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Human SMC2 Protein, a Core Subunit of Human Condensin
Complex, Is a Novel Transcriptional Target of the WNT
Signaling Pathway and a New Therapeutic Target™
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mitosis and fast proliferation.

therapeutic target in cancer treatment.

\_

(Background: Condensin SMC proteins are frequently overexpressed in WNT-activated hyperplastic cells.
Results: The SMC2 promoter is a novel target on the B-catenin"TCF4 transcription complex.
Conclusion: B3-Catenin'TCF4 may drive production of condensin in hyperplastic cells. SMC2 is required to ensure cellular

Significance: Down-regulation of SMC2 expression can repress cell proliferation in WNT-activated cells and represents a new

N
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Human SMC2 is part of the condensin complex, which is
responsible for tightly packaging replicated genomic DNA prior
to segregation into daughter cells. Engagement of the WNT sig-
naling pathway is known to have a mitogenic effect on cells, but
relatively little is known about WNT interaction with mitotic
structural organizer proteins. In this work, we described the
novel transcriptional regulation of SMC2 protein by direct bind-
ing of the B-catenin'TCF4 transcription factor to the SMC2 pro-
moter. Furthermore, we identified the precise region in the
SMC2 promoter that is required for B-catenin-mediated pro-
moter activation. Finally, we explored the functional signifi-
cance of down-regulating SMC2 protein iz vivo. Treatment of
WNT-activated intestinal tumor cells with SMC2 siRNA signif-
icantly reduced cell proliferation in nude mice, compared with
untreated controls (p = 0.02). Therefore, we propose that WNT
signaling can directly activate SMC2 transcription as a key
player in the mitotic cell division machinery. Furthermore,
SMC2 represents a new target for oncological therapeutic
intervention.
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SMC (structural maintenance of chromosomes) proteins are
a family of DNA-binding ATPases that are essential for main-
tenance of chromosomal integrity during cell division (1).
Eukaryotes express at least six SMC proteins (SMC1-6), which
form three heterodimers (SMC1/3, SMC2/4, and SMC5/6 (2)).
SMC5/6 is part of a complex involved in DNA repair and check-
point responses. The SMC1/3 heterodimer associates with two
regulatory non-SMC proteins, SCC1 and SCC3, and collec-
tively, this complex is known as cohesin. Cohesin holds sister
chromatids together until they are physically segregated during
anaphase (3). The SMC2/4 heterodimer associates with three
non-SMC proteins to form a five-member complex known as
condensin. Lower eukaryotes have a single condensin complex,
but metazoans have two. In humans, both condensin I and con-
densin II contain the core SMC2/4 subunits, but have different
regulatory non-SMC subunits. As the name suggests, conden-
sin has DNA supercoiling activity, which is essential for pack-
aging of chromatin prior to cell division. Condensin has also
been shown to be necessary for resolution of sister chromatids
during anaphase (4, 5). Condensin supercoiling activity is spa-
tially and temporally regulated by mitotic kinases (6-10),
which ensure DNA condensation only occurs at appropriate
stages of the cell cycle.

Mutations in condensin subunits are likely to drive chromo-
somal destabilization and are found in some cancer genomes
(11, 12). Furthermore, activated WNT signaling in colorectal
tumors are considered to cause chromosomal instability. Upon
investigation of normal human intestine and colorectal tumor
samples, we noted that high SMC2 protein expression appeared
to coincide with nuclear 3-catenin localization in dividing cells.
Therefore, we decided to investigate whether WNT signaling
and B-catenin might transcriptionally regulate condensin.
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Secreted WNT ligands are essential morphogens that con-
trol patterning and cell division during embryogenesis (13).
WNT signals are principally transduced by two classes of cell
surface receptors; Frizzled (Fz) proteins and low density lipo-
protein receptor-related proteins 5 and 6 (LRP5/6). In canoni-
cal, B-catenin-dependent signaling, phosphorylation of LRP6
leads to release of cyctoplasmic 3-catenin from the prodegra-
datory Axin complex (which includes glycogen synthase 3 and
adenomatous polyposis coli (APC)? protein). Free $-catenin
translocates to the nucleus, where it acts as a transcriptional
coactivator of target genes in combination with TCF/LEF tran-
scription factors (14, 15).

WNT signaling is well known to promote cell cycle progres-
sion by up-regulating proliferation-stimulating target genes e.g.
cyclin D and c-myc. However, it has become apparent that the
cell cycle and WNT signaling are intrinsically linked (16). In a
seminal study, WNT-B-catenin signaling (and B-catenin pro-
tein levels) were noted to oscillate during the cell cycle, peaking
at the G,/M transition (17). Since that initial observation, many
of the components of the WNT pathway have been shown to
play an integral role during cell division. In addition to their
function as activators of WNT target gene transcription, APC
protein and B-catenin are important constituents of the centro-
some complex (18 —20). B-Catenin is also essential for centro-
somal separation at the onset of spindle formation (21). More-
over, glycogen synthase 3 binds to and regulates microtubules,
thereby contributing to mitotic spindle alignment (22).

For WNT-stimulated cells to undergo mitotic division, the
genome must be faithfully replicated and packaged up prior to
cytokinesis. By definition, this is a complex and highly regulated
process, and failure to control each stage can lead to aneup-
loidy, chromosomal instability, and/or cell death. Chromo-
somal architecture during cell division is maintained in part by
SMC proteins, and in this study, we provide evidence that
canonical WNT signaling is directly driving SMC2 expression
and that depleting tumor cells of SMC2 effectively drives a
tumor xenograft model into mitotic catastrophe. Therefore,
modulating cellular levels of condensin subunits may provide a
novel chemotherapeutic tool for controlling the rate of cell divi-
sion and/or critically destabilizing chromosomal organization.

EXPERIMENTAL PROCEDURES

Human Cancer Cell Lines and Cell Culture—Colorectal can-
cer (CRC) cell lines were purchased from the American Type
Culture Collection (ATCC). Ls174T/dnTCF4 and Ls174T/
pTER-B-catenin cells were kindly provided by Prof H. Clevers
(Hubrecht Institute, Utrecht, The Netherlands). Cell lines were
cultured in DMEM or RPMI 1640 (Ls174T variants) medium
supplemented with 10% fetal bovine serum, 100 units/ml of
penicillin, and 100 wg/ml of streptomycin at 37 °C under 5%
CO.,. To induce dnTCF4 or siRNA-BCAT, Ls174T cells were
treated with 5 pg/ml doxycycline. Doubling time calculations
were performed as described by Bex et al. (23).

3 The abbreviations used are: APC, adenomatous polyposis coli; dnTCF4,
dominant-negative transcription factor 4; CRC, colorectal cancer; WB,
Western blot; TBE, TCF-binding element; NCAPH, non-SMC condensin |
complex, subunit H.
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Colorectal Tissue Samples—Tumor and counterpart normal
samples were provided and analyzed by the Surgery and Pathol-
ogy Departments of the Vall d'Hebron Universitary Hospital
(Barcelona, Spain) respectively. Patients gave written consent
before their inclusion in the analysis, and the study was
approved by the Hospital Ethics Committee.

DNA Reagents—pTOPFLASH and pFOPFLASH plasmids
were generously provided by Prof H. Clevers (24). VP16-TFC4
and pBCAT expression vectors were kindly supplied by Anto-
nio Garcia de Herreros (IMIM-Hospital del Mar, Barcelona,
Spain). SMC2 promoter regions were amplified by PCR using
the pairs of primers listed in supplemental Table 1. The prod-
ucts were directionally cloned in pGL3-basic vector (Promega)
using Kpnl and BglII restriction sites. Substitution mutants
affecting the TCF4-binding sites on SMC2 promoter regions
were generated with mutagenic oligonucleotides in supple-
mental Table 1 using QuikChange II XL site-directed mutagen-
esis kit (Stratagene). All constructs were confirmed by DNA
sequencing under Big Dye™ cycling conditions on an Applied
Biosystems 3730x] DNA Analyzer (Macrogen, Inc.).

RNA Extraction and Real-time PCR—Total RNA was
extracted with Trizol® (Invitrogen) and further treated with
DNase I amplification grade (Invitrogen) and retrotranscribed
using a High Capacity cDNA reverse transcription kit (Applied
Biosystems). Real time PCR reactions were performed in trip-
licate on an ABI PRISM 7500 real-time system (Applied Bio-
systems), using TagMan gene expression assays (Applied
Biosystems, catalog no. Hs00374522_m1, Hs00197593_m1,
Hs00254617_m1, Hs00214861_m1l, and Hs00379340_m1)
according to the manufacturer’s instructions. Data were nor-
malized to 18 S rRNA (catalog no. 4333761F) expression but
also confirmed with other endogenous controls: peptidylprolyl
isomerase A (cyclophilin A) (catalog no. 4333763T) or B-actin
(catalog no. 4333762T). The relative mRNA levels were calcu-
lated using the comparative C, method (2~ 44) as described by
Arango et al. (25).

Protein Extraction and Western Blotting (WB)—Cell pellets
and tissue homogenates were lysed in radioimmune precipita-
tion assay buffer (50 mm Tris-HCl at pH 8.0, 150 mm NaCl, 1
mM DTT, 1 mm sodium orthovanadate, 0.5% deoxycholate, 1%
Triton X-100, 0.1% SDS) containing complete protease inhibi-
tor mixture (Roche Diagnostics). Proteins in the crude lysates
were quantified using the BCA protein assay (Pierce Biotech-
nology), and 50 ug of whole-cell lysates were separated by SDS-
PAGE and transferred onto nitrocellulose filters. Blots were
probed using antibodies against SMC2 (ab10412, Abcam; and
07-710, Upstate-Millipore, dilution factor of 1:1000), SMC4
(ab17958, Abcam, dilution factor of 1:1000), TCF4
(05-511, Upstate-Millipore, dilution factor, 1:500), NCAPH
(HPA003008, Sigma Aldrich, dilution factor, 1:2000), 3-catenin
(610154, BD Transduction Laboratories, dilution factor,
1:1000) or c-Myc (monoclonal 9E10, sc-40, Santa Cruz Biotech-
nology, 1:100). Proteins were detected using corresponding
HRP-conjugated secondary antibodies, anti-mouse (P0447,
Dako), or anti-rabbit (P0217, Dako). Actin was used as loading
control (CP01, Calbiochem, 1:5000). The intensity of the bands
on the blots was quantified using the GeneTools Program
(SynGene).
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Immunohistochemistry—Paraffin-embedded tissues were
provided by the archive tumor bank of the Department of
Pathology of the Vall d’'Hebron Universitary Hospital. Epitope
retrival was heat induced in citrate buffer, pH 6.0. Immunobhis-
tochemistries were performed using EnVision + Dual Link Sys-
tem-HRP, DAB+ (Dako) according to the manufacturer’s
instructions, using the SMC2 antibody (ab10412, Abcam,
1:200), NCAPH antibody (HPA003008, Sigma Aldrich, dilution
factor, 1:50), and B-catenin (610154, BD Transduction Labora-
tories, dilution factor, 1:X). Samples were additionally counter-
stained with hematoxilin. Anti-SMC2 antibody (ab10412)
specificity was confirmed by immunocytochemistry of wt ver-
sus SMC2-depleted DLD-1 human colorectal cancer cells (sup-
plemental Fig. 1).

Chromatin Immunoprecipitation (ChIP)—Cells were grown
to 80% confluency in 15-cm dishes. Proteins and nucleic acids
were cross-linked with formaldehyde (1%) for 10 min at 4 °C.
Cross-linking was quenched by adding 125 mwm glycine for 5
min. Following two washes with cold PBS containing protease
inhibitors, cells were collected and resuspended in SDS lysis
buffer (50 mm Tris-HCI, pH 8, 10 mm EDTA, 1% SDS). Lysates
were sonicated 12X for 10 s (60-s interval on ice between
pulses) at 8 Aona Soniprep 150 (MSE, Ltd., Kent, U.K.). Chro-
matin samples were diluted with chromatin immunoprecipita-
tion buffer (20 mm Tris-HCI, pH 8, 2 mm EDTA, 150 mm NaCl,
1% Triton X-100) supplemented with protease inhibitors. Sam-
ples were precleared for 2 h at 4 °C with protein G-agarose/
salmon sperm DNA beads (Upstate-Millipore) and incubated
with 5 ug of the appropriate antibody overnight at 4 °C. Immu-
noprecipitation was carried out with protein G-agarose/salmon
sperm DNA beads for 2 h at 4 °C. DNA-protein-antibody-bead
complexes were washed out with low salt buffer (150 mm NaCl,
20 mm Tris-HCI, pH 8, 2 mm EDTA, 1% Triton X-100, 0.1%
SDS), high salt buffer (500 mm NaCl, 20 mm Tris-HCI, pH 8, 2
mMm EDTA, 1% Triton X-100, 0.1% SDS), LiCl buffer (250 mm
LiCl, 10 mm Tris-HCI, pH 8, 1 mm EDTA, 1% Igepal, 1% sodium
deoxycholate), and TE buffer (10 mm Tris-HCI pH 8, 1 mm
EDTA). Proteins were eluted with elution buffer (100 mm
NaHCO;, 1% SDS). Cross-linking was reversed incubating
samples with 200 mm NaCl overnight at 65 °C. Before DNA
purification (phenol-chloroform-isoamilic alcohol), proteins
were digested with 20 pg of proteinase K (Roche Diagnostics)
for 2 h at 45 °C. Immunoprecipitated DNA was used as tem-
plate in the PCR reactions. The primers are listed in supple-
mental Table 1.

Luciferase Reporter Assays—Cells were transiently co-trans-
fected with pGL3-basic-SMC2 promoter (1 ug/10° cells) alone
or in combination with VP16-TCF4 (3 ug/10° cells) or pBCAT
(3 ng/10° cells) using Lipofectamine 2000 (Invitrogen), accord-
ing to the manufacturer’s instructions. pRL-TK Renilla (0.2
ug/10° cells) was introduced in all samples to allow data nor-
malization. pTOPFLASH and pFOPFLASH were used as posi-
tive and negative luciferase reporter controls, respectively. 24 h
post-transfection, cells were lysed, and luciferase activity was
measured according to the Dual-Luciferase reporter assay
using a Clarity Luminescence Microplate Reader (BioTek
Instruments).
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SMC2 Knockdown—Cells were transiently transfected with
20 um siRNA using HiPerfect Transfection Reagent (Qiagen®)
according to the manufacturer’s instructions. SMC2 and
scrambled siRNA were purchased from Qiagen® (catalog no.
S102654260 and 1027281, respectively). Cells used in the xeno-
graft assays were cultured for 48 h and subjected to a second
round of transfection. For stable knockdown, cells were trans-
duced with lentiviral particles containing five different shRNAs
targeting SMC2 (MISSION shRNA, Sigma-Aldrich, clone IDs
NM_006444.1-3720s1c1, -1295slcl, -1961slcl, -3173slcl,
and -3300s1cl) prior to puromycin selection.

Assessment of Cell Cycle Profile—Cells transiently silenced
for 24, 48, 72, or 96 h were trypsinized, washed with cold PBS,
fixed with 70% ethanol, and stained with propidium iodide (40
pg/ml). DNA content was assessed using a FACSCalibur
instrument and CellQuest software (BD Biosciences).

Xenograft Study—Female athymic nude mice (Hsd:athymic
nude-Foxnl nu/nu; Harlan Interfauna Iberica) were main-
tained in pathogen-free conditions and used at 5—6 weeks of
age. Animal care was handled in accordance with the Guide for
the Care and Use of Laboratory Animals of the Vall d’Hebron
Hospital Animal Experimentation Ethical Committee. 1.5 X
10° silenced DLD1 cells were injected subcutaneously in the
rear flanks of mice. Tumor growth was monitored three times
per week for 5 weeks by conventional caliper measurements
(tumor volume = D X d?/2, where D is the major diameter and
d is the minor diameter).

Statistical Analysis—Unless stated differently, descriptive
data were expressed as mean = S.D. The GraphPad Prism sta-
tistical package was used to investigate group differences by
unpaired Student’s ¢ test. p values are indicated for statistically
different means.

RESULTS

The Core Subunit of Human Condensin Complex, SMC2, Is
Overexpressed in CRC—SMC2 protein expression was evalu-
ated in clinical samples from 29 patients that had undergone
surgery for colon carcinoma. Protein detection by WB showed
that SMC2 was up-regulated in 20 of the 29 tumor samples
(69%) compared with the matched normal controls (subset
shown in Fig. 14). SMC2 overexpression in CRC was further
confirmed by quantitative PCR of 16 clinical samples, showing
also a clear up-regulation of SMC2 in the tumor counterpart
samples in 11 cases (68.5%) (Fig. 1B). As SMC4 is the natural
partner in the core of the condensin complex, its levels were
also studied in 27 clinical samples and found to be overex-
pressed in 13 tumor counterparts (48.1%) (Fig. 1C). Further
analysis of non-SMC subunits in patient samples confirmed the
trend for increased expression of all condensin complex mem-
bers in tumor samples versus normal tissue (supplemental Fig.
2). A strong positive correlation between the protein levels of
SMC2 and SMC4 in clinical samples and also in CRC cell lines
was identified (Fig. 1E). Interestingly, levels of SMC2/SMC4
protein negatively correlated with population doubling times in
CRC cell lines (supplemental Fig. 3). Nevertheless, neither
SMC2 nor SMC4 overexpression could be correlated to any
clinicopathological variables (age, sex, tumor stage, or tumor
location; supplemental Table 2) in the clinical samples studied.
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FIGURE 1. SMC2 is up-regulated in human CRC. A, WB analysis of SMC2 in human CRC. A representative subset of 29 cases studied is shown. Actin was used as
loading control. B, quantitative real-time PCR for SMC2 in 16 pairs of colon adenocarcinoma tumors and matched adjacent normal colonic tissues. Data are represent-
ative of three independent experiments. The mean values of SMC2 levels were compared using Student’s t test (upper boxplot). C and D, SMC2, SMC4, and 3-catenin
levels were evaluated by WB in both colorectal cancer cell lines (n = 14) and samples from CRC patients (n = 27, a representative subset is shown). Actin was used as
loading control. £ and F, SMC2, SMC4, and $-catenin protein levels on WB were determined by gel band quantification and normalized to the corresponding actin
levels. Values were used to perform correlation studies following Spearman test. G, immunohistochemistry of SMC2 in paraffin-embedded tissue. A representative
specimen is shown. Magnified regions of the normal and tumor mucosa are shown on the right. N, normal tissue; T: tumor tissue (adenocarcinoma).

Furthermore, additional immunohistochemistry studies were
performed in paraffin embedded sections of normal colon
mucosa and tumor tissue. SMC2 protein was up-regulated in
tumor cells (Fig. 1G), both in the cytoplasmic compartment and
nuclei. Normal tissue staining confirmed B-catenin, SMC2, and
NCAPH (a non-SMC subunit of the condensin complex) accu-
mulation in cells located in the lower part of the intestinal
crypts, where WNT signaling is active and cells proliferate
actively to maintain the normal epithelial homeostasis (supple-
mental Fig. 44) (26). Our observation that SMC2 is naturally
expressed in cells where WNT pathway is engaged, prompted
us to examine whether there was a correlation between the
levels of SMC2/SMC4 and -catenin in a panel of 14 CRC cell
lines, and also in a subset of 14 pairs (normal/tumor) of clinical
samples by WB (Fig. 1, C and D). It was confirmed that there
was a strong positive correlation between the protein levels of
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B-catenin and SMC2 and SMC4 (Fig. 1F). Furthermore, immu-
nohistochemical analysis of tumor samples confirmed that
membrane-localized B-catenin corresponded to low levels of
SMC2 and NCAPH, predominantly localized in the cytoplasm,
whereas nuclear 8-catenin staining was found in conjunction
with increased levels of SMC2 and NCAPH expression, pre-
dominantly in the nucleus (supplemental Fig. 4, B—I). Because
SMC2 was up-regulated in cells actively proliferating in
response to WNT signaling and correlated with -catenin lev-
els in CRC cell lines and clinical samples, we were interested to
determine whether SMC2 expression could be directly regu-
lated by the WNT/B-catenin pathway.

SMC2 Is Down-regulated in Cellular Models for WNT Path-
way Inhibition—First, we wanted to determine whether disrup-
tion of WNT/B-catenin signaling could affect SMC2/SMC4
transcription. For this purpose, we used two in vitro systems,
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FIGURE 2. SMC2 protein is down-regulated upon WNT signaling inhibition. Ls174T/dnTCF4 (A and B) and Ls174T/pTER-B-catenin (Cand D) cell lines were
cultured in absence or presence of 5 pug/ul doxycycline (Dox) during the indicated time points. Cells were lysed and analyzed by WB using the indicated
antibodies. Representative data from three replicates/independent experiments are shown.

Ls174T/dnTCF4 and Ls174T/pTER-B-catenin cell lines, for
WNT pathway inhibition. Ls174T/dnTCF4 cells carry a doxy-
cycline-inducible expression plasmid encoding N-terminally
truncated version of TCF4, which acts as a dominant negative
form of TCF4 (dnTCF4). Even though dnTCF4 protein binds to
DNA it does not bind B-catenin acting as a potent inhibitor of
endogenous B-catenin'TCF4 complexes (26). Induction of
dnTCF4 after 96 h of doxycycline treatment resulted in a
decrease in SMC2 protein levels in a dnTCF4 protein dose-de-
pendent manner (Fig. 24). Longer inductions were not tested as
these cells rapidly undergo G, arrest (26, 27). To confirm inhi-
bition of B-catenin-TCF4 activity, the levels of c-Myc, a well
characterized WNT target gene, were evaluated (28). The same
effect could be observed in the SMC4 protein levels under the
same conditions (Fig. 2B).

To substantiate the dnTCF4 result, we examined the levels of
SMC2/4 in Ls174T/pTER-B-catenin, a cellular model that
expresses a doxycycline-inducible form of the RNA polymerase
III H1 promoter to drive expression of an siRNA, directed to
B-catenin. Addition of doxycycline to the growth medium
induced rapid down-regulation of B-catenin messenger RNA
(27) and protein (Fig. 2C) in these cells. In this context, follow-
ing 96 h of doxycycline treatment, we observed a down-regula-
tion in SMC2 (Fig. 2C) and SMC4 protein levels (Fig. 2D) that
correlated to decreased B-catenin protein levels and implied a
strong association between SMC subunit expression and
B-catenin-TCF4 transcription factor.

SMC2 Promoter Responds to WNT Pathway Activation/
Inhibition—To determine whether SMC2/4 could be targets of
the B-catenin'TCF4 transcription factor complex, upstream
sequences of the human SMC2 and SMC4 genes were obtained
from the Ensembl database (30). Three different software pack-
ages were used for in silico prediction of the SMC2 promoter:
Gene2Promoter recognized a very highly promoter-like region
between the —308 bp and +420 bp region (considering 0 bp the
transcription start site); promoter 2.0 predicted a promoter
region starting in the —476 bp position; finally, promoterScan
located two putative regulatory regions, from the —597 bp to
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ization (RLU, relative luciferase units). Where indicated, cells were doxy-
cline (Doxy)-treated to induce the TCF4 dominant-negative form (left) or a
siRNA targeting B-catenin (right). TOP-flash vector was used as positive
control for WNT signaling activity/repression. A representative result out
of at least three different experiments run in triplicates is shown. C, DLD-1
or HCT116 cell lines were co-transfected with SMC2 promoter luciferase
construct and pcDNA (empty vector), B-catenin, or VP16-TCF4 expression
vectors. D, PCR analyses of DNA pulled down by isotypic antibody (nega-
tive control) or anti-TCF-4 monoclonal antibody in ChIP assay. c-myc pro-
moter sequence containing TBE1 element and APC promoter region 1B
sequences were amplified as positive and negative controls, respectively.
Error bars indicate S.D. (Student’s t test; **, p < 0.01).
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—348 bp position, and from —313 bp to —64 bp, respectively.
For subsequent studies, we compiled an SMC2 promoter based
on the different predictions, which was determined to be from
position —597 bp to the translation start site (+1059 bp) (Fig.
3A). In this region, two TATA boxes were identified at posi-
tions —591 and —12 bp, and three recognition sites for the Sp1
transcriptional factor were situated at —561 bp, —301 bp, and
+219 bp positions. The predicted SMC2 promoter was sub-
jected to an in silico screen for TCF binding elements (TBE).
rVista (version 2.0, NCBI DCODE), TESS (Transcription Ele-
ment Search System), and Matinspector software (Genomatix),
which predicted four different elements: TBE1 (—389 bp),
TBE3 (—20 bp), TBE4 (+57 bp), and TBE6 (+724 bp). Addi-
tionally, Matinspector located two further TBEs: TBE2 (—37
bp) and TBES5 (+98 bp) (Fig. 34).

Promoter software (version 2.0) predicted that the region
from the —1500 bp position to the transcription start site (0 bp)
of SMC4 was highly likely to be a promoter region, in which one
TATA box (—837 bp) and three Sp1 sites (—1066 bp, —21 bp,
and —5 bp) could be identified. Two putative TBE were pre-
dicted in this region (—1270 bp and —1294 bp), but none of
these were phylogenetically conserved in mammals (data not
shown), so we continued our study by focusing on WNT path-
way regulation of SMC2 expression.

The full-length promoter of SMC2 was cloned into a pGL3
firefly luciferase reporter vector, and its activity was assayed in
Ls174T/dnTCF4 cells following transient transfection alone, or
in combination with B-catenin expression vector (pBCAT).
This promoter was active under normal conditions, even more
than the positive control TOPFLASH (run in parallel). After
doxycycline induction of the dnTCF4 form, luciferase activity
was significantly reduced. Moreover, the promoter was able to
respond to (-catenin transduction, but this capacity was lost
when the dnTCF4 form was induced by doxycycline (Fig. 3B, left).
SMC2 promoter was also tested in Ls174T/pTER-B-catenin cells.
Doxycycline-induced down-regulation of -catenin also dimin-
ished the luciferase activity of the full-length promoter of SMC2
(Fig. 3B, right).

To confirm that the SMC2 promoter was a target of activated
WNT signaling, we tested the luciferase activity of the pro-
moter in two colon carcinoma cell lines, DLD1 and HCT116,
carrying an activating mutation in [-catenin or a deactivating
mutation in APC (31), respectively. Cells were co-transfected with
pGL3-SMC2 promoter and expression vectors for [B-catenin
(pBCAT) or VP16-TCF4 (a constitutively active form of TCF4). In
both cell lines, a significant gene transactivation increase could be
observed after the co-transfection (Fig. 3C), supporting the
hypothesis that the activated WNT pathway can drive transcrip-
tion from the SMC2 promoter via the B-catenin"TCF4 transcrip-
tion complex.

TCF4 Transcription Factor Is Bound to the SMCC2 Promoter in
Vivo—We aimed to determine whether TCF4 interaction with
the SMC2 promoter was direct or indirect. Therefore, ChIP
experiments were used to test whether TCF4 could occupy
the SMC2 promoter. Chromatin from DLD1 cells was cross-
linked prior to anti-TCF4 antibody immunoprecipitation of
DNA-protein complexes. The SMC2 promoter sequence that
contains TBE 2, 3, 4, and 5 was present in the TCF4 eluate (Fig.
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FIGURE 4. Determination of the minimal regulatory region of SMC2 pro-
moter. A, relative position and sequences of the putative TBEs predicted in
silico in the SMC2 promoter and deletion mutants for luciferase (luc) reporters
performed. B, determination of fragment 3 as the minimal regulatory region
of the SMC2 promoter. Luciferase activity of each deletion mutant was nor-
malized to Renilla luciferase internal control (RLU, relative luciferase units) in
DLD1 (left) or HCT116 (right) cell lines; a representative result is shown of at
least three independent experiments. *, p < 0.05; **, p < 0.01; Student’s t test
(promoter activity versus full-length SMC2 promoter (SMC2 FL).

3D), confirming that this transcription factor can bind to the
SMC2 promoter in vivo. Primers for c-myc and APC promoter
amplification were used as positive and negative controls,
respectively (28).

The Region Located between —389 bp and +98 bp in SMC2
Promoter Is Defined as the Minimal Regulatory Fragment of the
SMC2 Gene—To define the minimal transcriptional regulatory
region in the SMC2 promoter, we cloned a series of terminal
deletions of the full-length sequence based on the position of
the predicted TCF response elements (Fig. 44). DLD1 and
HCT116 cells were transfected with three different deletion
mutants, and luciferase activity was measured.

Deletion of the first 100 base pairs in the SMC2 promoter
resulted in decreased luciferase activity, and the promoter
activity was almost lost when the deletion removed all of the
putative TBEs (except TBES6). It was also confirmed that the 0.5
kb (A3 sequence), which contains TBEs 1, 2, 3, 4, and 5, main-
tained the maximal activity in both cell lines. Fragment A3
showed a luciferase activity similar to the full length sequence.
Thus, we defined A3 as the minimal regulatory region and used
it for further mutational studies (Fig. 4B).

The TCF Response Element Located at —20 bp (TBE3) Is
Susceptible to B-Catenin-TCF4 Transactivation—Interspecies
conservation analysis showed that two of the six TBEs pre-
dicted, TBE2 and TBE3, were highly conserved in ortholog
SMC2 promoters of mouse, rat, macaque, and chimpanzee (Fig.
5A), and both were present in the minimal regulatory region,
A3. Interestingly, these two TBEs are the closest ones to the
transcription start site.

JOURNAL OF BIOLOGICAL CHEMISTRY 43477



B-Catenin-TCF4 Transcription Complex Drives SMC2 Expression

TBE 2 TBE 3
A Hs 1 AATAAGCAATGGAGGTGGGGTCCTTTGCTCGCGCCGAAATTCAAAGGAATAAATAGTTCCGGCGCGGGTGTTGA 74
FEEEEREEEEE TR LT e
Pt 1 AATAAGCAATGGAGGTGGGGTCCTTTGCTCGCGCCGAAATTCAAAGGAATAAATAGTTCCGGCGCGGGTGTTGA 74
FECEEEEEEEE TR LT PP e 1
Mmt 1 AATAAGCAATGGAGGTGGGGTCCTTTGCTCGCGCCGAAATTCAAAGGAATAAATAGTTCCGGCGCGGG---TGA 71
e N NN RN N RN NN N AN AR AR AR FEETEEEEEEEE T F L
Rn 1 CAGACGCGTCGGAGGTGGGGTCCTTTGCTCGCGCCGARATTCAAAG- - - -AAACAGTTCCGGCACGGTTGTTG- 69
R N e RN RN AR AR RN AR AN PEATEEEEETE T T
Mms 1 CAGACGCCTCGGAGTTGGGGTCCTTTGCTCGCGCCGAARATTCAAAGG- - - -AACAGTTCCGGCACGGTTGTTG- 69
B A3
A3 2Mut
A3 3Mut
A3 AllMut 3wt

@]

DLD-1 HCT116

1.5 0.2
.§ i 0.20

1.0
E §ots
] =
2 E 0.10
< o5 =
=
2 Z 005

0.0 0.00

Empty vector A3 A32Mut  A33Mut A3 1/2/4/5 Mut Empty vector A3 A32Mut  A33Mut A3 1/2/4/5 Mut
3 1 pcDNA 0.8- 1 pcDNA
* * [ B-catenin *x® [ B-catenin
= W TCF4-VP16 BN TCF4-VP16
§ *%k 0.6 *
. S *
> 2 *%k >
g g
= £0.4
E g
< ] <
= = "k
E' “ ﬂﬂ.
0.0 T T T T

— 8 Nm/l |

T
A33Mut A31/2/4/5 Mut

0

T
Empty vector A3

Empty vector A3 A33Mut A31/2/4/5 Mut

FIGURE 5. Elucidation of the TBE responsible for 3-catenin-TCF4 transactivation in the SMC2 promoter. A, sequence alignment of SMC2 promoter in
different species; Hs, Homo sapiens; Pt, Pan troglodytes; Mmt, Macaca mulatta; Rn, Rattus novergicus; Mms, Mus musculus. Conserved TBEs are highlighted in gray
background. B, schematic representation of SMC2 promoter mutant variants. C, DLD1 (left) or HCT116 (right) cell lines were transfected with constructs above.
Luciferase activity was normalized to Renilla activity (RLU, relative luciferase units); a representative result is shown out of at least three independent experi-
ments. D, DLD-1 (left) or HCT116 (right) cell lines were co-transfected with A3 fragment mutational combinations and expression vectors for B-catenin,
TCF4-VP16 (constitutively active form of TCF4), or the empty vector pcDNA3 (pcDNA); a representative result is shown out of at least three independent

experiments (¥, p < 0.05; **, p < 0.01; ***, p < 0.001).

To study the functionality of those conserved TBEs, we per-
formed site-directed mutagenesis to disrupt TCF4 binding abil-
ity (Fig. 5B). We detected a significant decrease in luciferase
activity when TBE3, located at —20 bp, was mutated. However,
mutations in all other TBEs did not affect luciferase activity
driven by the SMC2 promoter (Fig. 5C).

To confirm TBE3 susceptibility to WNT signaling transacti-
vation, we measured luciferase activity after co-transfection of
B-catenin or VP16-TCF4 expression plasmids and different
mutational combinations in A3 fragment. Enhancement of
luciferase activity in response to WNT/3-catenin stimulation
was lost when TBE3 was disrupted (Fig. 5D). As expected,
mutations in TBE 1, 2,4, and 5 did not affect promoter response
to B-catenin or VP16-TCF4 stimulation. Thus, we identified
the TCF response element located at —20 bp (TBE3) as the sole
entity responsible for B-catenin'TCF4 transactivation of the
SMC2 promoter.
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SMC2 Knockdown Results in Decreased Tumor Growth in
Vivo—Because we had established that the SMC2 promoter
could be driven by WNT signaling, and SMC2 has a clear role in
mitosis, we hypothesized that perturbing SMC2 expression
may reduce WNT-induced cell proliferation. Therefore, we
investigated the effect of SMC2 down-regulation in WNT-ac-
tivated CRC cell lines. DLD1, HT29, and HCT116 cells were
transiently transfected with an siRNA targeting SMC2 for 48,
72, and 96 h. SMC2 knockdown efficiency was assessed by WB.
Furthermore, a decrease in SMC4 and NCAPH protein expres-
sion was also detected, implying a reduction in the condensin
complex as a whole (supplemental Fig. 5). Cell cycle profile was
studied by FACS determination of propidium iodide stained
DNA. A significant increase in haplo-diploid (apoptosis), 4n
(G,/M), and aneuploid (>4n) DNA content populations could
be observed along treatments, whereas the 2n DNA content
population (G,) decreased drastically (supplemental Fig. 6,
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FIGURE 6. siRNA knockdown of SMC2 impairs tumor growth in a xeno-
graft mouse model. A, schematic representation of the experimental design.
DLD1 cells were transiently transfected with an siRNA targeting SMC2 or a
scrambled sequence. After 48 h, a second round of transfection was per-
formed. 24 h later, 1.5 X 106 cells were injected subcutaneously in the dorsal
flanks of athymic nude mice. B, SMC2 knockdown was assessed by WB using
whole cell extracts from in vitro culture until 120 h post-tranfection (sc, scram-
bled siRNA). C, representative resected tumors from the same animal at day
40 post-injection. Scale bar, 1 cm. D, tumor growth curves. Tumor volume was
measured every 2-3 days for 36 days. The graph is representative of two
independent experiments. Error bars represent S.E. (n = 11). Differences were
evaluated with paired Student’s t test (p = 0.0201); (¥, p < 0.05, t test in each
time point).

A-C). For stable SMC2 knockdown, lentiviral particles con-
taining an shRNA targeted to SMC2 were used to transduce
HT29 cells. Five different sequences targeting different regions
of SMC2 mRNA were tested, but only three regions were able to
down-regulate SMC2 efficiently. As expected, stable knock-
down of SMC2 impaired HT29 cell viability. Morphological
changes in SMC2-down-regulated cells could be appreciated
after 1 week in culture in terms of enlarged multinucleated and
non-viable cells, a phenotype clearly associated to shRNA-
SMC2 knockdown efficiency (supplemental Fig. 6, D and E).
These results implied that decreasing SMC2 protein levels
could attenuate cell division even in cells that are receiving
strong proproliferation signals, such as the WNT/B-catenin
pathway.

To test this concept in vivo, we investigated whether CRC
tumor cells require SMC2 expression to proliferate in a xeno-
grapft model of tumor progression. To prolong the knockdown
effect, two rounds of transfection were performed in DLD1 cells
before injection into athymic nude mice (Fig. 6A4). To asses
SMC2 knockdown durability, SMC2 protein was evaluated by
WB of whole cell extracts 72, 96, and 120 h post-transfection,
confirming that SMC2 levels remained down-regulated for at
least 120 h under these experimental conditions (Fig. 6B).
siRNA-SMC2 or scrambled siRNA transfected DLD1 cells were
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injected into the flanks of 11 nude mice and tumor growth was
measured over 5 weeks. Transient knockdown of SMC2 was
enough to significantly reduce tumor size compared with con-
trols even at 12 days post-injection, and this difference became
more pronounced after 35 days, the point at which the animals
were sacrificed (Fig. 1, Cand D). Although further investigation
is required, the significantly tumor growth-retarding effect of
SMC2 knockdown in vivo could make SMC2 an interesting
novel chemotherapeutic target.

DISCUSSION

It is becoming apparent that the WNT signaling pathway
appears to be intimately linked with the mitotic machinery. In
this study, we have demonstrated that the TCF4 transcription
factor can bind to and drive the SMC2 promoter in vitro and
that preventing -catenin binding to TCF4 markedly reduces
SMC2 protein levels. Our in vivo study suggests that depletion
of SMC2 levels in human CRC cells expressing constitutively
active B-catenin significantly affected tumor growth in an
immunodeficient mouse model.

In this study, we observed SMC2 protein levels to correlate
directly with SMC4 protein levels in a panel of colorectal cell
lines and tumor lysates, in accordance with the heterodimeric
structure of the condensin SMC2/4 core. We were unable to
locate a conserved TCF4 transcription element within the
SMC4 promoter; however, expression of either condensin SMC
subunit appears to be very tightly linked to expression of its
partner. Indeed, preliminary experiments in which SMC2
expression is depleted in DLD1 cells using siRNA to SMC2
show that there is a corresponding reduction in the levels of
SMC4 and the non-SMC regulatory subunits (supplemental
Fig. 5).

Chromatin is generally thought to be transcriptionally silent
around the G,/M transition. Furthermore, Takemoto et al. (32)
demonstrated that in unstimulated cells, SMC protein levels
remained stable throughout the cell cycle. However, in WNT-
activated cells, the situation may be different. WNT signaling is
enhanced by cyclin yand peaks around G,/M (16). Therefore, it
is important to consider whether WNT target genes, such as
SMC2, could be actively transcribed during this phase of the
cell cycle. A recent study using conditional gene knock-out
(KO) mice highlighted the link between cell cycle regulators
and WNT signaling, and goes some way to answering the ques-
tion. Deletion of all three members of the CDC25 protein phos-
phatase family led to a lethal reduction in enterocyte prolifera-
tion due to arrest at G,/M. Notably, in the same animals, WNT
target gene expression was up-regulated in putative epithelial
crypt progenitor cells, and there was a 50% increase in the total
number of crypt cells staining positive for nuclear B-catenin
(34). This result confirms the possibility that B-catenin-TCF4
could be actively driving transcription of SMC2 and other tar-
get genes during G,/M in vivo. The physiological significance of
SMC2 transcription at this point in the cell cycle is unclear;
however, it could be a method of ensuring that sufficient levels
of DNA-condensing proteins are available at the juncture
where they are required most.

Our initial immunohistological observations of normal
human intestine confirmed that SMC2 protein expression was
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up-regulated in crypt cells staining positive for nuclear
B-catenin. As WNT signaling drives cell proliferation, it is not
particularly surprising that higher levels of condensins are
required by tissues with elevated cell turnover such as the gut.
However, it is exciting to note that SMC2 expression can be
directly driven by TCF4 transcription factor. It is possible that
WNT signaling can drive a positive feedback loop, whereby
rapidly dividing cells are induced to produce elevated levels of
proteins involved in the cell division machinery.

Previously, Ghiselli and co-workers (29) found that one of the
cohesin SMC subunits, SMC3, was up-regulated in human
colorectal adenocarcinomas and APCM™ mouse adenomas.
The SMC3 promoter also contains two conserved transcrip-
tional binding sites for B-catenin'TCF4 in the human and
mouse promoters, which could be driven by elevated 3-catenin
(29, 33). Our data confirms that the promoter of a condensin
subunit, SMC2, can also be a target of B-catenin-TCF4 activa-
tion, and our in vivo knock-down experiment suggests that
reducing SMC2 levels could be an effective way of retarding or
ablating tumor growth.

Our analysis of a bank of human CRC cell lines showed that
SMC2 and SMC4 proteins are highly expressed in many trans-
formed cells. Interestingly, there appeared to be a correlation
between the level of SMC protein expressed, and the rate of cell
division (i.e. cells with higher levels of SMC2 tended to be the
fastest growing; supplemental Fig. 3). Furthermore, SMC2 lev-
els are significantly reduced in non-dividing senescent cells
(data not shown), supporting the positive feedback hypothesis
suggested above. Moreover, our analysis of human colorectal
tissue samples implies that up-regulation of SMC2 and SMC4 is
a common occurrence in human intestinal cancer, corroborat-
ing the idea that up-regulation of condensin can be linked to
[B-catenin-induced hyperplasia. Analysis of non-SMC conden-
sin subunits at the mRNA and protein levels confirmed up-reg-
ulation of the condensin complex as a whole in tumor versus
normal tissue samples (supplemental Figs. 2 and 4). Our obser-
vation that SMC2 expression is up-regulated in cells with
nuclear B-catenin suggests that 3-catenin-TCF4 may drive pro-
duction of condensin, which might be required to allow rapid
cell division.

Interestingly, knockdown of the SMC2 subunit alone was
sufficient to cause a significant reduction in proliferation of an
APC mutant colorectal cell line in vivo (confirmed by FACS,
supplemental Fig. 6B). Upon further analysis, we found that two
additional CRC tumor cell lines treated with SMC2 siRNA
appeared to be undergoing aneuploid division and apoptosis,
most likely as result of mitotic catastrophe (supplemental Fig. 6,
B and C). Therefore, given that reducing SMC2 expression
alone is enough to induce growth arrest and apoptosis of tumor
cells, the SMC2 condensin subunit could be an attractive novel
target for therapeutic intervention in cancer treatment. Of par-
ticular significance is the fact that SMC2 is highly expressed
alongside nuclear 3-catenin in a few cells located at the base of
intestinal crypts, which are putative stem cells. This suggests
that high expression of SMC2 may be a characteristic of stem
cells in normal colon tissues.

In summary, this study has identified SMC2, one of the con-
densin ATPase subunits, as a novel, bone fide target of
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B-catenin-TCF4 transcription. Furthermore, overexpression of
condensin appears to be a frequent feature of human CRC. Our
data suggests that elevated levels of condensin may be required
to allow WNT-driven cell proliferation and that reducing
SMC2 expression can lead to tumor cell apoptosis. Therefore,
modulation of condensin SMC protein expression may offer
exciting novel therapeutic potential in the treatment of human
neoplasia.
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