-MYC (siDLX5-1 + MYC), or siRNA2 against DLX5 + pcDNA3-MYC (siDLX5-2 + MYC). D, expres-
sion of DLX5, CASPASE 3, and B-ACTIN in NCI-H322M cells transfected with buffer (Normal), non-targeting siRNA (siCON), siRNA1 against DLX5 (siDLX5-1), or

siRNA2 against DLX5 (siDLX5-2). The arrow points to the bands representing the cleaved form of active CASPASE 3.

rearrangement that places the DIxS locus near the Tcrb
enhancer (36). An analysis of global gene expression in these
tumors revealed that Myc was consistently up-regulated
compared with that observed in wild-type T cells. To con-
firm overexpression of Myc in the thymic lymphomas, real
time RT-PCR analysis was performed on fresh (uncultured)
T-cell tumors and control T cells harvested from wild-type
mice at the same age (Fig. 1). Since numerous oncogenic
transcription factors appear to regulate the expression of
Myc (12-14), we hypothesized that overexpression of DIx5
might up-regulate Myc and accelerate lymphoma progres-
sion in our mouse model. Here, we have used luciferase
reporter assays to demonstrate that DLX5 can indeed regu-
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late MYC promoter activity (Fig. 2). The fact that DLX5
binds to the MYC promoter both in vitro (Fig. 3A) and in vivo
(Fig. 3B) suggests that DLX5 regulates MYC transcriptional
activity. In addition, we have identified two DLX5 binding
sites, D1 and D4, which appear to be important in regulating
MYC expression. As shown in Fig. 4, A and B, transient
transfection of DLX5 in Jurkat results in significant up-reg-
ulation of MYC. Furthermore, we observed that in Jurkat
cells, expression of the ornithine decarboxylase gene, ODC1,
a transcriptional target of MYC, was also up-regulated by
DLX5 (data not shown). Moreover, DLX5 regulates the
expression of MYC in a dose-dependent manner (Fig. 4, C
and D). Therefore, our findings indicate that DLX5 can spe-
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cifically bind to the MYC promoter, resulting in elevated
expression of MYC.

Interestingly, immunohistochemical analysis of NSCLCs
showed that positive staining for DLX5 correlates with
increased tumor size and poor prognosis and was an inde-
pendent prognostic factor (37). Moreover, treatment of
NSCLC cells with siRNAs against DLX5 effectively knocked
down its expression and suppressed cell proliferation.
Intriguingly, it is reported that overexpression of MYC is
very common in NSCLC (40). We identified three NSCLC
cell lines, NCI-H322M, NCI-H520, and NCI-H23, with high
expression of DLX5, and knockdown of DLXS5 in these cells
resulted in a decreased expression of MYC and decreased
cell proliferation (Fig. 5, A and B). To exclude the possibility
that decreased cell proliferations in siRNA-treated cells were
due to apoptosis, we analyzed caspase 3 in those cells and
found that the expressions of cleaved caspase 3 showed no
significant difference between siRNA-transfected cells and
normal cells (Fig. 5D). Since it is well known that MYC con-
trols cellular proliferation, we had hypothesized that DLX5
might regulate cell proliferation via transcriptional regula-
tion of MYC. Indeed, inhibition of MYC by siRNA inhibited
the proliferative effects of DLX5 expression in Jurkat cells.
Moreover, ectopic overexpression of MYC in Jurkat cells
resulted in a similar enhancement of proliferation as DLX5
in this assay (Fig. 4, E and F). However, MYC may not be the
only target of DLX5 responsible for enhanced proliferation
connected with oncogenesis, because knockdown of DLX5
by 80 -90% resulted in only a 20 — 40% decrease in MYC tran-
scription and a ~50% decrease in cell proliferation (Fig. 5, A
and B). It is noteworthy that a growing number of homeobox
genes are deregulated in cancers (25-27). Since homeobox
genes share the same DNA binding motif and can have mul-
tiple targets, it is likely that the number of targets of DLX5
involved in tumorigenesis will increase. Thus, in future
investigations, we plan to use ChIP-on-chip assays to iden-
tify other potential targets of DLX5 that may contribute to
increased cell proliferation.

Because of its involvement in many different types of cancer,
including lymphoma, lung cancer, osteogenic sarcoma, and
pancreatic cancer, many investigators have conducted preclin-
ical studies to explore the possibility of targeting Myc (15-19).
However, small molecule inhibitors of MYC have had limited
effectiveness in human cancer cells (20, 21). Unlike MYC,
DLX5 has a restricted pattern of expression in adult tissues (37),
and thus targeting DLX5 may prove to be more efficacious in
the treatment of a subset of tumors that co-express elevated
levels of these transcription factors.
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