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Background: CUX2 contains three Cut repeat domains and is expressed in postmitotic neurons.
Results: Cut repeats stimulate the OGG1 DNA glycosylase, and lower or higher CUX2 expression, respectively, delays or

accelerates repair of oxidative DNA damage.

Conclusion: CUX2 functions as an accessory factor in base excision repair.
Significance: CUX2 contributes to the maintenance of genome integrity in long lived neurons.

CUX1 and CUX2 proteins are characterized by the presence
of three highly similar regions called Cut repeats 1, 2, and 3.
Although CUX1 is ubiquitously expressed, CUX2 plays an
important role in the specification of neuronal cells and contin-
ues to be expressed in postmitotic neurons. Cut repeats from the
CUX1 protein were recently shown to stimulate 8-oxoguanine
DNA glycosylase 1 (OGG1), an enzyme that removes oxidized
purines from DNA and introduces a single strand break through
its apurinic/apyrimidinic lyase activity to initiate base excision
repair. Here, we investigated whether CUX2 plays a similar role
in the repair of oxidative DNA damage. Cux2 knockdown in
embryonic cortical neurons increased levels of oxidative DNA
damage. In vitro, Cut repeats from CUX2 increased the binding
of OGGL1 to 7,8-dihydro-8-oxoguanine-containing DNA and
stimulated both the glycosylase and apurinic/apyrimidinic lyase
activities of OGG1. Genetic inactivation in mouse embryo fibro-
blasts or CUX2 knockdown in HCC38 cells delayed DNA repair
and increased DNA damage. Conversely, ectopic expression of
Cut repeats from CUX2 accelerated DNA repair and reduced
levels of oxidative DNA damage. These results demonstrate that
CUX2 functions as an accessory factor that stimulates the repair
of oxidative DNA damage. Neurons produce a high level of reac-
tive oxygen species because of their dependence on aerobic oxi-
dation of glucose as their source of energy. Our results suggest
that the persistent expression of CUX2 in postmitotic neurons
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contributes to the maintenance of genome integrity through its
stimulation of oxidative DNA damage repair.

Reactive oxygen species (ROS)” generated through cellular
metabolism represent a major threat to the integrity of DNA.
Base excision repair (BER) is the major pathway for the repair of
oxidative DNA damage (1). It has been known for some time
that oxidative DNA damage accumulates in the mammalian
brain with aging (2—6). This accumulation is considered a pos-
sible cause for the progressive loss of neurons associated with
aging and therefore potentially associates BER deficiency with
age-related neurodegeneration (7). Indeed, experimental evi-
dence indicates that defective BER processing can promote
postmitotic neuronal cell death and neurodegenerative disease
(8—10). In particular, defective base excision repair was dem-
onstrated in brain from individuals with Alzheimer disease and
amnestic mild cognitive impairment (11).

In mammalian cells, four DNA glycosylases specific for oxi-
dized bases have been identified: 8-oxoguanine DNA glycosy-
lase 1 (OGG1), Nth homolog 1 (NTH1), and Nei-like 1 and 2
(NEIL1 and NEIL2). Although each of these glycosylases exhib-
its substrate preference, none has absolute specificity (for a
review, see Ref. 12). Among the most abundant of ROS-induced
adducts in DNA is 7,8-dihydro-8-oxoguanine (8-0xoG). This
altered base can mispair with adenine and cause G-C to T-A
transversion mutations (13). 8-0xoG is removed by OGG1 or
NEIL1 depending on DNA structure (14-17). DNA glycosy-
lases for oxidized bases perform two enzymatic activities. The
glycosylase activity involves hydrolysis of the N-glycosidic bond
to generate an apurinic/apyrimidinic (AP) site. Subsequently,
an AP lyase activity generates a single strand nick 3’ to the AP

’” The abbreviations used are: ROS, reactive oxygen species; BER, base excision
repair; 8-0xoG, 7,8-dihydro-8-oxoguanine; AP, apurinic/apyrimidinic; CR,
Cut repeat; MEF, mouse embryo fibroblast; HD, homeodomain; NLS,
nuclear localization signal; 7-AAD, 7-aminoactinomycin D; OGG1, 8-ox-
oguanine DNA glycosylase 1; NTH1, Nth homolog 1; NEIL, Nei-like; HOXB3,
homeodomain protein B3; hOGG1, human OGG1.
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site via B (OGG1 and NTH1) or $-6 (NEIL1 and NEIL2) elim-
ination. End processing of the resulting single strand break is
then performed by APE1 or polynucleotide kinase 3’-phospha-
tase, and repair synthesis and ligation are accomplished by the
short patch or long patch pathways (18, 19).

BER is essential to all organisms, and DNA glycosylases, the
key enzyme in this pathway, are highly conserved in evolution.
Research on DNA glycosylases was originally carried out in bac-
terial systems, mostly Escherichia coli, and enzymes with simi-
lar activities were rapidly identified in eukaryotes and mammals
(20, 21). Further research has led to the identification of a num-
ber of proteins that modulate the activity of BER enzymes
through various mechanisms. XRCC1, a scaffold protein that
modulates both the early and late steps of BER, was found to
interact with many glycosylases, including OGG1, and stimu-
late their glycosylase activity (22—25). APE1 was shown to stim-
ulate the glycosylase activity of OGG1 by displacing it from the
resulting abasic site and therefore enabling a more rapid recy-
cling of OGG1 (26, 27). NEIL1 was reported also to stimulate
OGG]1 via a similar mechanism (28). YB-1, an RNA- and DNA-
binding protein with multiple roles in transcription and RNA
regulation, was found to interact with many BER proteins and
stimulate the enzymatic activities of NTH1 and NEIL2 (29, 30).
HMGB], a protein with DNA bending capacity, stimulates the
activities of the APE1 and FEN1 endonucleases and interacts
with several BER enzymes (31). GADD45 promotes the inter-
action between a 5'-methylcytosine deaminase and the thy-
mine-DNA glycosylase and increases the removal of 5-formyl-
cytosine and 5-carboxylcytosine, a process that has been
implicated in DNA demethylation (32, 33). Both OGG1 and
NEIL1 were shown to bind to PARP-1 and stimulate its poly-
(ADP-ribosyl)ation activity, thereby promoting the recruit-
ment of downstream BER effectors such as XRCCl1. In turn,
PARP-1 inhibits the enzymatic activity of these DNA glycosy-
lases (34, 35). Globally, the above cited studies indicate that
several proteins can participate in BER complex formation and
modulate the enzymatic activities of distinct BER enzymes.

In Drosophila, cut was shown to specify cell type identity in
the sensory organs (36, 37). Subsequent work in Drosophila
implicated cut in the regulation of dendrite branching pattern
(38 —41). A similar function in the brain of mammals has now
been established for the orthologs of cut (42— 45). There are two
Cut homeobox genes in mammals, CuxI and Cux2, that fulfill
additive and complementary roles in the stimulation of den-
drite branching, spine development, and synapse formation in
layer II-III neurons of the cerebral cortex (43, 45, 46). CUX1 and
CUX2 proteins are characterized by the presence of a Cut-type
homeodomain and three highly similar regions of ~70 amino
acids called Cut repeats 1, 2, and 3 (CR1, CR2, and CR3) (47—
49). Cut repeats were originally characterized as domains that
bind to DNA in cooperation with one another or with the Cut
homeodomain (50, 51). More recently, Cut repeats of CUX1
were shown to bind to OGGL1 and stimulate both its glycosylase
and AP lyase enzymatic activities (52, 53). Knockdown or
genetic inactivation of CUX1 was found to delay the repair of
oxidative DNA damage, whereas higher CUX1 expression
accelerated DNA repair. These findings suggest that a physio-
logical role of CUX1 is to protect cells against mutagenesis in
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situations of oxidative stress. In cancer, however, this biochem-
ical activity is exploited by RAS-driven tumor cells that gener-
ate high levels of ROS. Indeed, higher CUX1 expression pre-
vents RAS-induced senescence and promotes the development
of tumors from cells that spontaneously acquire an activating
Kras mutation (53). Conversely, CUX1 knockdown is synthetic
lethal to KRAS-transformed cells (53, 54). Together, these find-
ings illustrated a case of non-oncogene addiction whereby can-
cer cells have become acutely dependent on the heightened
expression and activity of a protein that is not itself an oncogene
(55, 56).

Whereas CUX1 is expressed in virtually all mouse tissues,
CUX2 exhibits a more restricted pattern of expression (49,
57, 58). In the liver, CUX2 functions as a female-specific
transcription factor (59, 60). In the nervous system, CUX2 is
expressed in cortical neurons (43, 45), the hippocampus (61),
the spinal cord (62, 63), dorsal root ganglions (64), and the
olfactory epithelium (65). Both CUX1 and CUX2 proteins con-
tinue to be expressed in postmitotic neurons (66). Biochemical
analysis of CUX2 revealed that various combinations of its
DNA binding domains (CR1CR2, CR2CR3 and the homeodo-
main (CR2CR3HD), and CR3HD) exhibit DNA binding prefer-
ences similar to the corresponding domains of CUX1 (67).
However, all CUX2 DNA binding domains exhibit very rapid
DNA binding kinetics, suggesting that CUX2 does not bind
stably to DNA, whereas an isoform of CUXI1, called p110
CUX]1, interacts stably with DNA and can function as a tran-
scriptional activator or repressor depending on promoter con-
text (for reviews, see Refs. 68 and 69). A proteolytically pro-
cessed isoform of CUX2 that resembles p110 CUX1 has not
been identified.

In the present study, we investigated whether CUX2, like
CUX1, could function as an accessory factor in the repair of
oxidative DNA damage. We first measured the effect of Cux2
knockdown on oxidative DNA damage in embryonic cortical
neurons and then analyzed the DNA repair capabilities of
mouse embryo fibroblasts derived from a Cux2 knock-out
mouse. Our results show that genetic inactivation or knock-
down of Cux2 negatively affects the repair of oxidative DNA
damage, whereas ectopic expression of various recombinant
proteins that contain CUX2 Cut repeats can accelerate DNA
repair. In vitro, Cut repeats from CUX2 can stimulate both the
glycosylase and AP lyase activities of OGGL. Finally, we show
that HCC38 breast tumor cells are acutely dependent for their
survival on the DNA repair activities of CUX2, thereby reveal-
ing another case of non-oncogene addiction involving a CUX
protein.

Experimental Procedures

Primary Cortical Neuron Culture—Cortical neurons from
E17.5 rat embryos (Charles River) were dissociated mechani-
cally and plated on 6-well plates treated with poly-p-lysine (0.1
mg/ml; Sigma-Aldrich) at a density of 5 X 10° cells/well. Neu-
rons were cultured in a 3% O, incubator in DMEM containing
10% fetal bovine serum (FBS) overnight, and the medium was
replaced by Neurobasal-A medium supplemented with 2% B27
and 1% L-glutamine (Invitrogen) (70).
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Cell Culture and Virus Production—Primary mouse embry-
onic fibroblasts (MEFs) were grown at 37 °C in 5% CO, and 3%
O,, whereas HCC38 were grown at 37 °C in 5% CO, and atmo-
spheric O,. Lentiviruses expressing CUX2 fragments (CR1CR2,
CR2CR3HD, CR3HD, and /acZ) and short hairpin RNA against
rat Cux2 (MISSION shRNA pLKO.1, Sigma) and human CUX2
(The RNAi Consortium) were produced as described previ-
ously (53). Protein expression levels of endogenous CUX2 were
determined using anti-CUX2-356 antibody (67), whereas
recombinant CUX2 proteins were detected using anti-HA
(MMS-101R, Covance).

Cell Proliferation Assay and Apoptosis Assay—8 X 107
HCC38 cells expressing shRNA against CUX2 or luciferase
were plated in five 96-well culture plates. A cell proliferation
assay using WST-1 reagent (Roche Applied Science) was per-
formed according to the manufacturer’s instructions. Briefly,
every 24 h, the medium in one 96-well plate was replaced with
medium containing WST-1 reagent at 1:10 dilution, and cells
were incubated with WST-1 reagent for 4 h before absorbance
at 440 nm was measured on a Varioskan plate reader with the
Skanlt software (Thermo Scientific). The experiment was
repeated for the remaining four plates every 24 h. Cell prolifer-
ation was also measured over 4 days using the IncuCyte live cell
imaging system (Essen Bioscience) housed in a 37 °C incubator
at 5% CO,. 5 X 10* cells were cultured in 6-well plates, and
bright field images were acquired at 10X magnifications from
six locations per well at 4-h intervals. To monitor apoptosis,
HCC38 cells were harvested on day 2 after infection and double
stained with annexin V conjugated to phycoerythrin and
7-aminoactinomycin (7-AAD) (Apoptosis Detection Kit-1,
BD Biosciences). Apoptotic events were analyzed using FlowJo
887 software. All these experiments were repeated twice in
triplicates.

Bacterial Protein Expression—Histidine-tagged CUX2 pep-
tides CRICR2, CR2CR3HD, and CR3HD and CUX1 CR1CR2
were expressed in the pET-15b vector as described previously
(67,71). Plasmids expressing histidine-tagged CUX2 CR1, CR2,
and CR1™"“were prepared by inserting gBlocks gene fragments
(Integrated DNA Technologies) into pDEST14 according to
the manufacturer’s instructions (Invitrogen). CR1™"* carries
two point mutations replacing glutamic acids with alanine in
the first helix of Cut repeat 1 at positions 557 and 564 of CUX2
(CUX2 accession number NP_056082). All CUX2 plasmid
maps and sequences are available upon request. Histidine-
tagged homeodomain protein B3 (HOXB3) was obtained from
Addgene (72), and GST-tagged OGG1 was a generous gift from
Drs. Nicole Noren Hooten and Michele Evans (35). All proteins
were expressed in the BL21 strain of E. coli and were induced
with isopropyl B-p-thiogalactopyranoside. His-tagged fusion
proteins for the in vitro cleavage assay were bound to nickel
beads (Qiagen) and eluted with 250 mm imidazole followed by
several buffer exchanges carried out in 3-kDa molecular mass-
cutoff dialysis membrane (Spectra/Pro Dialysis tubing, Spec-
trum Laboratories) to bring down the imidazole concentration
to less than 0.1 um. GST-tagged OGG1 was bound to glutathi-
one-Sepharose beads (GE Healthcare) following the manufac-
turer’s instructions. Purified GST-OGG1 proteins were used in
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the pulldown assays only, whereas OGG1 from New England
Biolabs was used in the cleavage assays.

Single Cell Gel Electrophoresis—For H,O, treatment, cells at
~80% confluence were treated with 10 um H,O, on ice for 20
min. After treatment, cells were allowed to recover at 37 °C in
fresh medium for the indicated periods of time before harvest-
ing. Comet assays were carried out using precoated slides
according to the manufacturer’s protocol (Trevigen). The slides
were stained with propidium iodide and visualized with Axio-
vert 200M microscope with an LSM 510 laser module (Zeiss).
Comet tail moments were measured on a minimum of 50 cells
using CometScore software (TriTeck Corp.).

In Vitro Binding Assay—Bacterially expressed His-tagged
CUX2 proteins as well as proteins from bacteria carrying the
empty His tag vector were bound to cobalt Dynabeads magnetic
beads (Life Technologies) and incubated overnight with 100 ng
of purified GST-OGG]1 proteins. Binding assays were also con-
ducted with purified GST and GST-OGG1 bound to glutathi-
one-Sepharose beads (GE Healthcare) and incubated overnight
with 400 ng of eluted His-tagged CUX2 proteins. In both bind-
ing assays, the samples were washed five times with Nonidet
P-40 buffer (50 mm Tris, pH 8.0, 150 mm NaCl, 50 mm NaF, and
1% Nonidet P-40 supplemented with protease inhibitor mix-
ture (Roche Applied Science)) and separated by SDS-PAGE fol-
lowed by immunoblotting with anti-OGG1 antibody (PA1-
31402, Thermo Scientific) and anti-His antibody (H1029,
Sigma).

Immunoprecipitation—293T cells were transfected with
CUX2-HA or the empty vector in the presence of Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Cells were lysed by sonication in lysis buffer (20
mM Tris, pH 8.0, 150 mm NaCl, and 1% Nonidet P-40) supple-
mented with a protease inhibitor mixture and centrifuged at
13,000 X gfor 10 min. Endogenous OGG1 proteins were immu-
noprecipitated with anti-OGG1 and protein A Dynabeads
(Invitrogen). The samples were separated by SDS-PAGE fol-
lowed by immunoblotting with anti-OGG1 antibody and
anti-HA.

In Vitro 8-OxoG Cleavage Assay—Double-stranded 31-mer
oligonucleotides containing an 8-oxoG at the 16th position
(Midland) were labeled with [y-**P]JATP at the 5'-end of the
top strand (*) using polynucleotide kinase and used in cleavage
and DNA binding assays as described previously (82). Cleavage
reactions with bacterially purified proteins were conducted
using 50 nm hOGG1 (New England Biolabs, Ipswich, MA) and
50 nm BSA or the indicated proteins unless otherwise indicated
in 25 mMm NaCl, 10 mm Tris, pH 7.5, 1 mm MgCl,, 5 mm EDTA,
pH 8.0, 5% glycerol, 1 mm DTT, and 1 pmol of **P-radiolabeled
double-stranded oligonucleotides containing an 8-0xoG base.
Note that when using His-tagged fusion proteins it is important
at the end of the purification to carry out several buffer
exchanges to reduce the imidazole concentration. In our hands,
OGG1 was stimulated by imidazole at concentrations above 0.4
mM. Cleavage reactions were performed at 37 °C as described
previously (73). Briefly, reactions were performed for 30 min in
37 °Cand stopped with 15 mM EDTA, 0.175% SDS, and 1 mg/ml
proteinase K for 30 min as described previously (73). Formam-
ide DNA loading buffer (90% formamide with 0.05% bromphe-
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FIGURE 1. Cux2 knockdown increases DNA damage in embryonic cortical neurons. Rat cortical neurons were infected with lentiviral vectors expressing
Cux2 shRNA or control non-targeting sequence (NTS). On day 4, RNA was isolated, and cells were submitted to single cell gel electrophoresis in various
conditions. Comet tail moments were scored for at least 50 cells per condition. Error bars represent S.E. *, p < 0.05; ***, p < 0.001, Student’s t test. A, RT-PCR
analysis of Cux2 mRNA levels. B, comet assays in alkaline conditions (pH > 13). C, comet assays at pH 10. D, comet assays at pH 10 following treatment with

formamidopyrimidine-DNA glycosylase (FPG).

nol blue and 0.05% xylene cyanol) was added prior to loading on
the gel. The DNA was loaded on a prewarmed 20% polyacryl-
amide-urea gel (19:1) and separated by electrophoresis in Tris
borate and EDTA, pH 8.0 at constant 20 mA. To detect any
uncleaved abasic DNA product produced by the glycosylase
reaction, samples were further incubated for 30 min with 100
mM NaOH prior to loading on the gel.

In Vitro 8-Ox0G Fluorogenic Cleavage Assay—The fluoro-
genic assay was performed with 100 nM double-stranded
16-mer deoxyoligonucleotides (Midland) as described (74).
The top strand contains at its 5'-end a fluorescent reporter,
carboxytetramethylrhodamine and an 8-oxoguanine residue at
position 6. The other strand contains the Black Hole Quench-
er-2 at its 3'-end such that the quencher resides next to the
fluorescent reporter after annealing of the two strands. Follow-
ing cleavage by OGGI, a short deoxyoligonucleotide fluoro-
phore-labeled product is spontaneously released from the
remaining DNA fragment possessing the quencher, causing
the fluorophore emission to increase. Cleavage reactions
were conducted using 50 nm hOGG1 (New England Biolabs);
various concentrations of BSA or the indicated bacterially
purified His-tagged proteins in 50 mm NaCl, 10 mm Tris, pH
7.5, and 10 mm MgCl,; and 100 nMm fluorogenic double-
stranded oligonucleotides containing an 8-oxoG base. The
reactions were incubated at 37 °C, and fluorescence data
were collected on RotorGene 3000 (Corbett Life Science)
equipped with standard optics (excitation filter, 530 nm;
emission filter, 580 nm). A linear regression model was used
to determine the initial velocity of each enzymatic activity
curve. The effects of each cut repeat and other proteins in the
presence of 50 nm OGG1 were determined from nonlinear
regression of initial velocity versus concentration of proteins
using Prism 6.0 (GraphPad).

Electrophoretic Mobility Shift Assay (EMSA)—EMSAs
were performed as described previously (75). Bacterially
purified proteins (50 nM) were used in the reaction togeth-
er with 60 ng of poly(dI-dC) as a nonspecific competitor
DNA.
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Results

Cux2 Knockdown Increases DNA Damage in Embryonic Cor-
tical Neurons—Cux2 is expressed primarily in neuronal tissues
during development and continues to be expressed in postmi-
totic neurons (61, 66). As a first step to investigate whether
CUX2 plays a role in the repair of oxidative DNA damage, we
tested whether the level of DNA damage would change in cor-
tical neurons following the knockdown of Cux2. Cortical neu-
rons were isolated from 17.5-day-old rat embryos and plated on
a poly-p-lysine-coated tissue culture dish. The next day, neu-
rons were infected with lentiviruses expressing Cux2 shRNA or
a non-targeting sequence as a control. On day 4, neurons were
harvested and submitted to single cell gel electrophoresis in
various conditions. Comet assays in alkaline conditions (pH >
13) detect double strand and single strand breaks as well as
abasic sites and several types of altered bases that are intrinsi-
cally labile at high pH. Comet assays performed at pH 10 only
detect double strand breaks and single strand breaks. Prior
treatment with formamidopyrimidine-DNA glycosylase allows
the detection of specific types of oxidized bases including
8-0x0G, formamidopyrimidines, and a number of oxidized
purines. Infection of neurons with the lentivirus that expresses
the non-targeting sequence did not appreciably affect levels of
DNA damage (Fig. 1, B, C, and D). In contrast, the partial Cux2
knockdown caused a significant increase in DNA damage in all
conditions (Fig. 1). In particular, the drastic increase observed
at pH 10 after treatment with formamidopyrimidine-DNA gly-
cosylase indicates that the level of oxidized bases is increased
when CUX2 expression is reduced (Fig. 1D).

Genetic Inactivation of Cux2 Reduces DNA Repair Efficiency
in Mouse Embryo Fibroblasts—We then measured DNA dam-
age in MEFs isolated from Cux2™/~ and Cux2"'" mice (62).
Levels of DNA damage were significantly higher in Cux2™'~
MEFs as compared with wild type MEFs (Fig. 2, B, C, and D).
Higher DNA damage in Cux2~/~ MEFs, in particular oxidative
DNA damage, could result from a higher production of ROS,
lower expression of ROS scavengers, or reduced DNA repair
capability. To compare the DNA repair efficiency of Cux2~'~
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FIGURE 2. Cux2~’~ mouse embryo fibroblasts exhibit a defect in DNA repair. MEFs from Cux2*/* and Cux2~/~ mice were maintained in 3% oxygen, then
exposed to 10 um H,0, for 20 min, allowed to recover for the indicated time, and then submitted to single cell gel electrophoresis. Comet tail moments were
scored for at least 50 cells per condition. Error bars represent S.E. *, p < 0.05; ***, p < 0.001, Student’s t test. A, PCR analysis of the Cux2 knockdown mutation in
the MEFs. B, comet assays in alkaline conditions (pH > 13). C, comet assay performed at pH 10. D, comet assay performed at pH 10 following treatment with

formamidopyrimidine-DNA glycosylase (FPG).

and Cux2"’" MEFs, cells were treated with H,O, and allowed
to recover for various periods of time before assessing DNA
damage. Cux2~ '~ MEFs exhibited a delay in the repair of DNA
damage caused by H, O, (Fig. 2, B, C, and D).

Cut Repeat Domains of CUX2 Stimulate the Glycosylase and
AP Lyase Activities of OGGI—The first enzymatic steps of BER
can be reproduced in vitro using purified OGGI proteins. We
first performed assays using radioactively labeled deoxyoligo-
nucleotides that contain an 8-0xoG residue at position 16 of a
31-mer sequence. In this assay, treatment of DNA with NaOH
at the end of the reaction generates a single strand break at the
apurinic site generated by OGG1. Following separation by
PAGE, quantification of the DNA substrate and product pro-
vides a measurement of OGG1 DNA glycosylase activity. In the
absence of NaOH treatment, however, cleavage of DNA is
entirely dependent on the AP lyase activity of OGG1, and the
assay therefore measures both the glycosylase and AP lyase
activities of OGGL1. The reactions were performed in the pres-
ence of BSA as a control or various CUX2 recombinant proteins
containing CR1, CR2, CR3HD, CR2CR3HD, or CR1ICR2. A dia-
gram of the proteins is shown in Fig. 34, and a Coomassie stain
is shown in Fig. 3B. Cleavage assays in the absence of OGG1
ensured that the purified proteins did not carry a cleavage activ-
ity on their own even when tested at 400 nMm (Fig. 3C, lanes 6 -8,
and data not shown). In the assays with NaOH treatment, the
glycosylase activity of OGG1 was stimulated ~3-fold by
CR3HD, CR1CR2, and CR2CR3HD and 2-fold or less by CR1
and CR2 as compared with the reaction in the presence of BSA
(Fig. 3D, compare BSA in lane 8 with lanes 1, 2, 5, 6, and 7). In
the absence of NaOH treatment, the AP lyase activity of OGG1
was also stimulated ~3-fold by CR3HD, CR1CR2, and
CR2CR3HD as compared with the BSA lane (Fig. 3D, compare
lane 11 with lanes 12, 13, and 14). In contrast, CR1, CR2, and
HOXB3 did not significantly affect the efficiency of the reaction
(Fig. 3D, compare lane 11 with lanes 15, 17, and 18).

As an alternative assay, we used deoxyoligonucleotides in
which the top strand contains a fluorescent reporter at its
5’-end and an 8-oxoguanine residue at position 6 and the bot-
tom strand contains a quencher at its 3'-end (Fig. 44). In this
assay, the glycosylase and AP lyase activities of OGGI release a
short fluorophore-labeled product. Measuring fluorescence
emission over time enabled us to monitor the effect of increas-
ing the concentration of various proteins while keeping the
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concentration of OGGI to 50 nM. The results show that OGG1
is not affected by the addition of 50 nm BSA but is stimulated by
the amount of various Cut repeat proteins (Fig. 4B). At higher
concentration (400 nm), both BSA and HOXB3 increased the
efficiency of the reaction to the same extent, an effect that is
most likely attributable to the increased stability of OGG1 (Fig.
4C). At the same concentration, the Cut repeats further
increased efficiency of the cleavage reaction (Fig. 4, B and C).
Plotting enzymatic activity versus increasing concentration of
added proteins showed that near maximal enzymatic activity
was reached when 200 nm Cut repeat proteins were added (Fig.
4D). Among CUX2 recombinant proteins, the highest stimula-
tion was achieved with CR3HD, CR1ICR2, and CR2CR3HD,
whereas more modest stimulation was observed with CR1 or
CR2. Replacement of two amino acids facing outward within
the first helix of CR1 as predicted from structural analysis of a
Cut repeat (Protein Data Bank code 1X2L) reduced enzymatic
activity almost to the level observed with BSA and HOXB3 (Fig.
4, B, C, and D). A more extensive mutational analysis of Cut
repeats should reveal the regions and specific amino acids that
are required for the stimulation of OGGL. Finally, CR1CR2 pro-
teins derived from CUX1 or CUX2 exhibited similar stimula-
tory activity on OGG1, suggesting that the two proteins fulfill a
similar function in DNA repair (Fig. 4E).

CUX2 Interacts Directly with OGG1 and Stimulate Its Bind-
ing to DNA Containing 8-OxoG—CUX2 carrying an HA
epitope tag at its carboxyl terminus was detected in the immu-
noprecipitate obtained using an antibody against OGG1 (Fig.
5A, lane 2). Pulldown assays established that the two proteins
were able to engage in a direct interaction. First, beads bound to
His-CR1CR?2 specifically pulled down purified OGG1 (Fig. 5B,
lane 2). Second, beads bound to GST-OGG1 specifically pulled
down purified His-CR1CR2 and His-CR3HD, whereas control
beads did not (Fig. 5C, lane 3).

In a previous study, the Cut repeat domains of CUX1 were
found to stimulate the binding of OGG1 specifically to DNA
that contains an 8-0xoG. Interestingly, this effect on OGG1 did
not require that the Cut repeat protein itself form a stable com-
plex with DNA (52). To test whether the Cut repeats from
CUX2 have the same effect on OGG1, we performed EMSAs
using oligonucleotides that contain an 8-oxoG. CR1CR2,
CR2CR3HD, and CR3HD all stimulated the binding of OGG1
to the probe containing an 8-oxoG (Fig. 5D, compare lanes 2
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nucleotides.

and 3, lanes 6 and 7, and lanes 10 and 11). However, only
CR2CR3HD was able to bind with high affinity to the probe
(Fig. 5D, lane 12). In contrast, only very weak bands can be
observed in the lanes with CR1CR2 or CR3HD, there is no
reduction in the intensity of the free probe, and there is no
intense smear that could indicate unstable binding (Fig. 5D,
lanes 4 and 8). These results indicate that high affinity DNA
binding is not required for a Cut repeat protein to stimulate the
binding of OGG1 to 8-0x0G. Moreover, we note that the mobil-
ity of the complex produced by OGG1 was not altered in the
presence of CR2ZCR3HD or any other Cut repeats, suggesting
that OGG1 and Cut repeats do not form a stable ternary com-
plex with DNA.

Ectopic Expression of CUX2 Proteins Rescues the DNA Repair
Defect of Cux2 ’~ MEFs—We wanted to verify whether the
CUX2 peptides that stimulate OGGL1 in the in vitro 8-oxoG
cleavage assay would be able to rescue the DNA repair defect of
Cux2~'~ MEFs. A nuclear localization signal (NLS) was added
to each peptide to ensure that the Cut repeats would be targeted
to the nucleus, and an HA epitope tag was also included to
facilitate detection. Retroviral infections were performed to
obtain a population of Cux2 /'~ MEFs stably expressing
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CR1CR2, CR2CR3HD, CR3HD, or the lacZ gene as a control
(Fig. 6A). Comet assays performed in various conditions
showed that DNA damage was reduced by ectopic expression
of each of the three recombinant CUX2 proteins (Fig. 6, B, C,
and D).

CUX2 Knockdown Reduces Proliferation and Increases Apo-
ptosis in HCC38 Breast Tumor Cells—A recent genome-wide
shRNA screen identified CUX2 as an essential gene in a number
of breast tumor cell lines (76). For example, CUX2 was ranked
the 183rd essential gene in the HCC38 breast tumor cell line. To
validate these results, we independently infected HCC38 cells
with retroviruses expressing CUX2 shRNAs or luciferase
shRNA as a control and monitored cell proliferation using the
WST-1 assay as well as the IncuCyte live cell imaging system.
RT-PCR analysis indicated that CUX2 expression was partially
knocked down (Fig. 7A), whereas both proliferation assays
showed that CUX2 shRNA-infected HCC38 cells stopped pro-
liferating after 1 or 2 days (Fig. 7, B and C). On day 2, cells were
analyzed by flow cytometry using 7-AAD and annexin V as
markers of cell death and apoptosis, respectively. The popula-
tion of HCC38 cells that received the CLIX2 shRNA displayed a
significant decrease in the proportion of live cells negative for
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various CUX2 cut repeats. E, cleavage activity of 50 nm OGG1 monitored over 200 min in the presence of 200 nm BSA, CUX1 CR1CR2, or CUX2 CR1CR2. Error bars

represent S.D.

both markers (63 versus 88.5%) and a corresponding increase in
early apoptotic cells (7-AAD-negative, annexin V-positive, 7
versus 1.2%) and in late apoptotic cells positive for both markers
(22.5 versus 4.3%) (Fig. 7D). Similar results were obtained with a
retrovirus expressing a different CUX2 shRNA (data not
shown). These findings indicate that a partial CUX2 knock-
down in HCC38 breast tumor cells causes a proliferation arrest
associated with apoptotic cell death.

CUX2 Knockdown Delays Repair of Oxidative DNA Dam-
age—Single cell gel electrophoresis assays showed an increase
in DNA damage in HCC38 cells that received the CLX2 shRNA
vector (Fig. 8, A, B, and C). To monitor directly the repair of
oxidative DNA damage, cells were treated with H,O, and
allowed to recover for various periods of time. We observed a
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significant delay in the repair of oxidative DNA damage in
HCC38 cells infected with the CUX2 shRNA vector (Fig. 8,4, B,
and C).

Ectopic Expression of CUX2 Proteins Accelerates DNA
Repair—CUX2 is not normally expressed in mammary epithe-
lial cells. The effects of CUUX2 knockdown in HCC38 breast
tumor cells suggest that higher CUX2 expression, albeit still
very modest, may be selected in some tumor cells because
CUX2 helps these cells to cope with higher ROS levels. To verify
this hypothesis, we prepared populations of HCC38 cells stably
expressing CUX2 recombinant proteins containing CRICR2 or
CR2CR3HD or the lacZ gene as a control (Fig. 94). Comet
assays showed that ectopic expression of either CR1ICR2 or
CR2CR3HD reduced the steady-state level of DNA damage
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(Fig. 9B, No Treatment) and accelerated repair of DNA damage down caused a delay in the repair of oxidative DNA damage in
following treatment with H,O, (Fig. 9B). Together, these HCC38 cells (Fig. 8). In vitro, we showed that CUX2 recombi-
results indicate that higher CUX2 expression in breast tumor nant proteins containing various combinations of Cut repeat
cells accelerates DNA repair and reduces DNA damage. domains were able to stimulate the binding of OGGI1 to
Discussion 8-0x0G-containing DNA and to stimulate both the glycosylase
Experimental evidence supporting the role of CUX2 as an and AP lyase enzymatic activities of OGG1 (Figs. 3 and 4). Cux2
accessory factor that stimulates the repair of oxidative DNA ~ Proteins were shown to interact in co-immunoprecipitation
damage can be summarized as follows. CUX2 knockdown 2and pulldown assays (Fig. 5). Finally, ectopic expression of
increased oxidative DNA damage in cortical neurons and in CUX2 recombinant proteins rescued the DNA repair defect of
HCC38 breast tumor cells (Figs. 1 and 8). Cux2~'~ MEFs Cux2~'~ MEFs and accelerated DNA repair in HCC38 cells
exhibited a delay in the repair of oxidative DNA damage as (Figs. 6 and 9). Together, these results build a strong case to
compared with Cux2*’" MEFs (Fig. 2). Similarly, CUUX2 knock-  support a direct role of CUX2 in base excision repair.
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mRNA and protein expression were measured on day 2 by RT-PCR and immu-
noblotting (IB). Error bars represent S.D. B, cell viability was assessed using the
WST-1 assay. C, cell proliferation was measured using the IncuCyte live cell
imaging system. D, on day 2, apoptosis was monitored using phycoerythrin
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represents annexin V-negative and 7-AAD-positive dead cells; R2 represents
late apoptotic cells positive for both annexin V binding and 7-AAD uptake; R3
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demonstrating cytoplasmic membrane integrity; and R4 represent annexin V-
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Similar experimental evidence previously established the
role of CUX1 in base excision repair (52). Following duplication
of the ancestral CUX gene, CUX1 and CUX2 have evolved dis-
tinct patterns of gene expression and acquired unique molecu-
lar functions. Although CUX1 is expressed in most if not all
tissues, CUX2 adopted a more restricted profile of expression
predominantly in neuronal cells (49, 57, 58, 62). In contrast to
CUX2, CUXI is regulated in a cell cycle-dependent manner,
and a shorter CUX1 isoform functions as a transcriptional fac-
tor that promotes many processes associated with cell cycle
progression (68, 69). Despite their divergent evolution, CUX1
and CUX2 exhibit high sequence conservation within specific
protein regions, notably in the Cut repeat domains, and have
conserved similar molecular functions (48, 49). Both CUX1 and
CUX2 continue to be expressed in the brain where they fulfill
additive and complementary functions in neuronal cell type
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specification (Refs. 42 and 43; for a review, see Ref. 46). Based on
our results, we suggest that both CUX1 and CUX2 must also
play important roles in the repair of oxidative DNA damage in
the brain. The human brain extracts ~50% of the oxygen and
10% of the glucose from the arterial blood (77). Indeed, neurons
have very high rates of oxygen metabolism due to their high
glucose requirement and the dependence on aerobic oxidation
of glucose as their source of energy (78). Combined with the low
level of antioxidant enzymes in the brain, the type of DNA dam-
age most likely to occur in the neuronal cells is ROS-induced
oxidative DNA damage (79, 80). In this context, it is tempting to
speculate that duplication of the CUX gene may have been
selected during evolution in part because of the protection con-
ferred by CUX proteins against oxidative DNA damage.

The p110 CUX1 isoform was previously shown to play an
important role in directly stimulating the expression of many
genes involved in the DNA damage response (81). Therefore,
we cannot exclude the possibility of a transcriptional effect in
experiments where we documented the impact of CUX2
knockdown or overexpression. However, we consider it
unlikely that CUX2 could play a similar role as CUX1 in the
regulation of DNA damage response genes. First, a CUX2 iso-
form that is equivalent to p110 CUX1 has not been identified
(67). Second, extensive global gene expression analysis follow-
ing CUX2 overexpression and CUX2 knockdown has not
revealed any difference in the expression of DNA damage
response genes (59).

We found that the Cut repeat domains of CUX2 can interact
with OGG1 (Fig. 5, B and C), increase the binding of OGG1 to
deoxyoligonucleotides containing an 8-oxoG (Fig. 5D), and
stimulate the enzymatic activities of OGG1 (Figs. 3 and 4).
However, some Cut repeat proteins that stimulated OGG1 did
not themselves bind with high affinity to the DNA (Fig. 5D,
CR1CR2 and CR3HD, lanes 4 and 8), whereas one protein that
could form a strong retarded complex, CR2CR3HD (Fig. 5D,
lane 12) still did not form a ternary complex with OGG1 and
DNA (Fig. 5D, lane 11). Similar observations were previously
made with the Cut repeats of CUX1 (52). These findings sug-
gest that the mechanism by which Cut repeats stimulate OGG1
may involve a transient interaction between the two proteins.
Cut repeats may facilitate an allosteric change in OGGI, a
notion consistent with structural studies reporting conforma-
tional transitions of OGG1 associated with its biochemical
activities (Refs. 83— 86; for a review, see Ref. 87). Alternatively,
Cut repeats may transiently alter the conformation of DNA to
facilitate the recognition of 8-oxoG by OGG1 or help OGG1
distort DNA while searching for damaged bases (88). A mech-
anism of action involving transient alteration of DNA confor-
mation is consistent with the extremely fast DNA binding
kinetics of some Cut repeats (71).

We have previously reported that the role of CUX1 in base
excision repair is exploited by cancer cells that produce ele-
vated levels of ROS (53). High CUX1 expression prevents RAS-
induced senescence and enables the development of RAS-
driven tumors (53). Moreover, CUX1 knockdown is synthetic
lethal to RAS-transformed cells (53, 54). The acute dependence
of RAS-driven tumor cells on CUX1 expression illustrates a
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FIGURE 9. Ectopic expression of CUX2 proteins accelerates DNA repair.
HCC38 cells were stably infected with retroviruses expressing CUX2 CR1CR2-
NLS-HA, CUX2 CR2CR3HD-NLS-HA, or nothing (vector). A, expression of
recombinant CUX2 protein expression was analyzed by immunoblotting (/B)
using HA antibody. B, following exposure to 50 um H,0,, cells were allowed to
recover for the indicated time and then submitted to single cell gel electro-
phoresis as described in Fig. 2. Comet tail moments were scored for at least 50
cells per conditions. Error bars represent S.E. *, p < 0.05; ***, p < 0.001,
Student’s t test.

case of non-oncogene addiction whereby cancer cells are de-
pendent on the heightened activity of a protein that is not itself
an oncogene (55, 56). The findings that CUX2 knockdown also
is detrimental to some breast tumor cells suggests that higher
expression of any CUX gene may be selected in cancer cells that
sustain high ROS levels (76). It should be noted that CUX1 was
not identified in this particular screen likely because three of
the five CUUX1 shRNAs were targeted not to CUX1 but to the
CUX1 alternatively spliced product (CASP) mRNA in the 80K
library developed by The RNAi Consortium (89). The identifi-
cation of CUX1 or CUX2 in independent screens for synthetic
lethal interactions in cancer cells suggests that adaptation to the
particular metabolism of cancer cells will likely involve selec-
tion for higher expression of various ROS scavengers as well as
proteins that play a role in the repair of oxidative DNA damage.
In this regard, it is remarkable that the genome-wide screen for
synthetic lethal interactions with the KRAS oncogene uncov-
ered four other genes involved in base excision repair: NEIL2,
XRCC1, DNA polymerase 3, and LIG3 (54). Together, these
findings indicate that, contrary to the notion that cancer
cells only exhibit defects in DNA repair mechanisms, in fact
some cancer cells exhibit a very efficient base excision repair
pathway.
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