Non-Hodgkin Lymphoma

CDCAY is a critical mediator of
lymphomagenesis that selectively regulates
anchorage-independent growth

Ralil Jiménez-P.,* Carla Martin-Cortazar,* Omar Kourani,* Yuri Chiodo,*
Raul Cordoba,>* Maria Purificacion Dominguez-Franjo,>*
Juan Miguel Redondo,*® Teresa Iglesias®’ and Miguel R. Campanero**®

‘Department of Cancer Biology, Instituto de Investigaciones Biomédicas Alberto Sols,
CSIC-UAM; 2Department of Hematology, University Hospital Infanta Sofia, San Sebastian
de los Reyes; *Department of Pathology, University Hospital Infanta Sofia, San
Sebastian de los Reyes; “Department of Vascular Biology and Inflammation, Centro
Nacional de Investigaciones Cardiovasculares, (CNIC); *CIBERCV, Spain; °®Department of
Endocrine and Nervous Systems Pathophysiology, Instituto de Investigaciones
Biomédicas Alberto Sols, CSIC-UAM, Madrid and "Centro de Investigacion Biomédica en
Red sobre Enfermedades Neurodegenerativas (CIBERNED), Madrid, Spain

"Present address: Lymphoma Unit, Department of Hematology, Fundacion Jimenez Diaz
University Hospital, Health Research Institute [IS-FJD, Madrid, Spain

fPresent address: Department of Pathology, Hospital Rey Juan Carlos, Mostoles,
Madrid, Spain

ABSTRACT

. umor formation involves the acquisition of numerous capacities
along the progression from a normal cell into a malignant cell,
A including limitless proliferation (immortalization) and anchorage-
independent growth, a capacity that correlates extremely well with
tumorigenesis. Great efforts have been made to uncover genes involved
in tumor formation, but most genes identified participate in processes
related to cell proliferation. Accordingly, therapies targeting these genes
also affect the proliferation of normal cells. To identify potential targets
for therapeutic intervention more specific to tumor cells, we looked for
genes implicated in the acquisition of anchorage-independent growth
and 71 vivo tumorigenesis capacity. A transcriptomic analysis identified
CDCA?7 as a candidate gene. Indeed, CDCAY protein was upregulated in
Burkitt’s lymphoma ceﬁ lines and human tumor biopsy specimens rela-
tive to control cell lines and tissues, respectively. CDCA7 levels were
also markedly elevated in numerous T and B-lymphoid tumor cell lines.
While CDCA7 was not required for anchorage-dependent growth of
normal fibroblasts or non-malignant lymphocytes, it was essential but
not sufficient for anchorage-independent growth of lymphoid tumor
cells and for lymphomagenesis. These data suggest that therapies aimed
at inhibiting CDCA7 expression or function might significantly decrease
the growth of lymphoid tumors.

Introduction

Most side effects of current therapies for cancer treatment are derived from their
toxicity on actively proliferating normal cells, such as hematopoietic progenitors.
These toxic effects likely occur because the targets for these therapies are also cru-
cial for the proliferation of normal cells. The development of therapies more selec-
tive for tumor cells might be facilitated by the identification of genes involved in
properties specific of these cells.

Along the transformation of a normal cell into a highly malignant derivative, cells
acquire numerous traits, including the ability to sustain chronic proliferation.'”
Although immortalization is a fundamental trait of cancer cells, it is insufficient to
promote malignant growth. NIH-3T3 fibroblasts, for instance, display replicative
immortality but are not tumorigenic and display in vitro growth characteristics of
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non-transformed cells.® Epstein-Barr virus (EBV) infection
of normal lymphocytes generates immortalized lym-
phoblastoid B-cell lines (LCLs) unable to form tumors in
immunodeficient mice but capable to replicate indefinite-
ly in liquid culture.* In contrast, cell lines derived from
Burkitt’s lymphoma (BL), a B-lymphocyte tumor strongly
associated with EBV in some regions of Africa,’ not only
display replicative immortality, but are also tumorigenic in
immunodeficient mice.*

Another trait of tumor cells is their capacity to replicate
and grow independently of their attachment to a rigid sur-
face. Growth of normal tissue cells requires the signals
transmitted by plasma membrane receptors that bind
extracellular matrix components and transmembrane pro-
teins from neighboring cells of the proper microenviron-
ment. Most normal tissue cells are not viable when sus-
pended in liquid or soft medium, and require adhesion to
the surface of a culture vessel. Similarly, immortal, but
non-tumoral cells, including NIH-3T3 fibroblasts and
LCLs, cannot grow in semi-solid media such as soft
agar,*®” and are considered as anchorage-dependent. On
the contrary, tumor cells do not need to adhere to a rigid
surface for growth and are said to be anchorage-indepen-
dent. Numerous genes that mediate tumorigenesis have
been identified, but very limited information is available
regarding genes that specifically mediate anchorage-inde-
pendent growth. While anchorage-dependence has been
extensively studied in fibroblasts and epithelial cells, it is
unknown whether normal lymphoid cells require anchor-
age for proliferation. Soft agar not only limits cell binding
to the culture vessel surface but also intercellular interac-
tions. The incapacity of LCLs to grow in soft agar could
therefore be attributed to lack of anchorage to a rigid sub-
strate or to neighboring cells. It should be noted that nor-
mal lymphoid cells proliferate only in lymphoid organs in
vivo, in close contact with the extracellular matrix and
with other cells; with appropriate stimuli, these cells can
also proliferate in vitro under conditions that permit their
attachment to the culture vessel surface and to other cells.

MYC deregulation is one of the most common aberra-
tions in human tumors. The characteristic genetic marker
of BL cells is a reciprocal translocation involving the MYC
gene and one of three immunoglobulin gene loci that leads
to deregulated MYC expression.® MYC encodes a tran-
scription factor and chromatin remodeler that regulates
the expression of numerous genes involved in various cel-
lular processes, including cell differentiation, proliferation,
and apoptosis.”* Tumorigenesis by MYC (also known as
C-MYC) can take place as a consequence of its overex-
pression, even in the absence of mutations in its coding
region.” Eu-Myc transgenic mice, where Myc overexpres-
sion is targeted to B lymphocytes, give rise to lymphomas,
but only after a mean latency period of about 6 months,
these lymphomas being monoclonal.”® In addition, MYC
overexpression in normal cells either arrests them in the
G2 phase of the cell cycle” or induces apoptosis.”®
Together, these results suggest that MYC alone cannot
elicit tumoral transformation of normal cells and that addi-
tional factors might cooperate with MYC in tumorigene-
sis.

MYC regulates about 15 percent of the genes in the
human genome, and it is expected that some of them par-
ticipate in tumor formation. However, it remains
unknown which of these genes are critical for MYC-
induced transformation. CDCA7, also named JPO1, is a

MYC-induced gene® whose mRNA is deregulated in sev-
eral tumor types relative to the corresponding non-prolif-
erative control tissues.” Little is known about the molecu-
lar function of CDCA7. Phosphorylation by AKT regu-
lates CDCA7 subcellular localization and its association
with MYC.” There are two alternatively spliced CDCA7
isoforms which contain a zinc finger domain at the C-ter-
minus™” and associate with the Helicase, Lymphoid-spe-
cific (HELLS) SNF2 family member* In fact, CDCA7 is
required for nucleosome remodeling by HELLS and for
DNA methylation maintenance.** However, no function-
al differences between CDCA7 isoforms have been
reported.

CDCA7 overexpression in tumors could potentially be
just a consequence of the presence of more cycling cells in
the tumor tissues. Indeed, its expression is induced in the
S-phase of the cell cycle” and it is a transcriptional target
not only of MYC," but also of E2F1-E2F4 *factors that are
active exclusively in proliferating cells. Alternatively,
CDCA?7 could potentially play a causative role in tumori-
genesis. In this regard, CDCA?7 has been assumed to par-
ticipate in neoplastic transformation of B cells
(hitp://www.uniprot.org/uniprot/QIBWT1;  https://www.
ncbi.nlm.nih.gov/gene/83879), in spite of insufficient evi-
dence supporting this assumption. Indeed, previous obser-
vations showed that forced expression of CDCA7 barely
increased colony formation in a B-cell line already capable
of growing in soft agar.” In addition, transgenic mice over-
expressing CDCAY in the B-cell compartment generated
lymphoid malignancies as frequently as control mice (4
out of 45 transgenic mice vs. 3 out of 28 control mice).”
Moreover, CDCA7 forced expression inhibited the induc-
tion of anchorage-independent growth induced by MYC
in immortal fibroblasts.” Therefore, a tumorigenic role for
CDCA?7 has not been experimentally demonstrated and it
is, at minimum, controversial.

The design of anti-tumor therapies that do not affect
normal cells has proved to be a very difficult task. To iden-
tify potential therapeutic targets specific to tumor cells,
we used a transcriptomic approach looking for genes
specifically involved in anchorage-independent growth, a
capacity that correlates extremely well with tumorigene-
sis. Here we show that CDCA7 was one of the most sig-
nificantly up-regulated genes, that its encoded protein is
overexpressed in lymphoid tumors, and that its silencing
greatly impairs lymphomagenesis without inhibiting the
proliferation of normal cells.

Methods

Detailed Methods can be found in the Ounline Supplementary
Appendix.

Patients

Cases consisted of existing de-identified anonymous biopsy
specimens obtained from Hospital Infanta Sofia and from the
Spanish Tumor Bank Network in Centro Nacional de
Investigaciones Oncolégicas (Madrid, Spain). The study was
approved by the CSIC Ethics Committee and by the Ethics
Committee of Hospital Universitario La Paz (ref. HULP: PI-1658).

Microarray Experiment Data Analysis
RNA from BL and LCL cell lines was extracted and labelled as
described.” The RNA from X50-7, IB-4, and Dana LCL cell lines
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630 genes up-regulated
1,033 genes down-regulated

c
Name Fold adj.P.Val. | geneid_Ensembl Biological process
BMP7 17.16 0.0007 ENSG00000101144 | Chondrogenesis, osteogenesis
ID3 8.26 0.0022 ENSGO00000117318 | Transcription regulation
SLC2A5 7.63 0.0025 ENSG00000142583 | Glucose/Fructose transport
CUX1 6.56 0.0026 ENSG00000160967 | Development
CDCA7 5.90 0.0024 ENSG00000144354 | Transcription regulation
RBFOX2 | 3.96 0.0022 ENSG00000100320 | RNA splicing
DHFR 3.14 0.0017 ENSG00000168129 | Nucleotide biosynthesis

Figure 1. The expression profiles between BL and LCL are different. A. Experimental design. The expression profile of 5 BL cell lines (BL2, Ramos, DG-75, Akata,
and Mutu-l) was compared with that of a pool of LCL lines (X50-7, IB4 and Dana). Each BL cell line was considered as a biological replica for data analysis. B. Venn
diagram showing overlapping of genes significantly regulated relative to the pool of LCL. The total number of overlapping up- and down-regulated genes is shown. C.
Genes up- (59 genes) or down-regulated (425 genes) >3-fold were selected and the most statistically significant genes (TOP 100) were further selected. The only
genes among the TOP 100 that were up-regulated in BL cell lines are shown indicating their relative expression (Fold), adjusted P value, Ensemble gene identification

number, and the biological process in which these genes might be involved.

was pooled and used as a universal control for the whole experi-
ment. The RNA from DG-75, Ramos, BL2, Mutu-I, and Akata BL
cell lines was mixed with an equal amount of universal control
pool and processed for microarray analysis using 22K-oligo
microarrays (CapitalBio Corporation). Genes with similar expres-
sion within BL cell lines were ranked according to their P-value for
differential expression (adj. P value <0.05). Gene expression data
are available at htp://www.ncbinlm.nih.gov/projects/geo/ (accession

number GSE41865).

Northern blotting and quantitative PCR analysis

Northern blotting was performed as described” using
32P-labeled 5 CDCA7-2 and ACTG DNA fragments. Real-time
quantitative RT-PCR (q-PCR) was performed using TagMan Gene
Expression Assays (ThermoFischer Scientific) specific for both iso-
forms of human CDCA7 (Hs00230589_m1), CDCA7-1
(Hs00912235_m1), CDCA7-2 (Hs00914361_m1), or TBP
(Hs00427621_m1).

Cell Transfection, lentivirus production and cell
transduction

HEK-293T cells were transfected using the calcium phosphate
method.”® Lentiviral particles were produced as previously
described.” MISSION pLKO.1-puro-based vectors encoded either
a non-targeting shRNA (SHC002) or the following CDCA? target-
ing  shRNAs: sh-25 ~ (TRCN0000140725),  sh-40
(TRCN0000139240),  sh-56  (TRCN0000139556)  sh-83
(TRCN0000145183). DG-75, Ramos, BL2, Toledo, Molt-4 and S1E
cell lines were transduced as described® and selected in 1ug/ml
puromycin >96h.

Antibodies

The anti-CDCA7 S99 polyclonal rabbit serum was raised
against the CRGRHPLPGSDSQSRRPR KLH-conjugated peptide as
described.”!

Cell proliferation and cell cycle analysis
Cell proliferation was assessed by EdU incorporation as

described.” Cell cycle analysis was performed as previously
described.”

Transformation assays

Transformation assays were performed as described.*® All mice
were inoculated with control cells in one flank and CDCA7-
silenced cells in the opposite flank.

Results

Transcriptomic analysis of immortalized and tumoral
cells

To identify genes participating in stages of malignant
transformation beyond or independent of replicative
immortalization, we compared the transcriptome of
immortalized B cells (LCLs) and BL cell lines. Both cell
types display similar growth, replication and viability
rates when cultured in liquid media on plastic.” LCLs cul-
tured in liquid media grow mostly in clumps (Online
Supplementary Figure S1). Single cells can also be found in
these cultures, and most of them are anchored to the cul-
ture vessel surface, as indicated by their marked spreading
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(Online Supplementary Figure S1). As previously described,’
lymphoma cells form colonies in soft agar, whereas LCLs
do not grow in this medium (Online Supplementary Figure
52). Together, these results suggest that anchorage to the
vessel surface or to other cells might provide LCLs the sig-
nals required for cell proliferation and that soft agar might
inhibit their growth by blocking anchorage to the surface
and to neighboring cells.
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Figure 2. CDCA7 is overexpressed in BL cell lines. A. gqPCR analysis of CDCA7
mRNA expression in the indicated BL and LCL cell lines. Expression is shown
relative to that found in the LCL cell line IB4 and normalized by ACTB as
mean+s.e.m. (n=3). B. Northern blot analysis of CDCA7 isoforms and ACTG1
MRNA expression in the indicated BL and LCL cell lines. Staining of the mem-
brane with methylene blue is also shown. C. Immunoblot analysis of CDCA7
expression in the indicated BL and LCL cell lines. Tubulin is shown as loading
control.
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Figure 3. CDCA7 expression is deregulated in biopsies from BL patients. A.
PCR analysis of CDCA7 mRNA expression in a pool of 3 reactive tonsils and in
20 BL patient samples. Data were normalized to the expression of ACTB and are
shown relative to the pool of reactive tonsils as mean+s.e.m (n=3). B. Sections
from the germinal center of a reactive tonsil and from 9 BL cases were analyzed
by immunohistochemistry staining with anti-CDCA7 S99 antibody. A section of a
BL case was also stained with the preimmune serum as negative control.
Representative images are shown. C. Quantification of preimmune-positive area
in immunohistochemistry-stained sections of 4 BL cases (Pl) and CDCA7-posi-
tive area in immunohistochemistry-stained sections of 4 reactive tonsils (RT)
and 12 BL cases. ***P<0.001; one-way ANOVA with Bonferroni post-test.
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The comparison of the transcriptome of 5 BL cell lines
(DG-75, Ramos, BL2, Mutu-I and Akata) with a pool of 3
LCL cell lines (X50-7, IB-4 and Dana) using whole-genome
microarrays showed >1,600 genes similarly expressed in
BL cells that were up- (630 genes) or down-regulated
(1,038 genes) significantly (P<0.05) in BL cell lines (Figures
1A-1B) (GEO accession number GSE41865). Among the
genes that were regulated >3-fold (484 genes), we selected
the 100 genes showing the highest statistical significance.
Only 7 of these genes were up-regulated in BL cells (Figure
1C). The information known about the proteins encoded
by these genes (http://www.uniprot.org/) suggested that two
of them (ID3 and CDCA7) might function as transcrip-
tional regulators (Figure 1C) and, as such, they may have
the potential to regulate gene expression programs related
with malignant transformation. Indeed, ID3 is a critical
mediator of BL formation.** Since the role of CDCA7 in
tumorigenesis was controversial, we investigated whether
the elevated expression of CDCA7 might specifically play
a critical role in the malignant transformation of lymphoid
cells.

CDCA7 expression is deregulated in Burkitt’s
Lymphoma

There are two alternatively spliced CDCA7 isoforms
(CDCA7-1 and CDCA7-2) that differ only in the presence
of an additional internal exon in CDCA7-1 (Ounline
Supplementary Figure S3A). CDCA7 mRNA levels, meas-
ured by qPCR using primers that amplify both isoforms,
were markedly higher in BL than in LCL cells (Figure 2A).
gPCR analysis with gene expression assays specific for
each isoform and Northern blotting showed that CDCA7-
2 was more abundant in both cell types and that levels of
both isoforms were markedly higher in BL cells (Figure 2B
and Online Supplementary Figure S3B).

CDCA7 protein levels were also compared between
lymphoma and immortalized cells. Since we encountered
reproducibility difficulties with commercially available
antibodies (Abs), we generated a rabbit polyclonal Ab
(S99) using a CDCA7 peptide present in both isoforms
(Online Supplementary Figure S4A). To determine the speci-
ficity of this Ab, we confirmed that it recognized CDCA7-
1 and CDCA7-2 ectopically expressed in HEK-293T cells
(Online Supplementary Figure S4B). Immunoblot analysis of
BL and LCL cells using anti-CDCA7 S99 showed that
CDCA7-2 levels were markedly higher in BL than in
LCLs, whereas those of CDCA7-1 were barely detectable
in both cell types (Figure 2C). CDCA7-2 was not detected
in BL cell lysates if the Ab was previously neutralized with
the peptide used during immunization (Online
Supplementary Figure 3C), further demonstrating the speci-
ficity of the S99 anti-CDCA7 Ab.

To ascertain that the high expression of CDCA7 in BL
cell lines was not just a consequence of their in wvitro
growth, we used qPCR to compare CDCA7 expression in
biopsy specimens from BL patients with that in control
tissues derived from reactive tonsils, which are enriched in
germinal centre B cells. All BL samples expressed 5 to 20
times higher CDCA7 mRNA levels than a pool of 3 reac-
tive tonsils (Figure 3A). Although reactive tonsils do not
only contain B cells, the absence of additional cells is not
expected to account for a >5-fold increase in CDCA7
mRNA expression in the tumor. In fact, CDCA7 protein
immunostaining was also higher in BL samples than in the
germinal centre of reactive tonsils (Figure 3B), a region

A selective role for CDCAY in lymphomagenesis

enriched in B cells. Quantification of the CDCA7-positive
area in immunohistochemistry-stained sections confirmed
a marked expression increase in BL samples (Figure 3C).
Together, our results indicate that CDCA7 expression is
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Figure 4. CDCA7 mediates anchorage-independent growth of BL cells. DG-75,
BL2 and Ramos cells were transduced with lentivirus encoding sh-Ctl, sh-25 or
sh-83 and selected in the presence of puromycin >5 days. A. Representative
CDCA7 immunoblot analysis of DG-75 (n=4), Ramos (n=5) and BL2 (n=4) cells
expressing the indicated shRNAs. Tubulin is shown as loading control. B.
Representative images of wells containing these cells seeded in soft agar and
C. colony formation quantification relative to cells expressing sh-Ctl shown as
meanits.e.m (n=4 independent experiments, DG-75 and BL2; n=5 independent
experiments, Ramos). **P<0.01, ***P<0.001; one-way ANOVA with Bonferroni
post-test.
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elevated in primary tumor samples derived from BL
patients.

CDCA7 mediates anchorage-independent growth of
lymphoma cells

The overexpression of CDCA7 in BL cells could be
causally involved in oncogenesis or be only the result of a
random event unrelated to tumor formation. To ascertain
whether CDCAY played a causative role in lymphomagen-
esis, we knocked-down its expression in BL tumor cells by
using lentivirus encoding CDCA7-specific shRNA. By
screening candidate shRNAs specific for CDCA7 in lym-
phoma cells, we identified sh-25 and sh-83 as having high
knockdown capacity relative to a non-targeting shRNA (sh-
Ctl) or to non-transduced cells (Online Supplementary Figure
S5). Lentiviral transduction of DG-75 BL cells with sh-25 or
sh-83 markedly inhibited CDCA7 expression relative to
cells transduced with sh-Ctl (Figure 4A, left panel). CDCA7
silencing in these cells sharply decreased their colony for-
mation capacity in soft agar (Figure 4B, left column; and
Figure 4C, top panel). To determine whether CDCA7 plays
a similar role in other BL cells, we transduced BL2 and
Ramos BL cells with lentivirus encoding sh-25 or sh-83.
These shRNAs efficiently silenced CDCA7 expression in
these cells (Figure 4A, middle and right panels) and sharply
decreased their growth in soft agar (Figure 4B, middle and
right panels; and Figure 4C, middle and bottom panels).
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The inability of CDCA7-silenced cells to grow in soft
agar may potentially be caused by inhibition of their
capacity to grow under liquid culture conditions (anchor-
age-dependent growth). However, CDCA?7 silencing in
BL cells did not substantially affect their cell cycle distri-
bution [Figure 5 (top panels) and Omnline Supplementary
Figure S6] or inhibit their proliferation in liquid culture
[Figure 5 (bottom panels) and Online Supplementary Figures
S7A-S7B]. To investigate the potential role of CDCA7 in
the regulation of cell proliferation by cell-cell contacts, we
seeded single cells in 96-well plates and assessed their
colony formation capacity. It should be noted that cells
were able to attach to the surface of the wells under these
conditions. As shown in Online Supplementary Figure S7C,
CDCA7 knockdown did not decrease the number of
colonies formed by DG-75 cells. Since BL is a very rapid
growing tumor, it can be subjected to poor nutrient sup-
ply. To mimic nutrient shortage, we serum-starved DG-
75 cells and found that CDCA7 silencing did not affect
the viability of cells cultured in the presence of low serum
concentrations (Online Supplementary Figure S8A). CDCA7
knockdown also had no effect on the viability of cells
treated with Cisplatin or Bleomycin (Online Supplementary
Figure S8B).

Together, our data strongly support the notion that
while CDCA7 is dispensable for anchorage-dependent
growth, it is required for anchorage-independent growth
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Figure 5. CDCA7 does not mediate anchorage-dependent growth. DG-75 and BL2 cells were transduced with lentivirus encoding sh-Ctl, sh-25 or sh-83 and selected
in the presence of puromycin >5 days. Cell cycle and Edu incorporation analysis of (A) DG-75 and (B) BL2 cells transduced with lentivirus encoding the indicated
shRNAs. (Top panels) Columns show the percentage of each of these cells in the indicated cell cycle phases as meants.e.m (n=3). (Bottom panels) Columns show
normalized percentage of Edu incorporation in each of these cells as meants.e.m (n=3).
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of lymphoma cells. However, high CDCA7 levels in
immortal, but non-malignant B cells, are not sufficient to
promote anchorage-independent growth because forced
expression of CDCA7-1 or CDCA7-2 in non-transformed
JY cells or in JY cells transduced with lentivirus encoding
constitutively active H-RAS (R12,T59) did not induce
their growth in soft agar (Online Supplementary Figure S9).
These results support the notion that malignant transfor-
mation requires the acquisition of multiple genetic lesions
beyond those necessary to proliferate indefinitely.
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CDCA7 mediates BL lymphoma growth in vivo

We have shown that DG-75, BL2, and Ramos BL cells are
tumorigenic in immunodeficient mice, while EBV-immor-
talized B-cells are not.**** To investigate the contribution of
CDCAY to the in vivo tumorigenicity of BL cells, we trans-
duced DG-75, BL2, and Ramos BL cells with sh-Ctl, sh-25
or sh-83 and subcutaneously inoculated them in immun-
odeficient NOD-SCID mice. As expected, control-trans-
duced DG-75, Ramos and BL cells readily elicited growth
of large tumors in these mice (Figure 6). Importantly,
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Figure 6. CDCA7 mediates BL tumor formation. DG-75, BL2 and Ramos cells
were transduced with lentivirus encoding sh-Ctl, sh-25 or sh-83 and selected in
the presence of puromycin >5 days. A. DG75, B. Ramos, and C. BL2 cells trans-
duced with lentiviruses encoding the indicated shRNAs were inoculated subcu-
taneously in immunodeficient NOD-SCID mice. Tumors were extracted after 3
weeks. Circles, squares and triangles indicate the weight of individual tumors
and horizontal bars indicate the mean (long bar) and s.e.m (short bar). *P<0.05,
**P<0.01 and ***P<0.001 vs. sh-Ctl; one-way ANOVA with Bonferroni post-test.
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Figure 7. CDCAT7 is overexpressed in various types of lymphoid malignancies.
Representative immunoblot analysis of CDCA7 expression in the indicated BL,
LCL, Diffuse Large B-Cell lymphoma (DLBCLs), Follicular Lymphoma (FL),
Mantle Cell Lymphoma (MCL), uncharacterized non-Hodgkin Lymphoma (N-HL),
Acute Lymphocytic B-cell leukemia (B-ALL) and T-cell leukemia (T-ALL), and
Myeloid leukemia (ML) cell lines. Tubulin is shown as loading control.
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CDCAY silencing in these cells blocked or greatly impaired
their tumor formation capacity (Figure 6) without substan-
tially affecting the expression of the Ki67 proliferation
marker (Online Supplementary Figure S10). These results
strongly suggest that CDCA7 is critical for BL formation
and that therapies aimed at inhibiting its expression or its
activity might be of interest for BL patients. Since current
therapy for BL patients affects not only tumor cells but also
actively proliferating normal cells from these patients, we
investigated whether CDCA?7 silencing affected the prolif-
eration of primary human diploid fibroblasts IMR-90.
Transduction of these cells with lentivirus encoding sh-25
or sh-83 decreased CDCA7 mRNA and protein levels rela-
tive to sh-Ctl-transduced cells (Online Supplementary Figures
S11A-S11B) without affecting their proliferation rate
(Online Supplementary Figure S11C).

CDCA7 expression is deregulated in lymphoid
neoplasias and mediates their growth in vivo

Next, we assessed whether CDCA7 is deregulated not
only in BL, but also in other types of cancer by comparing
its expression in protein extracts of several lymphoid
tumors. Cell lines of Diffuse Large B-cell Lymphoma
(DLBCL), Follicular Lymphoma, Mantle Cell Lymphoma,
uncharacterized non-Hodgkin Lymphoma, B-cell
leukemia, and T-cell leukemia expressed markedly higher
levels of CDCA7-2 than LCLs (Figure 7). In contrast,
CDCA7-2 expression in myeloid leukemia cell lines was
similar to that of LCLs (Figure 7, bottom panels).

To investigate whether CDCAY is an essential mediator
of lymphomagenesis not only in BL, but also in other lym-
phoid neoplasias, we silenced its expression in T-cell
leukemia and DLBCL cells and analyzed their tumori-
genicity in immunodeficient mice. Molt-4 T-cell leukemia
and Toledo DLBCL cells expressed detectable levels of
both CDCA7-1 and CDCA7-2 (Figure 8A) and their
lentiviral transduction with sh-25 markedly inhibited the
expression of both isoforms relative to cells transduced
with sh-Ctl (Figure 8A). It should be noted that CDCA7-1
was not always detected in protein extracts from these
cells. The capacity of these cells to form tumors was sub-
sequently determined through their subcutaneous inocu-
lation into immunodeficient mice. Molt-4 and Toledo cells
transduced with sh-25 elicited formation of tumors signif-
icantly smaller than those produced by cells transduced
with sh-Ctl (Figures 8B-8C). Similar to BL cells, CDCA7
silencing in Toledo cells did not substantially affect cell
cycle distribution (Online Supplementary Figure S12).
Together, our results strongly suggest that CDCAY is a key
mediator of lymphoid malignant transformation.

Discussion

In this study, through the identification of a gene
involved in anchorage-independent growth, we found a
new target for therapeutic intervention in lymphoid
tumors less prone to cause side effects. By comparing gene
expression profiles of immortal, but non-malignant cells,
with those of tumor cells from the same lineage, we have
uncovered a gene, CDCA7, whose elevated protein levels
in lymphoid tumor cells mediate their anchorage-indepen-
dent growth and their tumorigenesis without participating
in their growth under normal tissue culture conditions
(liquid culture on a rigid surface).

CDCA7 was initially identified as a MYC-responsive
gene” whose expression can be transcriptionally induced
also by E2F transcription factors® and Notch.* Although
CDCA7 mRNA levels were shown to be upregulated in
tumor samples relative to normal tissues, protein levels
were not determined in these tumors.” This is an impor-
tant issue because the increase in mRNA expression does
not necessarily imply an increase in protein content. Our
results suggest that CDCA?Y protein upregulation might be
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Figure 8. CDCA7 mediates tumorigenesis in T-cell leukemia and DLBCL cells.
Toledo and Molt-4 cells were transduced with lentivirus encoding sh-Ctl or sh-25
and selected in the presence of puromycin >5 days. A. Representative CDCA7
immunoblot analysis of Toledo (n=3), and Molt-4 (n=3) cells expressing the indi-
cated shRNAs. Tubulin is shown as loading control. B. Toledo and C. Molt-4 cells
transduced with lentiviruses encoding the indicated shRNAs were inoculated
subcutaneously in immunodeficient NOD-SCID mice. Tumors were extracted
after 3 weeks. Circles and squares indicate the weight of individual tumors and
horizontal bars indicate the mean (long bar) and s.e.m (short bar). **P<0.01 vs.
sh-Ctl; paired samples t-test.
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a common event in lymphoid tumors. CDCA7 protein
levels were not higher in myeloid tumors cell lines than in
LCLs, but its expression in these tumors should be com-
pared with that in control cells of the same lineage before
drawing definitive conclusions. In addition, we cannot
rule out that CDCA7 expression may be enhanced in
other cell lines or in primary tumors.

MYC and activator E2F transcription factors are
expressed only in proliferating cells, and there is a correla-
tion between expression of their target genes and the
growth rate of cells in culture.* The increase of CDCA7
mRNA levels in tumor samples relative to control tissues
could therefore have been merely the consequence of the
presence of more proliferating cells in the tumor tissue.
We have shown however that CDCA7 mRNA and protein
levels are sharply elevated in lymphoid tumor cell lines
relative to immortal cell lines (LCLs) and we had previous-
ly demonstrated that LCL and BL cell lines display indis-
tinguishable proliferation rates and cell cycle profiles.”
These data suggest that the elevated expression of
CDCA7 in lymphoid tumors is not simply the conse-
quence of the presence of more proliferating cells relative
to control tissues. Instead, our data support the notion that
CDCA?7 upregulation in these tumors is critical for anchor-
age-independent growth and tumorigenesis. Indeed, we
show that its silencing in lymphoid tumor cells markedly
inhibits their anchorage-independent growth and their
tumor formation capacity in immunodeficient mice.
These data therefore point to CDCAY as a potential target
for therapeutic intervention in lymphoid tumors.

Previous reports provided contradictive evidence for the
role of CDCA7 in malignant transformation. While one
report showed that CDCAY overexpression in an immortal
fibroblast cell line impaired MYC-induced colony forma-
tion,” other reports proposed that forced CDCA7 expres-
sion promoted transformation in vitro and in vivo."”
However, the experimental evidence supporting a trans-
forming activity for CDCA7 was very weak. On the one
hand, CDCA7Y overexpression in a B-cell line or in a fibrob-
last cell line increased only modestly their already existing
capacity to form colonies in soft agar.” Since both cell lines
had a basal capacity to grow in this semisolid medium, it
seems that these cells, instead of being merely immortal,
were already transformed or at least partially transformed.
On the other hand, only 4 out of 45 (8.88%) transgenic
mice overexpressing CDCA7 in the B-cell compartment
presented lymphoid malignancies at 1 year, whereas 3 out
of 28 (10.71%) control littermates presented lymphomas.”
Together, these data did not support the notion that
CDCAY overexpression induces malignant transformation.
In fact, we have shown herein that CDCA7 overexpression
in non-transformed B cells fails to induce their growth in
soft agar even in combination with constitutively active H-
RAS. Our data therefore suggest that CDCA7 is necessary
but not sufficient for lymphoid malignant transformation.
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