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Triple-negative breast cancer (TNBC) is the breast cancer subgroup with the most aggres-
sive clinical behavior. Alternatives to conventional chemotherapy are required to improve
the survival of TNBC patients. Gene-expression analyses for different breast cancer sub-
types revealed significant overexpression of the Timeless-interacting protein (TIPIN),
which is involved in the stability of DNA replication forks, in the highly proliferative asso-
ciated TNBC samples. Immunohistochemistry analysis showed higher expression of TIPIN
in the most proliferative and aggressive breast cancer subtypes including TNBC, and no TI-
PIN expression in healthy breast tissues. The depletion of TIPIN by RNA interference im-
pairs the proliferation of both human breast cancer and non-tumorigenic cell lines.
However, this effect may be specifically associated with apoptosis in breast cancer cells.
TIPIN silencing results in higher levels of single-stranded DNA (ssDNA), indicative of
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stranded DNA; TIM, Timeless; TIPIN, TIM-interacting protein; TNBC, triple-negative breast cancer.
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Therapeutic target
TIPIN
Triple-negative breast cancer

replicative stress (RS), in TNBC compared to non-tumorigenic cells. Upon TIPIN depletion,
the speed of DNA replication fork was significantly decreased in all BC cells. However,
TIPIN-depleted TNBC cells are unable to fire additional replication origins in response to

RS and therefore undergo apoptosis. TIPIN knockdown in TNBC cells decreases tumorige-
nicity in vitro and delays tumor growth in vivo. Our findings suggest that TIPIN is important
for the maintenance of DNA replication and represents a potential treatment target for the
worst prognosis associated breast cancers, such as TNBC.

© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Breast cancer (BC) is one of the most common tumors in
women. It is a complex, heterogeneous disease comprising
several subgroups of pathologies with different patient out-
comes (Cancer Genome Atlas, 2012; Curtis et al., 2012; Sorlie
et al.,, 2001). Triple-negative breast cancer (TNBC), character-
ized by an absence of estrogen receptor (ER) and progesterone
receptor (PR) expression and a lack of human epidermal
growth factor receptor 2 (HER2) overexpression/amplification,
has a poor prognosis. TNBC itself constitutes a heterogeneous
group of BC (Lehmann et al.,, 2011; Metzger-Filho et al., 2012;
Shah et al., 2012), which is highly proliferative and genetically
instable. The treatment of patients with TNBC remains a ma-
jor clinical challenge. Indeed, unlike other BC subtypes, such
as luminal A (LA), luminal B (LB) (both expressing ER and PR)
and HER2-overexpressing (Her2) tumors, TNBC cannot be
treated with targeted therapies, such as tamoxifen or anti-
HER2 antibodies. TNBC patients are therefore treated exclu-
sively with conventional cytotoxic therapies, but about half
of them present relapse and metastasis within the first three
to five years after treatment (Liedtke et al., 2008). Several mol-
ecules are currently being tested in clinical trials, but the iden-
tification of new targets for the treatment of TNBC remains
crucial (Turner and Reis-Filho, 2013).

For accurate DNA replication, cells need fork protection
mechanisms to remove structural obstacles blocking DNA
replication (Branzei and Foiani, 2010), so as to ensure the pro-
gression of DNA synthesis. Cells must also be able to stabilize
stalled replication forks, to prevent dissociation of the DNA
replication machinery and to ensure the rapid resumption of
replication (Branzei and Foiani, 2010). DNA replication stress
(RS), which is defined as an inefficient DNA replication that
causes DNA replication forks to progress slowly or stall, is
observed in various types of cancer (Bartek et al., 2012;
Lecona and Fernandez-Capetillo, 2014; Macheret and Halazo-
netis, 2015). The factors involved in DNA replication fork sta-
bility are potential targets for cancer therapy (Bartek et al,
2012), particularly for highly proliferative and genetically un-
stable cancers. Timeless (TIM) and its partner TIM-
interacting protein (TIPIN) are part of the replication fork pro-
tection complex (RFC) (Gotter et al., 2007; Leman et al., 2010)
and participate in normal DNA replication to maintain
genomic stability (Urtishak et al., 2009). The TIM-TIPIN com-
plex interacts with components of the replication machinery,
such as proliferating cell nuclear antigen (PCNA) (Kemp et al.,

2010) and replication protein A (RPA) (Ali et al., 2010). TIM-
TIPIN plays an important role in coordinating replicative hel-
icases and polymerases to prevent the accumulation of
single-stranded DNA (ssDNA) (Gotter et al., 2007).

We found that mRNA levels for TIPIN were significantly
higher in TNBC samples than in specimens from other BC sub-
groups and healthy tissues. In contrast, immunohistochem-
istry (IHC) analysis revealed that TIPIN was equally
expressed at a protein level in the most aggressive and prolif-
erative breast cancer subtypes (TNBC, Her2, LB), with higher
expression levels compared to the less proliferative and
good prognosis associated LA tumors. In addition, the IHC
experiment showed that TIPIN was not expressed in healthy
breast tissues. We investigated the potentially deleterious ef-
fects of TIPIN depletion on the viability of BC cell lines. We
found that the depletion of TIPIN by RNA interference (RNAi)
severely compromised the proliferation of human BC and
non-tumorigenic cell lines. However, this effect on cell prolif-
eration was mainly associated with apoptosis in TIPIN-
depleted BC cells. TIPIN silencing leads to an increase in
H2AX phosphorylation during S phase and slower DNA repli-
cation kinetics, both of which occur in a more pronounced
manner in TNBC cells than in non-cancerous cells. Finally,
we found that TIPIN depletion decreased the tumorigenicity
of TNBC cells, as shown by the lower number of anchorage-
independent colonies and the slower tumor growth in xeno-
graft models. Together, these results suggest that TIPIN repre-
sents a potential target for the treatment of poor prognosis
associated BC, such as TNBC.

2. Materials and methods
2.1. Human samples and microarray data

Our cohort was composed of 35 LA, 40 LB, 33 Her2, 46 TNBC,
and 17 normal breast tissues (Maire et al., 2013a, 2013b). Ex-
periments were performed in accordance with Bioethics Law
No. 2004-800 and the Ethics Charter of the French National
Cancer Institute (INCa), with the approval of the ethics com-
mittee of our institution. Informed consent was not required.
The women were informed of the use of their tissues for
research and did not oppose this research. DNA (Affymetrix
SNP6.0), RNA (Affymetrix U133 Plus 2.0) and RPPA microarrays
were performed as described (Maire et al., 2013a; Marty et al.,
2008).
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Figure 1 — TIPIN expression in breast cancer samples. TIPIN expression (A—D) and copy number (E) were measured in TNBC (red), Her2 (blue),
LB (green), LA (orange) and healthy (N) (gray) breast tissues. (A) TIPIN mRNA levels were determined by microarray analysis. (B) Validation of
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2.2. Immunohistochemistry

TIPIN immunohistochemistry (IHC) staining was carried out
on tissue microarrays (TMA) containing alcohol, formalin
and acetic acid (AFA)-fixed paraffin-embedded tissue as
described (Maire et al., 2013a, 2013b). Paraffin sections (3 mm
thick) of TMA were deparaffinized before heat-induced
epitope retrieval: heating for 20 min at 90°C in DakoCytoma-
tion FLEX Target Retrieval Solution, low pH (pH 6) (DAKO).
Then, endogenous activity was blocked with Dako REAL™
Peroxidase-Blocking solution (DAKO) followed by an incuba-
tion with rabbit polyclonal antibody for TIPIN (GTX129308;
GeneTEX) at a dilution of 1/600. Staining was detected with
Dako Envision + Dual Link System-HRP (DAKO) with diamino-
benzidine as chromogen. Slides were counterstained with he-
matoxylin before mounting. We carried out all reactions using
an automated stainer (Microm Labvision). Negative controls
consisted in the omission of the primary antibody. We vali-
dated the TIPIN antibody and optimized IHC conditions using
AFA-fixed cell pellets from MDA-MB-453 treated with TIPIN
siRNA (2 separate siRNA) or control siRNA. Slide sections
were acquired with a Philips ultra-fast scanner and then im-
ages at x 40 or x 80 magnification were generated. For TIPIN
quantification (score = 0—3), we combined the percentage of
stained cells (0—100%) with an intensity score (score 0: nega-
tive staining; score: 1, 2, 3: weak, intermediate, high nuclear
staining, respectively).

2.3. Cell culture, RNA interference and cellular assays

The cell lines were purchased from the American Type Cul-
ture Collection cell lines (ATCC, LGC Promochem, Molsheim,
France), authenticated in 2013 by short tandem repeat
profiling (data not shown) and cultured as described (Maire
etal., 2013a). Cells were transfected with 20 nM siRNA (Qiagen,
Courtaboeuf, France) as described (Maire et al., 2013a, 2013b;
Marty et al., 2008): control (CTL; AllStars negative control,
1027281), TIPIN_6 (5-AAGCTTGGCGTTACTATGTAT-3/,
S102777915), TIPIN_7 (5-CTGAGTTAAGTAGAAGCCTAA-3,
S102777922). We determined cell proliferation by MTT (Roche,
Meylan, France) or WST1 (Millipore, Saint Quentin en Yve-
lines, France) assays and Caspase 3/7 activity by IB as reported
(Maire et al., 2013a, 2013b). We performed cell cycle analysis
and annexin V staining as described (Maire et al., 2013a). For
soft-agar colony formation, 0.35% agar containing siRNA-

transfected MDA-MB-468 and HCC70 cells was overlaid onto
precast 0.5% bottom agar and incubated 4 weeks as described
(Maire et al., 2013a). Three-dimensional (3D) cell culture was
performed with Matrigel (BD Biosciences) as described
(Maire et al., 2013b). We processed cells for immunostaining
as reported (Baldeyron et al., 2011).

2.4. Antibodies

The primary antibodies used in the RPPA, IB, IHC and IF exper-
iments are listed below:

Rabbit anti-p-actin (IB, 1:5000; A2668, Sigma—Aldrich)
(Marty et al., 2008), used as loading control; rat anti-BrdU (IF,
1:200; OBT0030, Abcys, Eurobio) (Quivy et al., 2004); rabbit
anti-cleaved caspase 3 (IB, 1:1000; E83-77; 1476, Epitomics
Inc.) (Maire et al., 2013b); rabbit anti-GRB2 (IB, 1:5000; Y237;
1517, Epitomics Inc.) (Chang et al., 2013); mouse anti-yH2AX
(IB, 1:4000; IF, 1:2000; 05-636, Upstate, Millipore) (Lukas et al.,
2003); rabbit anti-yH2AX (IF, 1:2000; EP854(2)Y; 2212, Epitomics
Inc., Abcam) (Lou et al., 2012); mouse anti-cleaved PARP (IB,
1:1000; 9546, Cell Signaling Technology) (Marty et al., 2008);
mouse anti-PCNA (IF, 1:1 000, needs post-fixation in ice-cold
methanol for 20 min at —20 °C; PC10; M0879, DAKO) (Green
and Almouzni, 2003); rat anti-RPA2 (IF, 1:1000; 2208, Cell
Signaling Technology) (Cerqueira et al., 2009); rabbit anti-
TIPIN (IB, 1:500; A301-473, Bethyl Laboratories Inc.) (Smith-
Roe et al., 2013); rabbit anti-TIPIN (IHC, 1:600); rabbit anti-
TIM (IB, 1:5000; IF, 1:1000; 3709; Epitomics Inc., Abcam).

The secondary antibodies used were: For IB or RPPA, HRP-
conjugated affinity-purified goat anti-mouse or anti-rabbit
(1:20 000; Jackson ImmunoResearch Laboratories, Inc., Inter-
chim). For IF, donkey anti-mouse, anti-rabbit or anti-rat,
coupled to Alexa Fluor® 488 or 543 (1:1000; Molecular Probes,
Life Technologies).

2.5. Detection of single-stranded DNA (ssDNA)

Cells were cultured in a medium containing 10 uM 5-bromo-2’-
deoxyuridine (BrdU; B9285, Sigma—Aldrich, Saint Quentin Fal-
lavier, France) as previously described (Raderschall et al.,
1999). After Triton-extraction and fixation, we detected the
ssDNA patches by BrdU immunostaining without DNA dena-
turation. We revealed the total BrdU incorporation into
double-stranded DNA (dsDNA) by denaturation with 4 M HCl
for 10 min.

TIPIN antibodies for immununohistochemistry (IHC) analysis. Validation of the TIPIN antibody using AFA-fixed cell pellets from MDA-MB-
453 treated with control siRNA (left panel) or with 2 distinct TIPIN siRNA (middle and right panels). TIPIN displayed a nuclear localization.
Scale bar, 50 pm. (C) Quantitative analysis of the expression of TIPIN at a protein level (IHC) in human breast cancer tissues (quantification
score = 0—3) (D) Cellular detection of TIPIN within breast cancer biopsies by IHC. Illustration of TIPIN protein expression (IHC) in the
different breast cancer subtypes (with high TIPIN expression) and in healthy breast tissue. TIPIN displayed a nuclear localization. Scale bar,
20 pm. (E) TIPIN copy numbers (CN) were determined by microarray analysis. The dashed lines indicate the thresholds retained for the definition

of CN gain and loss. The numbers of tumors displaying a loss, a normal number or a gain of TIPIN copies are presented in the table. (F)
Correlation between TIPIN RNA and protein (IHC) levels. (G) Correlation between TIPIN RNA and Ki67 RNA levels. (H) Correlation between
TIPIN protein (IHC) and Ki67 RNA levels. mRNA and DNA copy number relative quantifications were logarithmic (log2) transformed and
illustrated by boxplots (A,E). For the statistical analyses, Student’s 7 test was used to compared RNA and protein expression levels between 2
groups (TNBC, Her2, LB, LA, N) (A,C), and Fisher’s tests for DNA CN comparisons (E). The association between two variables was assessed by
Spearman’s rank correlation analysis (F—H). The p values are indicated (p < 0.05; **p < 0.01; **p < 0.001).
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2.6. DNA combing

After pulse labelling of cells with 20 pM 5-iodo-2'-deoxyuridine
(IdU) and with 100 pM 5-chloro-2'-deoxyuridine (CldU) for
30 min, we performed DNA combing as described (Anglana
et al.,, 2003; Techer et al., 2013).

2.7. Mice and tumor growth measurement

We injected 4 x 10° viable siRNA-transfected cells subcutane-
ously into female Swiss nude mouse (Charles River, L’Arbre-
sle, France). Tumor growth was evaluated with a caliper
twice a week as described (Maire et al., 2013b). The care and
use of these mice complied with internationally established
principles of replacement, reduction and refinement, and
were in accordance with UKCCCR guidelines (Workman
et al., 2010).

2.8. Statistical analysis

Spearman correlation was used to estimate an association be-
tween two variables. Data shown in cellular assays and in vivo
experiments result from at least two independent experi-
ments and the p values were calculated using the Student’s t
test. For DNA combing data, the p values were calculated us-
ing the Mann—Whitney test.

3. Results

3.1 High TIPIN protein expression in the poor prognosis
associated breast tumors

There is growing interest in the targeting of DNA replication in
anti-tumor strategies (Ma et al., 2012; Toledo et al., 2011). We
tried to identify genes encoding proteins involved in replica-
tion fork stability and displaying overexpression in TNBC,
with the aim of discovering new treatment targets for this
BC subgroup. We carried out gene-expression profiling on a
cohort of normal human breast tissues and BC biopsy speci-
mens, in which all BC subtypes, TNBC, Her2, luminal B (LB)
and luminal A (LA), are represented with a similar frequency
(Maire et al., 2013a, 2013b). Among several proteins involved
in the intra-S checkpoint (Supplementary Figure 1), we found
that mRNA levels for TIPIN were significantly higher in TNBC
biopsies than in samples from patients with other types of BC
or in healthy tissues (Figure 1A). Higher levels of TIPIN RNA
were also observed in LB tumors compared to healthy breast
tissues (Figure 1A). TIM, the partner of TIPIN, was expressed
at similar RNA levels in TNBC, Her2 and LB tumors, with
higher expression compared to LA tumors (Supplementary
Figure 2A). RPPA analysis revealed that TIM protein was also
higher expressed in TNBC, Her2 and LB tumors compared to
LA tumors, but with the highest expression levels in TNBC
(Supplementary Figure 2B). We were unable to evaluate TIPIN
protein level, in the same way, because no antibodies were
suitable for RPPA (data not shown). In contrast, using a TIPIN
antibody that we first validated for IHC staining (Figure 1B),
IHC analysis revealed that TIPIN protein was expressed at
similar levels in the most aggressive tumors (TNBC, Her2,

LB), with higher levels compared to LA tumors (Figure 1C).
The level of TIPIN expression was very heterogeneous be-
tween samples within a same tumor subgroup (Figure 1C).
TIPIN staining was observed in the nucleus of tumor cells
(Figure 1B—D) as reported (Schepeler et al., 2013), and not in
healthy breast epithelial cells (Figure 1D). We occasionally
observed that TIPIN was expressed in scattered cells in the
stromal environment (Figure 1D, image N), as previously re-
ported (Schepeler et al., 2013). These cells corresponded to
myoepithelial cells (Figure 1 D). The copy numbers (CN) of
TIPIN and TIM were, respectively, lower in TNBC, Her2 and
LB tumors, and in TNBC tumors, compared to normal breast
tissues (Figure 1E), suggesting that the high levels of TIPIN pro-
tein in BC do not result from genomic gains. The TIPIN RNA
and protein levels correlated weakly in the whole cohort of tu-
mors and within the TNBC subtype (Figure 1F). As breast can-
cer subtypes proliferate at different rates with TNBC the most
proliferative tumors, followed by Her2, LB and LA tumors, we
analyzed whether TIPIN expression correlated with the prolif-
erative status of the tumors. TIPIN mRNA levels were posi-
tively correlated with Ki67, used as a proliferation marker, in
the entire BC population and also within the TNBC subtype
(Figure 1G). However, this link with proliferation was much
weaker when we analyzed TIPIN at a protein level in the entire
BC population, and was not observed within the TNBC subtype
(Figure 1H). In addition, there is no difference of TIPIN protein
expression between TNBC, Her2 and LB tumors (Figure 1C),
although TNBC are the most proliferative tumors, followed
by Her2 and then by LB tumors. These results indicate that
TIPIN protein expression does not simply reflect the prolifera-
tive status of the tumors.

In conclusion, these results indicate that TIPIN is
expressed at higher levels in the more aggressive BC tumors,
including TNBC.

3.2 The depletion of TIPIN decreases the proliferation of
BC cells

As TIPIN is known to be involved in DNA replication, we inves-
tigated the effect of its depletion on the viability of BC cells.
We first confirmed that TIPIN and TIM were expressed in a
large panel of established cell lines derived from human
breast epithelial tissues (Supplementary Figure 3A—B). By
contrast to our findings for tumors, we found no evidence of
differential TIPIN RNA expression between the subtypes of
human Dbreast epithelial cell lines (Supplementary
Figure 3A-B), probably due to their proliferative nature
when cultured in vitro. Therefore, this absence of differential
TIPIN expression in these proliferative BC cells is not surpris-
ing, considering the known function of TIPIN in DNA replica-
tion, and the correlation we noticed between TIPIN RNA and
proliferation in tumors (Figure 1G). Interestingly, when grown
in a more physiological context, in 3D culture in Matrigel (Lee
et al., 2007), non-tumorigenic mammary epithelial cell lines
such as MCF10A recapitulate epithelial morphogenesis by
forming acinar structures (Kenny et al., 2007). In contrast,
TNBC cell lines such as MDA-MB-468 exhibit disorganized
structures (Kenny et al., 2007). MCF10A cells form acini within
10 days of culture and then stop to grow once these structures
are formed, whereas the cancerous cells continue to
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Figure 2 — The growth of breast cancer cells is impaired by TIPIN depletion. We transfected non-malignant MCF10A cells (A, E) and TNBC cell
lines, MDA-MB-468 (B, F), HCC38 (C, G) and HCC70 (D, H), with a control siRNA (CTL, black bars) or two different TIPIN siRNAs

TIPIN_6 (blue bars) and TIPIN_7 (orange bars). (A—D) We confirmed by immunoblotting (IB) the efficiency of TIPIN depletion. The TIPIN
antibody gave additional non-specific signals (upper bands). We used B-actin as a loading control. (E—H) We analyzed cell proliferation by MTT

or WST-1 assays. The error bars represent the standard deviation (SD). The p values are indicated as in Figure 1.
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Figure 3 — TIPIN depletion affects cell cycle progression in TNBC cells. (A—D) We monitored the cell cycle status of siRNA-transfected
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proliferate. In these conditions, MCF10A did not express TIPIN
once the acini were formed, while MDA-MB-468 cells
continued to express TIPIN (Supplementary Figure 3C).

We selected three TNBC cell lines (HCC38, HCC70 and
MDA-MB-468) and the non-malignant, but highly proliferative
when cultured in two-dimensional (2D) onto plastic, breast
cell line MCF10A for further studies.

Then, we depleted the cells of TIPIN with two different siR-
NAs. We confirmed that TIPIN was depleted, both at the RNA
level, by quantitative RT-PCR (data not shown), and at the pro-
tein level, by immunoblotting (IB) (Figure 2A—D). Consistent
with previous data (Chou and Elledge, 2006; Yoshizawa-
Sugata and Masai, 2007), TIPIN depletion led to lower levels
of TIM (Figure 2A—D).
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TIPIN depletion impaired the growth of the MCF10A cells
(Figure 2E) and the three TNBC cell lines (Figure 2E—H) grown
in 2D onto plastic. This effect occurred earlier (24 h) in MCF10A
cells than in TNBC cell lines. This time lag may be accounted
for by the faster growth of MCF10A cells than of the other
cell lines, with a larger number of cell divisions occurring at
the time points analyzed. Indeed, the doubling times of the
cell lines in 96-well plates were as follows when cultured on
plastic: MCF10A (16 h), MDA-MB-468 (40 h), HCC38 (60 h) and
HCC70 (50 h) (data not shown). Therefore, these data are in
agreement with the function of TIPIN in DNA replication and
S phase progression. Moreover, the inhibition of proliferation
mediated by TIPIN depletion was not restricted to TNBC cells,
but also occurred in luminal/Her2 BC cell lines: MDA-MB-453,
T47D and SKBR3 (Supplementary Figure 4a—C). In conclusion,
the depletion of TIPIN impairs the proliferation of breast cells.

3.3.  TIPIN depletion affects cell cycle progression in BC
cells

We then investigated the implication of TIPIN in cell cycle pro-
gression. As MCF10A cells grew much faster than the TNBC
cell lines, we analyzed cell cycle profiles 48 h post-

transfection for MCF10A cells and 96 h post-transfection for
TNBC cells. Whereas TIPIN depletion decreased the prolifera-
tion of MCF10A cells by 60% (Figure 2E), it had no effect on
their progression through the cell cycle (Figure 3A, E). This
may indicate a longer cell cycle duration in MCF10A cells. By
contrast, TIPIN depletion significantly decreased the G1 phase
cell population and led to a flattened G2/M phase in TNBC cells
(Figure 3B—D, F—H), particularly in HCC38 and HCC70 cells. In
addition, the sub-G1 population, potentially corresponding to
apoptotic cells, increased in size in all TIPIN-depleted TNBC
cells (Figure 3B—D). The magnitude of the effects of TIPIN
depletion on cell cycle progression in TNBC cells reflected
the degree of cell proliferation impairment (Figure 2F—H).

3.4.  TIPIN depletion induces apoptosis in BC cells

We performed additional experiments to determine whether
TIPIN knockdown led to apoptosis in TNBC cells. For the rea-
sons explained above, we assessed apoptosis induction 48 h
and 96 h post-transfection for MCF10A and TNBC cells, respec-
tively. Staining with annexin V confirmed that TIPIN depletion
induced apoptosis in TNBC and not in MCF10A cells
(Figure 4A-D). Similar results were obtained when we
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Figure 6 — TIPIN depletion leads to ssDNA formation. We transfected MCF10A cells (A, D), MDA-MB-468 (B, E) and HCC38 (C, F) cells with
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before staining with an anti-BrdU antibody. The DNA was stained with DAPI. The bar represents 10 pm. (D—F) We evaluated the percentage of
cells with BrdU staining in the absence of HCI denaturation. The SD and p values are as in Figure 2.

analyzed the levels of cleaved PARP and caspase 3 by IB
(Figure 4E—H). Again stronger effects were observed in HCC38
and HCC70 cells (Figure 4C—D). We also examined by IB
whether TIPIN depletion led to apoptosis in luminal/Her2 BC
celllines. The cleavage of caspase 3 and PARP was not detected
in MDA-MB-453 cells. However, the cleaved forms of caspase 3
and PARP were observed with one siRNA in T47D cells and with
the two siRNAs in SKBR3 cells (Supplementary Figure 4e—F).
Altogether, our data suggest that TIPIN silencing impairs pro-
liferation both of non-tumorigenic and cancer cells, while it
may lead to apoptosis only in BC cells.

3.5.  TIPIN depletion induces higher levels of YH2AX

IB revealed that TIPIN depletion was associated with an in-
crease in phosphorylated histone H2AX (yH2AX)
(Figure 4E—H), consistent with previous findings (Chou and
Elledge, 2006). This phenomenon was more pronounced in
TNBC cells than in MCF10A cells. We thus investigated the im-
munostaining pattern of YH2AX in TIPIN-depleted cells. We
excluded HCC70 cells from the immunofluorescence (IF) ex-
periments, because these cells tend to grow on top of each
other. We fixed MCF10A and TNBC cells 48 h and 96 post-
transfection, respectively, to ensure that the cells were not

undergoing apoptosis (Figures 3—4). We checked the efficiency
of TIPIN depletion by wusing an anti-TIM antibody
(Figure 5A—C). As observed with PCNA or RPA staining
(Supplementary Figure 5), TIM was located in characteristic
nuclear foci, corresponding to sites of ongoing DNA replica-
tion, in control siRNA-transfected cells (Figure 5A—C, upper
panels).

We observed two YH2AX patterns (Figure 5A—C): (i) nuclear
foci and (ii) homogeneous nuclear staining (pan-nuclear).
yYH2AX foci are usually indicative of the presence of DNA
double-strand breaks (DSBs) (Rogakou et al., 1999). The pan-
nuclear YH2AX may reflect the presence of replicative stress
(RS) (Toledo et al., 2008), DNA breaks (Meyer et al., 2013) or a
pre-apoptotic signal (de Feraudy et al., 2010). yYH2AX foci
were present in 44% of MDA-MB-468 (Figure 5E), 17% of
HCC38 (Figure 5F) and in 13% of MCF10A cells (Figure 5D),
following transfection with control siRNA. In these control
conditions, pan-nuclear YH2AX was observed in 4% of
HCC38 cells and was not found in MCF10A and MDA-MB-468
cells (Figure 5D—F). Therefore, we confirmed that TNBC cells,
at a steady-state level, displayed more YH2AX staining than
MCF10A cells. TIPIN depletion increased the number of cells
with pan-nuclear yH2AX, but not with yH2AX foci
(Figure 5D—F).
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3.6.  TIPIN depletion causes increased replicative stress
in BC cells

We investigated whether the pan-nuclear YH2AX observed
following TIPIN depletion resulted from RS, which can be visu-
alized by the presence of ssDNA (Aguilera and Garcia-Muse,
2013; Tourriere and Pasero, 2007). After siRNA transfection,
cells were grown in the presence of BrdU, for 48 h for
MCF10A cells and 72 h for TNBC cells. We verified by DNA
denaturation that BrdU was incorporated into the whole
genome (Figure 6A—C, panels + HCIl). Without denaturation
(Raderschall et al., 1999), the anti-BrdU antibody has access
to its epitope only in long regions (patches) of ssDNA within
the genome (Figure 6A—C, panels -HCI). Few control siRNA-
transfected cells displayed such patches of ssDNA
(Figure 6D—F). Upon TIPIN depletion, BrdU staining was found
only in discrete foci in 2—3% of MCF10A cells (Figure 6A,D), but
throughout the whole nucleus in 6—8% of MDA-MB-468 and
10-17% of HCC38 cells (Figure 6B—C,E-F). This indicated
higher levels of ssDNA in TIPIN-depleted cells compared to
MCF10A cells.

To confirm that pan-nuclear yYH2AX upon TIPIN silencing is
linked to RS, we analyzed the YH2AX staining during replica-
tion by performing co-staining with anti-RPA or anti-PCNA
antibodies. The number of RPA- or PCNA-positive BC cells
was unaffected by TIPIN depletion (Figure 7A—C,G-I and data
not shown), consistent with the absence of S phase arrest
(Figure 3). However, pan-nuclear yH2AX was detected in
more than 50% of RPA-positive and 60% of PCNA-positive
TIPIN-depleted TNBC cells (Figure 7E—F,K-L), but in only 17%
of RPA-positive and 20% of PCNA-positive TIPIN-depleted
MCF10A cells (Figure 7D,]). Thus, pan-nuclear YH2AX could
be related to the formation of ssDNA in TIPIN-depleted
TNBC cells during S phase.

In conclusion, the high levels of pan-nuclear YH2AX in
TIPIN-depleted TNBC cells suggest that these cells were un-
able to resolve patches of ssDNA (Figures 5—7), underlying
DNA replication defects.

3.7.  TIPIN depletion slows the progression of DNA
replication forks

These findings led us to explore replication in more details in
TIPIN-depleted cells by performing DNA combing experiments
(Anglana et al., 2003; Techer et al., 2013) (Figure 8A—B). MDA-
MB-468 and HCC38 cells, unlike MCF10A, spontaneously dis-
played fork asymmetry, as demonstrated by the unequal
lengths of the IdU and CldU tracks (Figure 8C), highlighting
abnormal fork progression and thus the presence of RS.
TIPIN depletion significantly decreased median fork speed
in all BC cells (Figure 8D—F). The inter-origin (IOD) and inter-
termination (ITD) distances were significantly shorter in
TIPIN-depleted MCF10A, but not in TIPIN-depleted TNBC cells
(Figure 8G—I). These results suggest that TIPIN-depleted
MCF10A cells respond to the slower progression of the replica-
tion fork by firing dormant origins. This may account for the

decreased cell proliferation in TIPIN-silenced MCF10A cells
(Figure 2E) in the absence of an effect on cell cycle distribution
(Figure 3A). By contrast, TIPIN-depleted TNBC cells were un-
able to activate dormant origins, as demonstrated by the
lack of change in IOD and ITD (Figure 8H~I). They underwent
apoptosis, probably because they were unable to resume
replication.

3.8.  TIPIN depletion decreases tumorigenicity and delays
tumor growth

To evaluate the potential therapeutic value of targeting TIPIN,
we investigated the effect of TIPIN silencing on the tumori-
genic properties of TNBC cells through the anchorage-
independent assay of colony formation in soft agar
(Figure 9A—B). We excluded HCC38 and MCF10A cells from
this assay because they do not form colonies in semi-solid me-
dium. TIPIN-depleted MDA-MB-468 and HCC70 cells displayed
an impairment of colony formation in soft-agar (Figure 9A—B).

We next evaluated the effects of TIPIN knockdown on tu-
mor growth in vivo, by inoculating immunodeficient mice
with the same amount of viable MDA-MB-468 cells that had
been transfected the day before with control or TIPIN siRNAs
(Figure 9D). Tumor growth was significantly delayed in ani-
mals injected with TIPIN-depleted cells than in animals
receiving control siRNA-transfected cells (Figure 9C).

Together these assays indicate that TIPIN plays an impor-
tant role in the malignancy of TNBC cells, suggesting that
TIPIN may be a useful potential target for the treatment of
TNBC tumors.

4. Discussion

In the absence of targeted therapies, patients with TNBC are
currently treated exclusively by conventional cytotoxic
chemotherapy. These tumors respond well to such treatment
initially, but they relapse more frequently than tumors from
other BC subgroups and are responsible for a disproportionate
number of BC deaths. The identification of relevant therapeu-
tic targets for the treatment of TNBC patients remains a crit-
ical issue for improving the survival of such patients. We
therefore searched for proteins involved in replication fork
protection and displaying overexpression in human TNBC bi-
opsies. We found that TIPIN mRNA levels were very high in
TNBC samples, despite these tumors having a lower CN for
TIPIN. At the protein level, we observed that both TIPIN and
TIM were higher expressed in the most proliferative and
poor prognosis associated BC subtypes (TNBC, Her2, LB)
compared to the low proliferative and good prognosis associ-
ated LA tumors. Other studies have shown that TIPIN and TIM
are under-expressed in kidney (Mazzoccoli et al., 2012) and
pancreatic (Relles et al., 2013) cancers. By contrast, TIM is
overexpressed in bladder (Schepeler et al.,, 2013) and lung
(Yoshida et al., 2013) cancers. We found that the levels of TIPIN
mRNA and the proliferation marker Ki67 were strongly

cells were fixed and immunostained with anti-yH2AX and anti-RPA (A—C) or anti-PCNA (G—I) antibodies. The DNA was stained with DAPI.
The bar represents 10 pm. (D-F and J-L) We quantified the percentage of RPA-positive (D—F) and PCNA-positive (J—L) cells displaying YH2AX

(foci or pan) staining. The SD and p values are as in Figure 2.
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Figure 9 — TIPIN depletion decreases tumorigenicity in vitro and tumor growth in vive. (A—B) We transfected MDA-MB-468 (A) and HCC70
(B) cells with the indicated siRNAs. We grow them in soft agar (top panels). We stained and counted colonies (bottom panels). (C—D) We
transfected MDA-MB-468 cells with the indicated siRNAs and injected 24 h later the same number of viable cells subcutaneously into five Swiss

nude mice per siRNA-related group. We evaluated tumor growth twice weekly (C). We checked the efficiency of depletion by IB (D) with

antibodies against TIPIN and TIM. We used GRB2 as a loading control. The SD and p values are as in Figure 2.

positively correlated (p < 2.2 x 1071 in the entire population;
p = 0.008 in TNBC). However, this link between TIPIN and pro-
liferation was much weaker or inexistent when we analyzed
TIPIN at the protein level (p = 0.02 in the entire population;
p =0.66 in TNBC). This is in agreement with the fact that there

is no difference of TIPIN protein expression between TNBC,
Her2 and LB tumors, in spite of TNBC are the most prolifera-
tive tumors, followed by Her2 and then by LB tumors. These
results indicate that TIPIN protein expression does not simply

reflect the proliferative status of the tumors.

Figure 8 — TIPIN depletion slows the progression of DNA replication. We transfected MCF10A cells (A, D, G), MDA-MB-468 (A, E, H) and
HCC38 (A, F, I) cells with the indicated siRNAs. Then we pulse-labeled cells with IdU and C1dU for 30 min and performed DNA combing. (A)
We confirmed the efficiency of TIPIN depletion by IB with antibodies against TIPIN and TIM. We used GRB2 as a loading control. (B) Scheme
of single-molecule analysis of DNA replication. IdU tracks are shown in green, CldU tracks in red and ssDNA in blue. (C) Boxplots show the
distribution of the ratio of the lengths of IdU and CIdU tracks on combed DNA for the CTL siRNA-transfected cells. (D—I) Boxplots show the
distribution of replication fork speed (D—F) and the distribution of the inter-origin (IOD) and inter-termination (ITD) distances (G—I). We

indicated the SD by error bars and the p values for Mann—Whitney test by asterisks (“"p < 0.001).
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We investigated the potentially deleterious effect of TIPIN
silencing on BC cell lines. Consistent with the findings of other
studies (Chou and Elledge, 2006; Yoshizawa-Sugata and Masai,
2007), we found that the siRNA-mediated depletion of TIPIN
compromised cell proliferation in the non-tumorigenic cell
line examined (MCF10A) and in BC cells. TIPIN-depleted
MCF10A cells compensated for the slower DNA replication
fork speed by firing latent replication origins. However, this
compensation may be not sufficient, resulting in lower rates
of cell proliferation, consistent with previous findings (Chou
and Elledge, 2006; Gotter et al., 2007; Unsal-Kacmaz et al.,
2007; Yoshizawa-Sugata and Masai, 2007). Despite this effect
on proliferation, TIPIN silencing did not induce apoptosis
and had no effect on cell cycle progression in MCF10A cells.
Previous papers showed contradictory results in TIPIN-
depleted cells, as some cells displayed normal (Smith et al,,
2009) or abnormal (Smith-Roe et al., 2013; Yoshizawa-Sugata
and Masai, 2007) cell cycle progression. We did not find an ar-
restin G2 phase in TIPIN-depleted MCF10A cells, in contrast to
TIPIN-depleted fibroblasts (Smith-Roe et al., 2013). This
discrepancy may be explained by the nature of the “normal”
cells analyzed: epithelial cells vs fibroblast cells. By contrast
to non-cancerous MCF10A cells, TIPIN-depleted BC cells dis-
played higher levels of apoptosis, as revealed by the large
sub-G1 cell population and the high number of annexin-V pos-
itive cells, together with the induction of caspase 3/7 activities
and PARP cleavage. Together, our data therefore suggest that
TIPIN depletion may selectively impair the viability of breast
tumor cells. However, analysis of TIPIN depletion in additional
“normal” mammary epithelial cells should be performed to
strengthen this conclusion.

As the TIPIN-TIM complex is involved in DNA replication
fork stability, we investigated the mechanisms driving BC
cells to undergo apoptosis upon TIPIN depletion. We found
that TIPIN silencing led to ssDNA formation and H2AX phos-
phorylation, as shown in previous studies (Chou and Elledge,
2006; Smith et al., 2009), together with an increase in the
chromatin-bound fraction of RPA, which was stronger in BC
cells. Thus, TIPIN depletion leads to RS, consistent with the
role of TIPIN-TIM complex in the coupling of the DNA helicase
to the polymerase to prevent excessive DNA unwinding
(Gotter et al., 2007). Moreover, increased yYH2AX was observed
specifically in S phase in both TIPIN-depleted MCF10A and
TNBC cells, whereas pan-nuclear yYH2AX was found only in
TNBC cells. As YH2AX is not a specific marker of RS, we as-
sume that this staining corresponds to DSBs resulting from
fork collapse (Branzei and Foiani, 2010) or represents a pre-
apoptotic signal, as recently reported (de Feraudy et al.,
2010). In MCF10A and BC cells, TIPIN depletion reduces DNA
replication fork speed, revealing increased RS, in agreement
with previous reports (Smith-Roe et al., 2013; Smith et al.,
2009; Yoshizawa-Sugata and Masai, 2007). In response to
slower replication fork progression, TIPIN-depleted MCF10A
cells react by firing dormant replication origins, partly
compensating for this slowing and, presumably, ensuring
replication resumption and termination before the cell enters
in mitosis. The activation of dormant replication origins is an
essential phenomenon allowing cancer cells to survive RS (Ge
et al., 2007). In contrast to MCF10A cells, TNBC cells display
spontaneous RS, as revealed by the significant increase in

asymmetry of sister forks, reflecting perturbed fork progres-
sion (Techer et al.,, 2013). These cells are unable to activate
dormant origins in the absence of TIPIN, because IOD and
ITD are no lower than in CTL-transfected TNBC cells, probably
because they have been already utilized and therefore unavai-
lable. This may result in under replicated DNA, leading to a
massive pan-nuclear distribution of YH2AX and apoptosis.
Thus, TIPIN appears to be essential for the survival of geneti-
cally unstable cells subjected to chronic RS.

TIPIN is not crucial for DNA replication (Unsal-Kacmaz
et al., 2007), so why are TIPIN-depleted TNBC cells unable to
sustain DNA replication? Like TNBC tumors, in which the
TP53 gene is frequently mutated, the three TNBC cell lines
used in this study were p53-deficient (Holstege et al., 2009;
Manie et al., 2009; Shah et al., 2012). CHK1 and ATR inhibitors
have been shown to generate DNA lesions in S phase, and
such lesions are particularly toxic in p53-deficient cells
(Reaperetal., 2011; Toledo et al., 2011). The severe phenotypes
observed in TIPIN-depleted TNBC cells may therefore be due
to their p53 deficiency. Alternatively, homologous recombina-
tion (HR) in TNBC may be impaired by BRCA1 mutation or pro-
moter methylation (the “BRCAness” phenotype) (Popova et al.,
2012; Turner et al., 2004) or PTEN deficiency (Marty et al., 2008;
Saal et al., 2008; Stemke-Hale et al., 2008). The BRCA1 promoter
is methylated in HCC38 cells (Popova et al., 2012) and PTEN
protein is undetectable in MDA-MB-468 and HCC70 cells
(Marty et al., 2008; Ni et al., 2012). As HR is also required to
restart collapsed DNA replication forks (Aze et al., 2013),
TIPIN-depleted TNBC cells may be unable to restart replication
once it has stalled, due to their “BRCAness” phenotype
(Schlacher et al., 2011, 2012).

In addition to the induction of apoptosis in BC cells but not
in MCF10A cells, we showed that TIPIN knockdown impaired
the growth of TNBC cells in soft agar and slowed tumor growth
in vivo in xenograft models. This suggests that TIPIN may be
considered as a candidate therapeutic target, in agreement
with anti-tumor strategies targeting DNA replication (Ma
et al,, 2012; Toledo et al., 2011). Despite the high sensitivity
of TNBC tumors to chemotherapy (cyclophosphamide/doxo-
rubicin), these tumors frequently recur and TNBC patients
have worse survival outcomes than patients with BC of other
subtypes (Liedtke et al., 2008; Metzger-Filho et al., 2012). Both
cyclophosphamide and doxorubicin interferes with DNA
replication by blocking the progression of replication forks.
Therefore, the targeting of TIPIN in association with this stan-
dard protocol may be beneficial to patients through additional
or synergic effects, or may make it possible to decreases the
doses of chemotherapy agents used, thereby minimizing
adverse effects. Additional experiments will be required to
test this hypothesis in vivo in TNBC xenograft models. Our
data require confirmation in other normal cell lines, but they
suggest that TIPIN depletion does not affect replication in
MCF10A cells, highlighting a potentially selective effect on
BC cells. In addition, we have found that TIPIN is not
expressed at the protein level in MCF10A, once they form acini
in a more physiological conditions (Matrigel), and stop to pro-
liferate. Overall, our findings suggest that TIPIN may be an
attractive target for the treatment of the poor prognosis asso-
ciated BC such as TNBC, in which high levels of TIPIN may be
required for the completion of DNA replication in a genetically
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unstable context. However, we cannot exclude possible side
effects in proliferative tissues, such as bone marrow or
stomach.

Targeting RS could be achieved with inhibitors of protein
kinases such as ATR or CHK1 as already documented by others
(Abdel-Fatah et al., 2014; Bartek et al., 2012; Fokas et al., 2014;
Lecona and Fernandez-Capetillo, 2014; Merry et al., 2010). In
order to be more specific and to avoid potential side effects,
targeting directly TIPIN, by interfering with protein—protein
interactions, could be an alternative option. An approach
could be the inhibition of the interaction between TIPIN and
RPA. Indeed, inhibitors of the association between RPA with
some of its partners have recently been described (Frank
et al,, 2013; Glanzer et al., 2011). Alternatively, TIPIN and TIM
proteins stabilize each other (Chou and Elledge, 2006;
Yoshizawa-Sugata and Masai, 2007), and we found that TIPIN
depletion led to lower levels of both TIPIN and TIM, in agree-
ment with previous report (Smith-Roe et al., 2013). Therefore,
targeting TIPIN/TIM complex formation may represent a strat-
egy to inhibit TIPIN function as well as a therapeutic approach.
Noteworthy, targeting TIPIN or TIM may not lead to identical
phenotypes since it has been reported that TIM has a function
in sister chromatid cohesion that is independent of the TIM-
TIPIN complex (Smith-Roe et al., 2011).

5. Conclusions

TNBC is a subgroup of breast cancer accounting for a dispro-
portionate number of deaths from this disease. Treatments
based on new therapeutic targets remain a critical issue for
improving the survival of TNBC patients. We found that a fac-
tor involved in DNA replication fork stability, TIPIN, is over-
expressed in the poor prognosis associated BC including
TNBC and is essential for cell proliferation and DNA replica-
tion progression in both human BC and non-tumorigenic cells.
Unlike normal cells, TNBC cells cannot fire dormant replica-
tion origins to ensure complete DNA duplication in the
absence of TIPIN. Instead, they undergo apoptosis. Impor-
tantly, TIPIN is also required for TNBC cell tumorigenicity
and its depletion slows tumor growth. In line with the renewal
of interest in the targeting of DNA replication as a strategy for
anti-tumor therapy, our findings suggest that TIPIN is a poten-
tially attractive target for the treatment of the most prolifera-
tive and aggressive BC subtypes, including TNBC.
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