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he Cut homeobox gene 1 (CUX1)

codes for several homeodomain
proteins that display distinct DNA
binding and transcriptional proper-
ties. Some CUXI1 isoforms were previ-
ously shown to stimulate entry into S
phase. More recently, siRNA-mediated
knockdown of CUX1 was shown to
cause a decrease in cell migration and
invasion. In contrast, ectopic expression
of p110 or p75 CUX1 stimulated cell
migration and invasion in tissue cul-
ture. Moreover, metastasis to the lung
was observed in a few cases following
development of mammary tumors in
p75 CUX1 transgenic mice. Chromatin
immunoprecipitation (ChIP) assays fol-
lowed by hybridization on promoter
arrays (ChIP-chip) led to the identifi-
cation of more than 20 genes that are
directly regulated by CUX1 and code
for proteins involved in cytoskeleton
remodeling, cell-cell and cell-matrix
adhesion, epithelial to mesenchymal
transition and transcriptional regula-
tion. Many targets of CUXI1 are regu-
lators of Rho GTPases that play a role
both in cell cycle progression and cell
motility. Interestingly, some genes that
promote cell motility are activated by
CUXI1, while some genes that inhibit
cell motility are repressed by CUXI.
The dual function of CUXI1 as an acti-
vator and repressor is best exempli-
fied by the regulatory cascade whereby
CUXI activates expression of the Snail
and Slug transcription factors and then
cooperates with them to repress the
E-cadherin and occludin genes, thereby
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causing a severe disorganization of cell-
cell junctions. Together, these stud-
ies indicate that CUXI1 stimulates cell
motility by regulating a large number
of genes involved in various molecular
functions.

Cell Migratory Properties are
Reduced in the Absence of CUX1

A role for the CUX1 homeodomain pro-
tein in cell motility was first revealed
from a high-throughput RNA inter-
ference screen.! In subsequent experi-
ments using NIH3T3 fibroblastic cells
and a panel of human cancer cell lines
from several tissue origins (including
HT1080, U87-MG, MDA-MB-231 and
PANCI cells), Michl and colleagues
confirmed that siRNA-mediated knock-
down of CUXI1 caused a decrease in cell
migration as measured in video time-
lapse microscopy,
wound healing assays." Transient knock-
down of CUXI1 also inhibited invasion
through Matrigel.! In agreement with
these results, mouse embryonic fibro-
blasts (MEFs) from CUXIl-knockout
mice exhibited a defect in migration
and invasion as compared to MEFs from
wild type mice.? These observations
were extended using an in vivo inva-
sion assay. Indeed, pulmonary coloniza-
tion after tail vein injection was reduced
following stable expression of CUXI
shRNA in HT1080 and MDA-MB-231.!
Together, these results clearly demon-
strated a requirement for CUX1 in cell
migration and invasion.
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I ————  COMMENTARY & VIEW

Elevated CUX1 Expression
is Associated
with Tumor Progression

Two sets of data suggested that elevated
CUXI expression may be associated with
tumor progression.! First, the addition of
TGFB to NIH3T3 fibroblasts, AML12
hepatocytes and MDA-MB-231 breast
tumor cells led to an increase in CUX1
mRNA and full-length protein steady-
state levels. As TGFp failed to stimulate
migration of NIH3T3 and HT1080 cells
when CUX1 was silenced by siRNA, the
authors proposed that CUXI functions
as a downstream effector of the TGFf-
induced cell migration and invasion.
Secondly, in cohorts of breast and pancre-
atic cancer patients, elevated expression
of CUX1 was found to occur more fre-
quently in tumors of higher histological
grade. Furthermore, CUXI expression
inversely correlated with relapse-free sur-
vival and overall survival among patients
with high-grade tumors. These results
suggested that elevated CUX1 expression
contributes to tumor progression.

Not All CUX1 Isoforms
Are Made Equal

In addition to the full-length protein,
often called p200 CUX1, are a number of
shorter isoforms with distinct DNA and
transcriptional properties (reviewed in
ref. 3). The p55 and p75 isoforms are
encoded by tissue-specific transcripts
respectively generated by alternative splic-
ing or transcription initiation at an alter-
native site, whereas the p150, p110, p90
and p80 are the products of proteolytic
processing events.”” While the major iso-
form, p200 CUXI, has been characterized
as a transcriptional repressor, p150 CUX1
was described as a dominant-negative iso-
form and the p75 and p110 isoforms were
found to function both as transcriptional
activators or repressors depending on pro-
moter context.'*!?
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Cell Motility Defect of Cux1#Z
MEFs is Rescued by p110 CUX1,
but Only Partially by the
Full-Length Isoform, p200 CUX1

In order to establish the role of individ-
ual isoform, we investigated whether the
defect of CuxI?? MEFs in cell motil-
ity could be rescued by re-expressing
one or the other CUXI isoforms, using
a panel of Adenovirus expressing either
p200 CUXI1, p110 CUXI1 or an inactive
mutant, CUX1(1-1109).? The defect was
rescued completely by pl10 CUXI, but
only partially by p200 CUXI. Subsequent
experiments showed that cell migration
was stimulated by treatments that increase
proteolytic processing of p200 CUX1 into
pl10 CUXI1, whereas cell migration was
decreased in the presence of a protease
inhibitor that prevents the generation of
p110 CUX1. Together these results suggest
that p200 CUXI1 may not itself be active
in this process but may mediate its effects
on migration only indirectly through the
generation of p110 CUXI.

Both p75 and p110 CUX1
Can Stimulate Motility
of Epithelial Cells

The elevated levels of CUX1 in high grade
tumors and the requirement for CUXI
in cell migration and invasion together
suggest that CUXI1 contributes to tumor
progression by stimulating the migratory
and invasive properties of tumor cells. To
formally test this hypothesis, one would
need to verify whether elevated CUXI1
expression leads to an increase in cell
motility. To address this issue, retroviral
infections were performed in various cell
lines to generate populations of cells sta-
bly expressing p110 CUX1. Cell migration
and invasion were stimulated as judged
from three assays: trans-well migration,
invasion through matrigel and wound-
healing assays.> We noted that the stim-
ulatory effect of p110 CUX1 was much
more pronounced in epithelial cells than
in fibroblastic cells. This observation will
later find a mechanistic explanation with
the identification of CUX1 transcriptional
targets. In another study, stable expression
of p75 CUXI1 in a mouse mammary epi-
thelial cell line was shown to stimulate cell
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migration in a two-chamber migration
assay and a wound-healing assay.'? These
results demonstrate that some CUXI1
isoforms can stimulate cell migration and
invasion.

Mammary Tumors from MMTV-p75
CUX1 Transgenic Mice Develop
Lung Metastases

Transgenic mice expressing p75 or pll0
CUXI1 under the control of the Mouse
Mammary Tumor Virus long terminal
repeat (MMTV-LTR) were found to
develop mammary tumors after a long
latency period.”? Metastasis to the lung
was observed in three p75 CUXI trans-
genic mice. It should be noted that the
sample size was too small to determine
whether the metastasis rate is different
between p75 and p110 CUXI transgenic
mice. Nevertheless, stable expression of
p75 CUXI in a mouse mammary epithe-
lial cell line was shown to stimulate cell
migration in tissue culture assays and to
increase the formation of lung metasta-
ses following tail vein injection.”? Future
studies should investigate whether various
CUX1 isoforms differ in their ability to
stimulate the invasive properties of cells.
In this regards, it will be imperative to
develop reagents and methods that can
distinguish whether tumor progression is
associated with an increase in the expres-
sion of specific CUXI isoforms as previ-
ously proposed.®

Transcriptional Targets of CUX1
that Mediate its Effects
on Cell Motility

In the original study of Michl et al. micro-
array gene expression profiling analysis of
NIH3T3 CUXI1 RNAI clones generated
two lists of genes: those that were upregu-
lated and those that were downregulated.!
It is reasonable to assume that some of
these genes are direct targets of CUXI,
while others represent indirect targets
that are regulated in subsequent waves of
gene regulation. Transcriptional targets
of CUXI were identified by performing
genome-wide location analysis in several
cell lines.? Targets that play a role in cell
migration, invasion and adhesion were
then validated in independent chromatin
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immunoprecipitation (ChIP) experiments
and their expression was measured in cells
that do or do not overexpress p110 CUXI.
This strategy led to the identification of 20
genes that are directly regulated by CUX1
and code for proteins involved in cyto-
skeleton formation and remodeling, cell-
cell and cell-matrix adhesion, epithelial to
mesenchymal transition or transcriptional
regulation.? Interestingly, p110 CUXI
was found to activate genes promoting
cell migration and invasion such as FAK,
N-Cadherin and Vimentin, and to repress
genes inhibiting the same process such as
E-Cadherin, Occludin, RICS and EPLIN
(Fig. 1). The dual role of p110 CUXI as
a transcriptional activator or repressor was
confirmed in reporter assays: p110 CUX1
activated the promoters of the vimentin
and N-cadherin genes, but repressed the
promoters of the E-cadherin and occlu-
din genes. In MDCK epithelial kidney
cells, the regulation of these genes by
p110 CUXI led to a dramatic reduction of
E-cadherin and occludin at cell-cell junc-
tions thereby causing a severe disorganiza-
tion of cell-cell junctions.?

Activation and Repression
of Transcription by CUX1: How?

CUXI1 represses transcription by two
distinct mechanisms: competition for
binding site occupancy and active repres-
sion.® The carboxy-terminal region
of CUXI1, which contains two active
repression domains, can bind the his-
tone deacetylase HDAC1." In addition,
CUXI can recruit the G9a histone lysine
methyltransferase.® No transactivation
domain have been identified in CUXI.
Therefore, the dual activity of CUXI as
a transcriptional activator or repressor is
likely to involve its interaction with dif-
ferent partners on distinct promoters. The
regulatory effect would be determined by
the nature of the protein complex that is
formed on each promoter (Fig. 2). Several
reports have documented interactions
between CUXI1 and other transcription
factors and co-factors. Van Wijnen and
colleagues demonstrated that CUX1 can
associate with pRB on the histone H4
gene promoter whereas it interacts with
pl07 on a non-histone gene promoter.'®

A recombinant pl10 CUXI1 protein
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was shown to cooperate with the rITF2
factor to activate the rat tyrosine hydroxy-
lase gene enhancer.” More recently, p110
CUX1 was found to cooperate with E2F1
and E2F2 in the transcriptional activation
of several genes involved in DNA replica-
tion and progression through S phase and
mitosis.'>"® Chromatin immunoprecipita-
tion assays revealed that CUX1 enhanced
the recruitment of E2F factors to the pro-
moter of these genes.

Transcriptional Regulatory
Cascade from p110 CUX1
to SNAI1/SNAI2 to CDH1

Expression of the E-cadherin gene was
found to be reduced in cells stably express-
ing pl10 CUXI. Among transcriptional
targets that are activated by p110 CUXI1
are two genes that code for the transcrip-
tion factors SNAI1 (Snail homologue
1) and SNAI2 (Snail homologue 2, also
called Slug). SNAII and SNAI2 have been
characterized as key factors that induce the
process of epithelial-mesenchymal tran-
sition (EMT) at various developmental
stages as well as during tumor invasion.”
One mechanism by which these factors
stimulate EMT is through the transcrip-
tional repression of the CDHI gene which
codes for E-cadherin. The finding that
pl10 CUXI activates the expression of
two factors that repress the E-cadherin
gene raised the possibility that p110 CUX1
only indirectly regulates the E-cadherin
gene. Yet, this gene had also been identi-
fied as a direct target of p110 CUXI1. To
verify whether p110 CUX1 can directly
repress the E-cadherin gene, we tested its
effect in a reporter assay using a truncated
version of the E-cadherin gene promoter
carrying replacement mutations at all E
boxes, the consensus binding site for Snail
factors.? Chromatin immunoprecipitation
confirmed that Snail did not bind to the
mutated version of the reporter plasmid.
This reporter was still repressed by p110
CUXI1, whereas it was not affected by
Snail. However, the wild type E-cadherin
gene reporter was repressed by either p110
CUX1, SNAIl or SNAI2 and greater
repression was achieved when p110 CUX1
was co-expressed with SNAIL or SNAI2.
Altogether these results depict a regulatory
cascade whereby pl10 CUXI1 activates
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Figure 1. Transcriptional targets of CUX1 that
mediates its effect on cell motility. p110 CUX1
regulates distinct classes of genes, either by
activating or by repressing their expression,
which culminates in increased cell motility
and invasion.

the expression of SNAI1 and SNAI2 and
then cooperates with these factors in the
repression of the E-cadherin and occludin
genes (Fig. 2). At the cellular level, tran-
scriptional repression of these genes causes
a severe disorganization of cell-cell junc-
tions, as observed in MDCK epithelial
kidney cells.? In parallel, transcriptional
activation of the vimentin, N-cadherin
and FAK genes by p110 CUXI1 contrib-
utes to change the cell intermediate fila-
ment status to a vimentin-rich network
connecting to focal adhesion.

Cellular Processes That Are
Commonly Used for Cell Cycling
and Cell Motility

In addition to its role in cell migration and
invasion, p110 CUXI1 has previously been
implicated in cell cycle progression.!®*
Cell motility and cell proliferation both
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E-Cadherin gene.

Figure 2. Transcriptional activation and repression by CUX1. p110 and p75 CUX1 can activate or

repress transcription depending on promoter context. These opposite regulatory effects can be
best explained if we envision that CUX1 interacts with different partners on each class of genes.
(A) CUX1 cooperates with yet to be identified transcriptional activators to activate expression of
the Snail and Slug genes. (B) CUX1 cooperates with Snail and Slug to repress transcription of the
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Figure 3. Rho GTPase activity assays. Lysates from NMuMG-NYPD/vector or NMuMG-NYPD/p110
cells were incubated with GST fusion protein containing the binding domain of Raclor Cdc42 and
bound to Glutathione Sepharose beads. Active Rac1 and Cdc42 specifically bound to the beads
were eluted in Laemmli sample buffer and analyzed by western blotting using anti-Rac1 or
anti-Cdc42 antibodies. The amount of total protein was determined by analysis of an aliquot of
total lysate, and equal loading was verified with actin.

require remodeling of the actin cyto-
skeleton, a process that involves the
Rho GTPases proteins Rac, Cdc42 and
RhoA.* These GTPases play a role in cell
migration by promoting actin polymeriza-
tion at the front of migrating cells and by
generating contractile forces that move
the cell body forward. A role in cell cycle
progression has also been demonstrated
for Rho GTPases, as inhibition of Rho,
Rac or Cdc42 blocks G, progression in a
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variety of mammary cell types.”** Many
effects of Rho GTPases on G, progres-
sion are thought to reflect the crucial
role of anchorage- or adhesion-dependent
signals necessary for cell proliferation.
Genome-wide location arrays identified
several targets of CUXI1 that code for
regulators of Rho GTPases.? These regu-
lators belong to three categories: guanine
nucleotide exchange factors (GEFs) cata-
lyze exchange of GDP for GTP to activate
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the switch, GTPase-activating proteins
(GAPs) stimulate the intrinsic GTPase
activity to inactivate the switch and
guanine nucleotide dissociation inhibitors
(GDIs) block spontaneous activation. In
a separate study, Seguin and colleagues
identified two other targets of CUXI,
Ect2 and MgcRacGAP, that respectively
code for a GEF and a GAP."® CUXI1 was
shown to cooperate with E2F1 to induce
the expression of Ect2 and MgcRacGAP
in S phase, leading to a peak of expres-
sion in mitosis where these proteins inter-
act with the kinesin KKLP1 to regulate
cytokinesis.’® While Ect2 is known to
play a role in mitosis, its ortholog Pebble
has been shown to regulate cell migration
and epithelial-mesenchymal transition,
highlighting again the inter-relationship
between these two cellular processes.?>*
The importance of transcriptional regu-
lation for Rho GTPases activity was
confirmed both from siRNA-mediated
knockdown of CUXI1 as well as overex-
pression of pl10 CUXI. Stable knock-
down of CUXI1 in two cell lines caused a
reduction in the activity of RhoA, Cdc42
and Racl.® In contrast, forced expres-
sion of pl10 CUXI lead to an increase
in Rac and Cdc42 GTPase activity
(Fig. 3). Together these results indicate
that two distinct cellular processes, cell
migration and cell cycle progression,
exploit the regulatory properties of CUX1
to control the expression and activity of
effector molecules that play a role in cyto-
skeleton remodeling,.

Another Target of CUX1, p27%r1,
Plays a Dual Role in Cell
Proliferation and Migration

Another known target of CUXI that has
been implicated in both cell cycle progres-
sion and motility is the cyclin dependent
kinase inhibitor p27#! 2628 While the role
of p27%¥! as an inhibitor of cell cycle pro-
gression is well established, its regulatory
function in cell motility is still debated.
Several studies convincingly demonstrated
that a portion of p27"" protein relocalizes
from the nucleus to the cytoplasm where
it inhibits RhoA activity by preventing its
interaction with GEFs.?%3 These findings
led the authors to propose that p275#! func-
tions as a tumor suppressor in the nucleus
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by inhibiting cyclin-dependent kinases,
whereas in the cytoplasm p275*! functions
as an oncogene by regulating the cytoskel-
eton structure to enable cell migration.**
Other studies, however, found that p27'!
depletion in glioblastoma and fibroblastic
cell lines was associated with increased
cell migration.?>* It remains to be verified
whether the role of CUX1 in cell motility
also involves its function as a regulator of
p27%®! expression.

Concluding Remarks

Cell migration and invasion are complex
processes that take place during embry-
onic morphogenesis, tissue repair and
regeneration. However, aberrant activa-
tion of these processes in cancer cells can
also contribute to cancer progression and
cell dissemination necessary for metasta-
sis. Cell-based assays provided the demon-
stration not only that CUXI is required
for cell migration and invasion but also
that elevated CUXI1 expression as seen
in cancer cells can increase the migratory
properties of cells. Genome-wide loca-
tion arrays and expression studies showed
that CUX1 plays an important role in the
establishment of a transcriptional pro-
gram that enables cell movements. To do
so, short CUX1 isoforms cooperate with
other transcription factors to regulate
a large number of genes that belong to
various functional categories.
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