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ABSTRACT
◥

Basal-like breast cancers (BLBC) are characterized by defects in
homologous recombination (HR), deficient mitotic checkpoint, and
high-proliferation activity. Here, we discover CIP2A as a candidate
driver of BLBC. CIP2A was essential for DNA damage–induced
initiation of mouse BLBC-like mammary tumors and for survival of
HR–defective BLBC cells. CIP2A was dispensable for normal mam-
mary gland development and for unperturbedmitosis, but selectively
essential for mitotic progression of DNA damaged cells. A direct
interaction between CIP2A and a DNA repair scaffold protein
TopBP1 was identified, and CIP2A inhibition resulted in enhanced
DNA damage–induced TopBP1 and RAD51 recruitment to chro-
matin in mammary epithelial cells. In addition to its role in tumor
initiation, and survival of BRCA-deficient cells, CIP2A also drove
proliferative MYC and E2F1 signaling in basal-like triple-negative
breast cancer (BL-TNBC) cells. Clinically, high CIP2A expression

was associated with poor patient prognosis in BL-TNBCs but not in
other breast cancer subtypes. Small-molecule reactivators of PP2A
(SMAP) inhibited CIP2A transcription, phenocopied the CIP2A-
deficient DNA damage response (DDR), and inhibited growth of
patient-derived BLBC xenograft. In summary, these results demon-
strate that CIP2A directly interacts with TopBP1 and coordinates
DNAdamage–inducedmitotic checkpoint andproliferation, thereby
driving BLBC initiation and progression. SMAPs could serve as a
surrogate therapeutic strategy to inhibit the oncogenic activity of
CIP2A in BLBCs.

Significance: These results identify CIP2A as a nongenetic
driver and therapeutic target in basal-like breast cancer that
regulates DNA damage–induced G2–M checkpoint and prolif-
erative signaling.

Introduction
One of the most aggressive and clinically challenging breast cancer

subtypes is the basal-like breast cancer (BLBC; refs. 1–3). On the basis
of transcriptional signatures of the breast cancer subtypes (4), the
hallmarks of BLBCs are high proliferation activity, G2–M checkpoint
dysregulation, ATR/BRCA pathway activity, and high DNA replica-
tion. In addition, molecular characteristics of BLBCs include high
genetic instability, BRCA mutations, TP53 inactivation, and dysregu-
lation of EGFR (1–4). About 75% of BLBCs belong to the triple-
negative breast cancer subtype (BL-TNBC), devoid of ER, PR, and
HER2 (1). In addition to their frequently aggressive clinical appear-
ance, the lack of these targetable receptors makes BLBCs therapeuti-
cally very challenging. Despite the near saturated genetic knowledge of
breast cancer, like some other subtypes as well, no clear genetic
oncogenic drivers have been identified for the BLBCs (1, 3).

Among the breast cancer subtypes, BLBCs have the highest
mutational burden as a result of acquisition of BRCA mutations,
or other defects in the homologous recombination (HR)
pathways (1–4). Normal HR-proficient cells respond to double-
stranded DNA breaks (DSB) by activating the G2–M cell-cycle
checkpoint, resulting in mitotic arrest (5). To allow mitotic pro-
gression under DNA-damaging conditions, transformed cells
instead have developed strategy to dampen G2–M checkpoint
signaling (5, 6). On the basis of the high mutational burden
observed in BLBC, it could be hypothesized that a potential BLBC
driver mechanism has the ability to coordinately dampen the DNA
damage–induced G2–M checkpoint, and to support high-
proliferation activity in premalignant mammary epithelial cells.
One of the DDR proteins involved in G2–M checkpoint signaling
is DNA topoisomerase II binding protein 1 (TopBP1; ref. 7), which
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is a scaffold protein that interacts with the checkpoint kinase
ATR (8). In the presence of DSBs, TopBP1 promotes RAD51
chromatin loading, resulting in G2–M arrest (9–12). RAD51 foci
formation has been associated in BLBCs as a marker of BRCA
deficiency and HR impairment (4, 13). These features make
TopBP1-mediated RAD51 regulation a candidate G2–M checkpoint
mechanism in BLBC (5, 7, 10).

Recently, the serine/threonine phosphatase PP2A has gained atten-
tion as a druggable tumor suppressor (14–16). Of specific relevance to
this work, is the role of serine/threonine phosphatases in the DNA-
damage response (DDR) at chromatin (6), which could link them to
cancer types with HR defects, and high mutational burden, such as
BLBCs. PP2A is inhibited in most cancers by nongenetic mechanisms,
including high expression of endogenous inhibitor proteins such as
CIP2A, PME-1 or SET, or changes in carboxymethylation to the
C-terminal tail of the catalytic domain (15, 17). CIP2A is expressed
at low levels in normal mammary gland tissue (18). However, CIP2A
transcription is induced by TP53 mutation via increased E2F1 activ-
ity (18, 19), and by EGFR pathway activation (20, 21), features closely
linked to BLBC (1). However, it is currently unclear what role CIP2A
plays in BLBC initiation, or progression. Notably, understanding of
CIP2A-related cancer initiation mechanisms is also therapeutically
relevant due to the recent development of small-molecule activators of
the CIP2A-inhibited PP2A-B56 heterotrimer that demonstrate potent
antitumor activities (14, 16).

In this study, we provide the first evidence for an essential role for
CIP2A in tumor initiation in cancer. Specifically, we demonstrate by
using both chemical and transgenic tumor models that CIP2A is
essential for the initiation of mouse BLBC tumors, but not for the
initiation of skin, ovarian, lung or stomach tumors. Furthermore,
among transformed breast cancer cell types, CIP2A is essential for
survival of BRCA/TP53-mutant BLBC cells. Mechanistically, the role
for CIP2A in driving BLBC initiation and progression can be explained
by its capacity to coordinately regulate key BLBC hallmarks; specif-
ically the G2–M checkpoint and cellular proliferation. Molecularly, we
discover direct CIP2A interaction with TopBP1 and provide evidence
for CIP2A-mediated inhibition of both TopBP1 and RAD51 recruit-
ment to chromatin upon DNA damage in premalignant mammary
epithelial cells. CIP2A also promotes pro-proliferative MYC and E2F1
activities in BLBC cells. Finally, we discover that small molecules
shown previously to activate PP2A (14, 16), transcriptionally inhibit
CIP2A expression, and serve as candidate therapeutics for CIP2A-
positive BLBCs.

Materials and Methods
Mouse experiments

All animal work protocols were approved either by the Project
Authorization Board of the Regional State Administrative Agency for
Southern Finland, the Animal Ethics Committee of the Netherlands
Cancer Institute or the Institutional Animal Care and Use Committee
at the Case Western Reserve University, which is certified by the
American Association of Accreditation for Laboratory Animal Care
under protocol # 2013–0132.

For DMBA (7,12-dimethylbenz[a]anthracene)-induced tumors
in wild-type (WT) and Cip2a�/� female mice, several independent
cohorts of the mice were administered with 1 mg of DMBA
dissolved in 200 mL of corn oil by oral gavage once a week for
6 weeks starting at 12–14 weeks of age as previously described (22).
The mice were monitored twice a week for tumor formation until
morbidity. Mice were sacrificed upon tumor burden and/or when

they showed general signs of illness. For DMBA-induced mutation
load and Cip2a mRNA expression in WT and Cip2a�/� premalig-
nant mammary gland tissues, the mice were sacrificed 2 weeks after
the last DMBA treatment. DMBA/TPA protocol for skin tumori-
genesis and experiments with Cip2a�/� mice crossed with an
ovarian cancer mouse model TgMISIIR-Tag are described in Sup-
plementary Materials and Methods. Tissue samples collected for
extraction of RNA and genomic DNA were snap-frozen into liquid
nitrogen. Tissue samples for histochemical and for immunohisto-
chemical analyses were fixed in formalin.

Mouse tumor cell lineswere generated from spontaneousmammary
tumors of following breast cancer mouse models: K14Cre; Brca1F/F;
Trp53F/F(KB1P; ref. 23), K14Cre; Cdh1F/F; Trp53F/F(KEP; ref. 24), and
Wap-cre; Cdh1F/F; Akt1E17K(WEA; ref. 25). Tumor cell lines were
generated by collecting tumors in cold PBS and minced by chopping
with scalpels. Aggregates were plated out. KEP and WEA tumor cell
line cultures were incubated at 37�C with 5% CO2 and 20% O2. KB1P
cell lines were incubated at 37�C with 5% CO2 and 3% O2. Homog-
enous epithelial cell morphology was obtained after cultures were
passaged 2–3 times. Used cell culturemedia are described previously in
Supplementary Table S1.

Analysis of human breast cancer patient sample cohorts
The FinHer study (HUCH 426/E6/00) was approved by an ethics

committee of the Helsinki University Central Hospital (Helsinki,
Finland). Study participants provided written informed consent
before study entry. The study was conducted in accordance of the
Declaration of Helsinki. The role of CIP2A in disease-free survival
of patients with breast cancer in the GSE21653 cohort was analyzed
by using an online platform “R2: Genomics Analysis and Visual-
ization Platform” (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi).
More detailed description of analysis of both cohorts can be found
from Supplementary Data.

Cell culture and transfections
All the commercial cell lines used in this articlewere purchased from

theATCCor Leibniz Institute’sGermanCollection ofMicroorganisms
and Cell Cultures (DSMZ). All the cells in culture were negative on
periodically testing forMycoplasma using the Mycoplasma Detection
Kit (Roche). All the human and mouse cells, their culture conditions
and supplements used for cell culture are listed in Supplementary
Table S1. Breast cancer stem-like cells were isolated from patients with
TNBCwho received standard chemotherapy and cultured as described
previously (26).

Antibodies, RNAs, primers, DNA constructs and drugs
Antibodies (alongwith dilutions for each application), plasmids and

sequences of siRNAs, gRNAs, and primers used are listed in Supple-
mentary Table S2. All chemical inhibitors and drugs used are listed in
the Supplementary Table S3.

Mitotic index experiments
Mitotic index experiments were conducted bymodifying previously

published protocol described in (7). Briefly, MCF10A cells were
transfected with indicated siRNAs for 24 hours, following which, they
were seeded into ibidi 8-well m slides (ibiTreat #80826) for 24 hours.
Cells were irradiated with 10Gy radiation followed by nocodazole
block (100 ng/mL), one hour after IR for 18 hours. After the indicated
time points, cells were stained for phosphohistone H3 (Ser10) using
similar immunofluorescence protocols as mentioned above. Images
were taken on Zeiss Axiovert or EVOS fl Microscope with �10
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objective and quantified using ImageJ software (RRID:SCR_003070).
Experiment was repeated 3 times.

Results
Cip2a is selectively required for initiation of DMBA-induced
mammary tumors in mice

To address whether CIP2A is truly essential for the initiation of
cancer in vivo, we challenged several independent cohorts of the
previously described Cip2a�/� mice (19, 27) with a chemical carci-
nogenesis protocol consisting of six consecutive doses of the genotoxic
agent DMBA (Fig. 1A). Similar to other polyaromatic hydrocarbons,
DMBA forms covalent DNA adducts, and induces a DDR, including
activation of gH2AX, ATR, and RAD51 (28). Oral exposure of mice to
DMBA induces mouse BLBCs (22), but also several other cancers,
allowing us to assess the relative importance of Cip2a to tumor
development across different cancer types. As compared with a model
combiningDMBAandmedroxyprogesterone acetate, theDMBA-only
mammary tumors are initiated with much longer latency (22). Impor-
tantly, the tumor-initiating cell type of mammary tumors induced by
DMBA-only is basaloid cells, and molecularly these tumors faithfully
resemble human BLBCs (22).

As expected (28), DMBA treatment induced a significant increase in
themutational load in nontumorigenic mammary gland tissue as soon
as only 2weeks after the lastDMBAdose; however, themutational load
(Fig. 1B; Supplementary Table S4), or overall survival (Supplementary
Fig. S1A) was not associated with the Cip2a genotype. When assessed
by palpation, external observation, and by tissue pathology analysis
upon autopsy of the mice with any symptoms of reduced well-being,
tumors in five different tissue types were observed in the DMBA-
treated mice (Fig. 1C). Notably, although incidences of tumors in
ovary, lung, skin or stomach were not altered in Cip2a�/� mice,
mammary tumors showed almost absolute dependence on Cip2a for
tumor initiation (Fig. 1C and D; Supplementary Fig. S1B).

To control for the possibility that lack of genotype dependence
of other cancer types on Cip2a was a result of leakage of the genetrap
cassette used for Cip2a gene silencing (27), we confirmed the absence
of CIP2A protein expression in ovarian cancer tissues from
Cip2a�/�mice (Supplementary Fig. S1C). We further confirmed that
Cip2a was dispensable for skin and ovarian tumorigenesis by inde-
pendent in vivo models. To this end, we crossed Cip2a�/� mice with
the MISIIR-Tag mouse model producing tumors resembling high-
grade ovarian cancer (29), and did not observe any notable difference
in ovarian tumorigenesis between Cip2a WT or Cip2a�/� mice by
PET/CT-imaging or by visual inspection after autopsy (Supplemen-
tary Fig. S1D and S1E). For the skin tumorigenesis model, we used a
classical DMBA/TPA two-stage skin tumorigenesis protocol and again
did not observe any differences in skin tumor initiation between the
Cip2a genotypes (Supplementary Fig. S1F).

Combined, these results in multiple independent in vivo models
strongly suggest that CIP2A is required for the propagation of DNA-
damaged mammary basaloid epithelial cells. To validate that this is a
cell intrinsic property of CIP2A, we tested the impact of CIP2A
silencing on mitotic progression of MCF10A basal-like immortalized
mammary epithelial cells treatedwith ionizing radiation (IR). Notably,
whereas inhibition of checkpoint kinase CHK1 abrogated the G2–M
checkpoint and CIP2A silencing did not impact mitotic progression of
untreatedMCF10A cells, CIP2Awas found to be indispensable forG2–
M progression in IR-treated MCF10A cells (Fig. 1E; Supplementary
Fig. S1G). To provide independent validation to these results, we
surveyed results from a genetic screen in HAP1 cells (see Supplemen-

tary Fig. S1H for technical description; ref. 30). Directly supportive of
the role for CIP2A in allowing cell propagation under DNA damage,
CIP2A was the only tested PP2A inhibitor protein that was essential
under repeated low-dose irradiation (Fig. 1F).

These results establish essentiality for Cip2a for the initiation of
DNA damage–induced mammary tumors previously confirmed to
faithfully represent mouse BLBCs (22). As such the results represent
the first evidence for a critical role for CIP2A in tumor initiation.

Cip2a is induced by DMBA in premalignant mammary gland
tissue and drives initiation of mouse BLBC-like tumors

A key criterion for a cancer driver candidate involved in tumor
initiation is expression in premalignant tissue prior tumorigenesis.
Consistent with negligible CIP2A protein expression in normal
human mammary glands (18), Cip2amRNA was expressed at a very
low level in WT mouse mammary glands (Fig. 2A). Importantly,
nontumorous WT mammary glands sampled 2 weeks after the last
dose of DMBA (Fig. 1A) displayed significantly increased Cip2a
mRNA expression (Fig. 2A). In line with a suggested role as a
disease driver, Cip2a mRNA expression was induced significantly
more in mammary tumors from DMBA-treatedWTmice (Fig. 2A).
However, as mammary tumors were induced in only some of the
mammary glands in each of the DMBA-treated WT mice, we
conclude that Cip2a expression is essential, but not sufficient alone
to induce tumorigenesis.

Based upon themolecular characterization of themammary tumors
from DMBA-treated WT mice, the majority of the characterized
tumors had BLBC or BL-TNBC phenotypes (Fig. 2A and C; Supple-
mentary Fig. S2A). This is consistent with a previous report demon-
strating that the tumor-initiating cells from this DMBA model are of
basaloid origin (22). The small number of estrogen receptor (ER)–
positive tumors observed is consistent with The Cancer Genome Atlas
(TCGA) data that about 10% of human BLBCs are ER positive.
Furthermore, although use of different DMBA in vivo protocol was
recently shown to result in ER-positive tumors (31), it was demon-
strated by using the DMBA protocol used in our study that serial
transplantation of ER-positive tumors yielded ER-negative secondary
tumors, suggesting that ER expression was not a driver mechanism in
these tumors (22). To study the impact of Cip2a on DMBA-induced
mammary gland gene expression profiles, we performed RNA-
sequencing analysis of non-tumorigenic mammary glands from mice
housed for more than 4 months after the last dose of DMBA. Fully
consistent with basaloid and homologous recombination–defective
(HRD) phenotype, Cip2a was found to control G2–M checkpoint, and
proliferative signaling via theMYC and E2F1 pathways (Fig. 2D). The
tumors in WT mice were also highly proliferative based on Ki67
staining, and displayed both CIP2A and MYC protein overexpression
potentially indicative of their known feed-forward regulatory loop
(Fig. 2B; ref. 32). Evaluating the CIP2A positivity in DMBA-treated
pre-tumorigenic mammary gland duct epithelial cells and frommam-
mary tumors in WT mice, revealed predominantly cytoplasmic, but
also nuclear CIP2A protein expression (Supplementary Fig. S2B). This
pattern is consistent with previous analysis, indicating that there is a
small pool of nuclear CIP2A in propagating cells (33), and indicate a
potential function for nuclear CIP2A in early mammary tumorigen-
esis. Notably, the lack of predominantly BLBC tumors in Cip2a�/�

micewas not related to any genotype-associated alterations in the basal
and luminal epithelial cell ratio in the mammary gland (Supplementary
Fig. S2C–S2F). Furthermore, we did not observe any notable differences
in the mammary gland development and branching morphogenesis
between WT and Cip2a�/� mice (Supplementary Fig. S2G).
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Figure 1.

Cip2a knockoutmice are selectively resistant toDMBA-inducedmammary tumorigenesis.A,DMBAwas orally administered toWT andCip2a�/�miceonce aweek for
6 consecutive weeks, after which, mice were monitored for signs of spontaneous tumor formation. B, Number of genetic variants in exons of the expressed genes
in nontreated (control) and DMBA-treatedWT (n¼ 3) and Cip2a�/� (n¼ 3)mousemammary glands. P value by theWilcoxon test. C, Incidences of tumor formation
in different tissues in sacrificed DMBA-administered WT (n ¼ 18) and Cip2a�/� (n ¼ 14) mice. P values between WT and Cip2a�/� groups calculated by the
Fisher exact test. D, Incidence of mammary tumors inWT (n ¼ 18) and Cip2a�/� (n ¼ 14) mice after starting administration of DMBA. P value by the log-rank test.
E,Mitotic index analysis ofMCF10A cells transfectedwith the indicated siRNAs. Cellswere treatedwith 10Gy radiation dose and nocodazole (100 ng/mL) block 1 hour
after IR for 18 hours. Mitotic cells were stained using phosphohistone H3 at Ser10. Scale bar, 100 mm. Bar graph shows the percentage of H3pS10-positive nuclei from
three replicates, expressed as mean� SD. Statistical analyses were conducted using unpaired t test for unequal variances. � , P < 0.05; ��� , P < 0.001. F, Heat map of
fraction of gene-trap insertions in the sense orientation compared with the total (sense and antisense) insertions in untreated HAP1 cells and HAP1 cells treated with
successive low doses of IR (5 � 1 Gy). Color coding indicates essentiality of the indicated PP2A inhibitor protein for cell survival. n.s., nonsignificant.
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Collectively, these results demonstrate that although Cip2a is
dispensable for normal mouse mammary development, DMBA-
elicited induction of Cip2amRNA expression is required for initiation
of mouse BLBC-like tumors.

Codependence analysis reveals a functional association
between CIP2A, TopBP1, and G2–M checkpoint regulation

Although our results strongly indicate that the previously reported
CIP2A-MYC feed-forward loop (32, 34, 35) is highly relevant for
proliferation in DMBA-induced BLBCs (Fig. 2B; Supplementary
Fig. S2A), MYC regulation is unlikely to explain either the newly
discovered role for CIP2A inG2–Mcheckpoint regulation (Fig. 1E and
F; Supplementary Fig. S2A), or its essentiality for in vivopropagation of
DNA damaged mammary epithelial cells (Fig. 1C and D; Supple-
mentary Fig. S2G). Furthermore, as TPA/DMBA-induced skin tumor-
igenesis is dependent on MYC (36), but totally independent of CIP2A
(Supplementary Fig. S1F), we hypothesized that CIP2A is involved in
the regulation of a yet uncharacterized MYC-independent, but HRD-
related mechanism. To identify such mechanism in an unbiased
manner, we surveyed a CRISPR/Cas9-based dropout screen repository
fromDepMap (Avana 2020 Q1; https://depmap.org), to identify genes
that are most significantly similar in their essentiality with CIP2A.

Remarkably, across 739 human cancer cell lines all the top 10 co-
dependent genes withCIP2A (i.e., functionally most similar to CIP2A)

were DDR genes (Fig. 3A). Notably, out of these top 10 CIP2A-
associated DDR factors, CIP2A was at the genome-wide level the most
significantly similar gene for RHNO1, TOPBP1, POLQ, NBN, and
PARP1 (Fig. 3A). In the case of TOPBP1, the codependency with
CIP2A was greater than with ATR (Fig. 3B), which is the bona fide
TopBP1 DDR effector (7, 8). On the other hand, strongly supporting
the selectivity of CIP2A’s association with DDR mechanisms, and
arguing against MYC being the sole effector of CIP2A in tumorigen-
esis, there was no overlapping genes found among the top ten co-
dependent genes between CIP2A and MYC (Fig. 3A; Supplementary
Fig. S3A).

When analyzed for functional protein association networks by
STRING database (https://string-db.org), the top CIP2A-associated pro-
teins (Fig. 3A) formed a tight protein network (Fig. 3C), that was
functionally linked with HRD-associated processes such as “G2–MDNA
damage checkpoint,” “homology-directed repair,” and “processing of
DNA DSB ends” (Fig. 3D). Interestingly, in a recent PP2A-related
phosphoproteome survey (37), CIP2A was found to prevent the dephos-
phorylation of Nibrin (NBN), which was one of the TopBP1 protein
network members (Fig. 3C). NBN is known to cooperate with TopBP1
in ATR activation, and dephosphorylation of serine 432 of NBN, as
observed in CIP2A-depleted cells (Supplementary Fig. S3B; ref. 37),
impairing cell survival under IR (38). CIP2A was also recently found
to be a NBN codependent gene in PARP inhibitor–treated cells (39).

Figure 2.

Cip2a drives initiation ofmouse BLBC-like tumors.A, qRT-PCR analysis of Cip2amRNA expression normalized toActb andGapdh fromWT andCip2a�/� nontreated
(Ctrl) and DMBA-administered mouse nontumorigenic mammary glands (MG), and from WT DMBA-induced mammary tumors. Shown is mean � SD of 10WT and
9 Cip2a�/� nontreated mammary glands (Ctrl MG), 3 WT, and 3 Cip2a�/� mammary glands from DMBA-administered mice, and 16 mammary tumors.
P values calculated by the Mann–Whitney test. B, Representative images of immunohistochemical staining of keratin-14 (K14), keratin-8 (K8), CIP2A, Ki67 and
MYC proteins and hematoxylin and eosin (H&E) from DMBA-induced mammary tumors from WT mice. Scale bar, 50 mm. C, Semiquantitative analysis of
receptor status from 10 WT tumors. D, Top five enriched hallmark gene sets based on differentially regulated genes in nontumorigenic Cip2a KO mouse mammary
glands treated with six doses of DMBA.
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Additional evidence for the intertwining of CIP2Awith the TopBP1
complexwas obtained bymRNAcoexpression analysis across 1156 cell
lines from the Broad institute Cancer Cell line Encyclopedia. Of the
CIP2A codependent genes (Fig. 3A), TOPBP1 and POLQ were also

among the 25 most significantly coexpressed genes with CIP2A
(Fig. 3E; Supplementary Fig. S4A). Both TOPBP1 and POLQ showed
very significant coexpression with CIP2A also when only the BLBC
cell lines were surveyed (Supplementary Fig. S4B). The DepMap
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3.   TOPBP1 0.392 1
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Codependence analysis reveals functional association of CIP2A with critical DNA damage response proteins. A, Top 10 codependencies with CIP2A across 739 cell
lines genome-wide from CRISPR Avana screen. CIP2A’s own codependency rank for the top 10 genes is also listed. Data extracted from DepMap portal (Avana
2020Q1). B, Genome-widely, CIP2A is the closest functional homolog to RHNO1 and TOPBP1. C, STRING functional protein association network analysis of CIP2A
codependent proteins from A. By using the highest data confidence score (0.9), except for APEX2, DSCC1, and CIP2A, the other proteins form a highly connected
protein network. NBN phosphorylation indicated by red dot was found to be regulated by CIP2A based on ref. 37. D, Top 10 Reactome pathways associated with
genes from A. E, Correlation between CIP2A and TOPBP1 mRNA expression across 1,156 cell lines from Cancer Cell Line Encyclopedia. F, Pair-wise correlation of
dependence of either BLBC or HGSOC cell lines of the indicated genes from DepMap portal (Avana 2020Q1). The values for BLBC and HGSOC indicate correlation
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codependence data were also used to understand the interesting
difference in CIP2A dependence in the initiation of mammary and
ovarian cancers (Fig. 1). To this end, we analyzed in a pair-wise fashion
the correlation between dependence on either CIP2A, or one of the
functionally most similar genes RHNO1, TOPBP1, POLQ, NBN, and
PARP1 (rank 1 genes from Fig. 3A) across either BLBC orHGSOC cell
lines. TOPBP1 and NBN had higher codependence with CIP2A in
BLBC than inHGSOCcells, whereas inHGSOC,RHNO1wasmore co-
dependent with CIP2A (Fig. 3F). These differences may provide one
plausible explanation for the differential requirement of Cip2a for
DMBA-induced BLBC-like, but not ovarian cancer initiation (Fig. 1C;
Supplementary Fig. S1B). Notably, TOPBP1 did not show CIP2A
codependence in HGSOC cells, but was codependent in BLBC cells
(Fig. 3F).

CIP2A dampens TopBP1–RAD51 function under DNA damage
Although the results above identify a potential novel role for CIP2A

in TopBP1-complex–mediated G2–M arrest, there is currently no
evidence for a direct mechanistic link between CIP2A and TopBP1.
Here, by using a genome-wide Y2H assay with a human breast cancer
cDNA library, TopBP1 was identified with very high confidence as an
interaction partner for CIP2A (Fig. 4A; Supplementary Table S5). As
Y2H assay only detects direct interactions between two proteins, we
conclude that the CIP2A-TopBP1 association does not involve PP2A.
However, as indicated by NBN phosphorylation data (Supplementary
Fig. S3B; ref. 37), CIP2A may still protect proteins in the TopBP1
complex from PP2A-mediated dephosphorylation.

CIP2A is predominantly a cytoplasmic protein, but based on our
current (Supplementary Fig. S2B) and previous data (33), there is also a
nuclear CIP2A pool in propagating cells in vitro and in vivo. Inter-
action between TopBP1 and endogenous nuclear CIP2A was con-
firmed from propagating cells by coimmunoprecipitation and prox-
imity ligation analysis (Fig. 4B; Supplementary Fig. S5A). gH2AX also
coimmunoprecipitated with TopBP1 and CIP2A fromDNAse-treated
cellular lysates, indicating that direct TopBP1–CIP2A interaction
occurs at chromatin (Fig. 4B). By narrowing down theminimal shared
region between TopBP1 fragments interacting with CIP2A in the Y2H
assay, the interaction with CIP2Awas delineated to bemediated by the
stretch of amino acids 829–853 located between 5th and 6th BRCT
domain of TopBP1 (Fig. 4A; Supplementary Table S5). The region
between the 5th and 6th BRCT domain was also essential for inter-
action by coimmunoprecipitation analysis (Fig. 4C and D). Notably,
the interaction was greatly strengthened by the presence of the ATR-
activation domain (AAD) of TopBP1 adjacent to 6th BRCT repeat
(Fig. 4C and D). As, no other DNA repair–related proteins were
identified in CIP2A Y2H screen (Supplementary Table S5), the results
support a model where direct binding to the scaffold protein TopBP1
mediates CIP2A interaction with the DDR network.

Directly linking CIP2A to TopBP1-regulated DDR, CIP2A inhibi-
tion significantly increased ATR phosphorylation in the propagating
premalignant mammary cell line MCF10A (Fig. 4E), and the highest
phosphorylation of the ATR target H2AX (gH2AX; ref. 40) was
observed in CIP2A-depleted cells overexpressing AAD variant of
TopBP1 (Fig. 4F). The role of CIP2A in dampening IR-induced
gH2AX was validated in primary mammary epithelial cells isolated
from WT and Cip2a�/� mice (Supplementary Fig. S5B). Although
PP2A has been validated as a gH2AX phosphatase in replication
stressed cells (41), we interpret that increased gH2AXphosphorylation
in CIP2A-depleted replicating cells is rather due to increased TopBP1-
associatedATR activity (7, 8, 40). Further supporting the role of CIP2A
in dampening TopBP1 function, CIP2A depletion in IR-treated pro-

liferating cells resulted in significantly enhanced chromatin recruit-
ment of TopBP1 (Fig. 4G and H). This was specific to TopBP1, as
CIP2A did not impact IR-induced p53BP1 chromatin recruitment
(Supplementary Fig. S5C). As CIP2A depletion did not induce ATM
phosphorylation (Supplementary Fig. S5D) that is a known mecha-
nism increasing TopBP1 chromatin recruitment (8), we postulate that
CIP2A prevents TopBP1 chromatin binding by direct interaction with
its BRCT-domains (Fig. 4A). In BRCA WT cells, TopBP1 mediates
G2–M arrest in response to IR by promoting RAD51 chromatin
loading (10–12, 42). Consistent with the G2–M arrest phenotype
(Figs. 1E and 2D), and increased TopBP1 foci formation (Fig. 4G
and H), the Cip2a�/� mammary epithelial cells exposed to IR dis-
played significantly enhanced RAD51 chromatin recruitment 2 hours
after irradiation (Fig. 4I and J). Importantly, increased RAD51
retention at chromatin was observed still 6 hours after irradiation in
Cip2a�/� mammary epithelial cells, indicating for a long-term defect
in DNA repair foci clearance (Supplementary Fig. S5E).

Together with the established role for TopBP1/RAD51 complex in
DNA damage–induced G2–M checkpoint activity (7, 9–11, 42), the
discovered CIP2A-mediated inhibition of TopBP1 and RAD51 chro-
matin recruitment provides a mechanism for dampening of the G2–M
checkpoint in CIP2A-positive premalignant mammary epithelial cells
(Fig. 4K).

CIP2A is essential for survival of TP53/BRCA-mutant BLBC cells
Next, we assessedwhether the role ofCIP2A as amouse BLBCdriver

candidate translates to human BLBC. First, both CIP2A and TOPBP1
mRNAwere found to be highest expressed in BLBC across the human
breast cancer subtypes (Fig. 5A; Supplementary Fig. S6A and S6B).
TP53 mutations in BLBC may result in activation of CIP2A gene
promoter activity through the p21-E2F1 pathway (19) and accord-
ingly, a significant correlation between TP53 mutation, and high
CIP2A expression was confirmed in the GSE21653 cohort (Supple-
mentary Fig. S6C). The clinical relevance and selectivity of CIP2A for
human BLBC was evident from patient survival analysis. Both high
mRNA and protein expression of CIP2A predicted poor disease-free
and overall survival only inBL-TNBC, but not in non-BL-TNBCbreast
cancers (Fig. 5B–E; Supplementary Fig. S6D–S6H). CIP2A neither
had a predictive role among patients with ER-positive tumors, or in
unselected breast cancers (Supplementary Fig. S6D and S6G). Notably,
the 5-year survival of patients with highly CIP2A-positive BL-TNBC
tumor was only about 50% in both patient cohorts (Fig. 5B and D),
indicating that these high CIP2A tumors are particularly aggressive.
Furthermore, high CIP2A expression significantly associated with
mutation load in TNBC tumors based on TCGA data (Supplementary
Fig. S6I). This finding indicates that although CIP2A expression is not
affectingmutation frequency per se (Fig. 1B), it allows survival ofDNA
damaged cells (Fig. 1F), and thereby accumulation of tumor muta-
tional load in fully developed TNBCs.

To assess the BLBC cell dependence on CIP2A, we surveyed the
Dep-Map essentiality database across 33 breast cancer cell lines.
Among the 12 cell lines with CERES gene dependency score less than
�0.4 for CIP2A loss, the great majority of cell lines were found to be
BLBC cells (Fig. 5F; Supplementary Table S6). Notably, all except one
of these most CIP2A-dependent BLBC cells carried either a BRCA1 or
BRCA2mutation that is a hallmark of BLBCs (Fig. 5F). Furthermore,
in a genetically defined CRISPR/Cas9 model, Cip2a was found to be
essential for colony growth of mouse mammary tumor cells depleted
for Trp53 and Brca1 (KB1P; basal-type; Fig. 5G; ref. 23). However,
Cip2a was dispensable for growth of either Trp53/E-cadherin mutant
mammary tumor cells (KEP; invasive lobular carcinoma-type; Fig. 5G;
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Figure 4.

CIP2A is an interacting partner of TopBP1 and promotes mitotic progression of DNA damaged cells. A, Schematic presentation of breast cancer cell line cDNA
fragments coding for TopBP1 domains that interact with full length CIP2A in a yeast two-hybrid assay. Numbers in the TopBP1 drawing refer to BRCT domains 1–8.
AAD, ATR activation domain. Analysis of theminimal common overlapping region between the TopBP1 fragments interactingwith CIP2A reveal the TopBP1 aa. 829–
853 as a candidate CIP2A interaction domain. B, Coimmunoprecipitation of endogenous CIP2A and gH2AX in HEK293 cells transiently overexpressing GFP or full-
length TopBP1-GFP as indicated. Input 5% of total IP. C, Coimmunoprecipitation of CIP2A in HEK293 cells transiently overexpressing V5-tagged CIP2A and GFP-
tagged empty vector (EV) or TopBP1 truncated mutants T0, T1, T2, T3 as indicated in D. Input 5% of total IP. D, Schematic representation of TopBP1 mutants used in
B and C. Relative interaction efficiencies are estimated from the experiment, where all indicated mutants were included. E, Immortalized MCF10A cells transfected
with nontargeting (SCR) or CIP2A siRNAs for 48 hours. Immunoblot of whole-cell extracts probed for pATR, total ATR, and CIP2A. Vinculin was used as a loading
control. Relative quantifications of pATR/ATR and CIP2A plotted as mean� SD from five replicates. F, MDA-MB-231 cells transfected with nontargeting (SCR) and
CIP2A targeting siRNAs for 72 hours and overexpressing TopBP1 mutants T0 and T1 as indicated for 48 hours. Immunoblot of whole-cell extracts probed for pATR,
gH2AX, and CIP2A. Actin was used as a loading control. Relative quantifications of gH2AX plotted as mean� SD from two replicates. G, IR-induced TopBP1 foci
formation in MCF10A cells transfected with SCR or CIP2A siRNA as indicated for 48 hours. Cells were treated with 5 Gy radiation for 1 hour and stained for CIP2A or
TopBP1. H,Quantifications of the nuclear foci fromG expressed asmean� SD from representative experiment of three experimentswith similar results I, IR-induced
RAD51 foci formation in mouse mammary epithelial cells (MMEC) isolated fromWT and Cip2a�/� mice cultured in vitro for 48 hours, treated with 5 Gy radiation for
2 hours. J,Quantifications of the foci expressed asmean� SD of representative experiment.G–J, Imageswere taken at�63 on 3i spinning disk confocal and at least
150 cells quantified per each condition using speckle counter pipeline on CellProfiler; scale bar, 10 mm. E–J, All statistical analyses were conducted with the Welch
Student t test for unequal variances; � , P < 0.05; �� , P < 0.01. K, Schematic presentation of the role of CIP2A in directly inhibiting TopBP1/RAD51-elicited G2–M
checkpoint activation in nontransformed mammary epithelial cells.
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ref. 24), or cells from the mice with activated AKT and loss of E-
cadherin in mammary tumor cells (WEA; invasive lobular carcinoma-
type; ref. 25; Supplementary Fig. S7A). Furthermore, RNA-sequencing
analysis from themostCIP2A-dependent TP53-mutant BLBC cell line
(Fig. 5H; Supplementary Fig. S7B) and HCC38 (TP53 mutant/BRCA1
promoter methylation/BRCA2 mutant), revealed that CIP2A drove
similar BLBC and HRD-associated gene expression programs as was
observed from DMBA-treated mouse mammary tissue (Figs. 2D
and 5I). The role of CIP2A in inhibiting the dephosphorylation of
the activating phosphorylation sites in both MYC and E2F1 was

confirmed by Western blot analyses (Fig. 5J). Finally, consistent with
recent identification of CIP2A as an essential gene in PARP inhibitor
talazoparib-treated cells (39), CIP2A depletion hypersensitized
BRCA-proficientMDA-MB-231 cells to two different PARP inhibitors
(Supplementary Fig. S7C).

These data reveal essentiality of CIP2A for the survival BRCA-
deficient BLBC cells, and thus fully support the mouse data, indicating
the driver role of CIP2A in BLBC. Clinically, the data introduce CIP2A
as a potential biomarker to identify patients with BL-TNBC with
particularly aggressive disease.

Figure 5.

CIP2A is essential for survival of TP53/BRCA-mutant BLBC cells and drives proliferative signaling.A, Expression of CIP2AmRNA in indicatedmolecular breast cancer
subtypes. Data derived from TCGA. P values by the unpaired t test. B, Disease-free survival of CIP2A high (n ¼ 15) and CIP2A low (n ¼ 45) expressing basal-like
patientswith TNBC in GSE21653 cohort.C,Disease-free survival ofCIP2A high (n¼ 45) andCIP2A low (n¼ 132) expressing non-basal-like (HER2þ, luminal A, luminal
B, and normal-like) patients with breast cancer in GSE21653 cohort. D,Overall survival of CIP2A high (n¼ 12) and CIP2A low (n¼ 51) basal-like patients with TNBC in
FinHer cohort. E, Overall survival of CIP2A high (n¼ 17) and CIP2A low (n¼ 47) non-basal like TNBC patients based IHC analysis from FinHer cohort. B–E, P values
calculated by the log-rank test. F, CIP2A dependence of breast cancer cell lines with CERES score <�0.4 fromDepMap portal (Avana 2020Q1). Lower CERES scores
indicate that the cell line is more dependent on CIP2A. Color coding indicates the breast cancer subtype of the cell line based on PAM50 classification. G, Colony
growth assays conducted onmammary tumor cell lines isolated from basal-type (KB1P#1 andKB1P#2:Brca1 and Trp53mutant) and invasive lobular carcinoma (ILC)-
type (KEP#1 and KEP#2: E-cadherin and Trp53mutant) mousemodels; Cip2awas knocked out using CRISPR/Cas9 using two unique gRNAs.Western blots from the
same samples probed for CIP2A below. Shown are representative images of at least two independent biological repeats for each cell line. H, Summary of CIP2A
dependence on colony growth of indicated TP53-mutant TNBC cell lines transfectedwithMock, nontargeting siRNA (siSCR), or three uniqueCIP2A-targeting siRNAs
(siCIP2A #1, #2, #3). Colony areas were quantified and normalized to siSCR. I, Gene set enrichment analysis (GSEA) conducted on differentially expressed genes
obtained from RNA-seq of HCC38 cells depleted with three unique CIP2A siRNAs. J, HCC38 cells transfected with SCR or CIP2A siRNAs for 72 hours and
immunoblotted for indicated protein.
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Transcriptional CIP2A targeting by SMAPs as potential BLBC
therapy

Effective treatment of BLBCs represents a significant unmetmedical
need. As our data indicate that CIP2A regulates PP2A activity toward
both theTopBP1 complex (Fig. 3C; Supplementary Fig. S3B), aswell as
toward MYC and E2F1 (Fig. 5J), we tested whether a recently
developed series of small-molecule activators of PP2A (SMAP;
refs. 14, 16), could be used to target CIP2A-expressing BLBC. SMAPs
activate the CIP2A-regulated PP2A-B56alpha heterotrimer (14, 43),
and the cellular effects of SMAPs in cancer cells are both correlated
with PP2A reactivation capacity, and can be rescued by concomitant
PP2A inhibition (22, 44).

Treatment with two independent SMAPs (DBK-1154 and DT-061)
resulted in a robust inhibition of cell viability in eight established BL-
TNBC cell lines (Fig. 6A; Supplementary Fig. S8A), and in five BLBC
patient-derived cancer stem cell-like lines (Fig. 6B; ref. 26). Notably,
consistent with notion that these cell lines were derived from tumors of
patients that had undergone neoadjuvant chemotherapy, these
CIP2A-positive (Supplementary Fig. S8B) patient-derived BLBC cell
lines showed resistance to classical chemotherapies (Fig. 6B). Directly
supportive of the therapeutic relevance of these observations, oral
DT-061 therapy resulted in significant inhibition of tumor growth of
an orthotopic patient-derived xenograft (PDX) model from a patient
with TP53 mutant, EGFRþ BLBC over a 40-day treatment period
(Fig. 6C). Similar to other in vivo studies with SMAPs (14, 45, 46), we
did not observe any treatment-related adverse effects in mice. Impor-
tantly, the control tumors were CIP2A positive, whereas tumors from
DT-061–treated mice showed a clear trend for reduced CIP2A protein
levels (Supplementary Fig. S8C and S8D).

Related to a potential link between SMAP response and CIP2A,
Western blot analyses revealed a surprising inhibition of CIP2A
protein expression by SMAPs at 24 hours (Fig. 6D and E; Supple-
mentary Fig. S8E–S8G). Indicative of transcriptional level regulation,
CIP2A protein inhibition was accompanied with inhibition of CIP2A
mRNA expression (Fig. 6F; Supplementary Fig. S8G). The candidate
mechanism for SMAP-elicited CIP2A inhibition was evaluated by
studying the time course of CIP2A inhibition in relation to its two
known upstream activators ERK andMYC (20, 21, 32), which both are
inhibited by SMAPs (44).Whereas inhibition of ERK phosphorylation
by SMAP preceded inhibition of CIP2A expression, MYC was inhib-
ited in SMAP-treated cells after CIP2A inhibition (Fig. 6G; Supple-
mentary Fig. S8H).

SMAPs, representing surrogate CIP2A inhibitors, were next tested
for possible effects on biomarkers of CIP2A activity. Consistent with
results in CIP2A-depleted cells (Fig. 4), SMAPs induced potent
checkpoint signaling exemplified by phosphorylation of H2AX, ATR,
and CHK2 (Fig. 6H and I; Supplementary Fig. S9A and S9B). SMAP
treatment for 24 hours also resulted in potent inhibition of MYC
protein expression (Supplementary Fig. S9C). Regarding causality
between SMAP-induced checkpoint activation and CIP2A inhibition,
SMAP-elicited CHK2 phosphorylation preceded CIP2A inhibition
(Supplementary Fig. S9D and S9F), whereas the ToPBP1-related
p-ATR and gH2AX induction occurred only after CIP2A protein
inhibition (Fig. 6J; Supplementary Fig. S9D, S9E, S9G–S9H). Impor-
tantly, exogenous overexpression of CIP2A inMCF10A cells, that were
used to link the results to G2–M arrest (Fig. 1E), and TopBP1 effects
(Fig. 4G andH), abrogated SMAP-elicited gH2AX induction (Fig. 6K;
Supplementary Fig. S9I). CIP2A overexpression also shifted the SMAP
IC50 response in these cells (Fig. 6L). These results reveal that SMAPs
have bi-phasic therapeutic activity consisting of direct PP2A activa-
tion (14, 16), followed by transcriptional inhibition of CIP2A expres-

sion discovered here. SMAP-elicited CIP2A inhibition may thus halt
the growth of BLBC cells by both prolonging the PP2A reactivation
effects, but also via removing direct CIP2A-mediated direct effects on
TopBP1 (Fig. 7).

Discussion
In this study, we provide comprehensive evidence that CIP2A

overexpression can be a driver mechanism for BLBC initiation and
malignant progression (Fig. 7). Consistent with the notion that even
saturated genetic analysis of human breast cancers has failed to identify
genetic BLBC driver, CIP2A gene sequence is not altered in BLBCs
(https://cancer.sanger.ac.uk/cosmic). Instead, CIP2A expression is
enhanced due to constitutive DNA-PK/CHK1 activity (47), TP53
inactivation (19), and EGFR pathway activation (20), which are all
molecular hallmarks of BLBC (Fig. 7; refs. 1, 3). TranscriptionalCIP2A
induction early in DMBA-induced tumorigenesis is also fully sup-
portive of its role in BLBC tumor initiation. Together these findings
provide an explanation for high CIP2A expression in BLBC, whereas
its newly discovered interaction with TopBP1 forms a molecular basis
for its essential function in allowing malignant progression of DNA-
damaged mammary epithelial cells toward BLBCs.

As opposed to previous assumptions that CIP2A is involved in
the development of multiple human solid cancers (17), our results
demonstrate selective involvement of CIP2A in initiation and
progression of BLBCs both in human and mice. In addition to
in vivo tumorigenesis results, in genetically defined cell culture
models, only the Brca1/Trp53 mutant basal-like cells were depen-
dent on Cip2a for their colony growth. Also in human breast cancer
samples, high CIP2A expression predicted for poor patient
survival exclusively in BLBCs. The selectivity of CIP2A for BLBCs
among the tumor types studied here can be molecularly explained
by the notion that CIP2A is able to coordinate BLBC hallmarks via
promoting proliferative MYC and E2F1 activities, and at the
same time blunting the G2–M checkpoint via its effects on the
TopBP1/RAD51 complex (Fig. 7). In addition to TopBP1, other
highly CIP2A codependent DDR genes (Fig. 3A), not studied in this
work, might confer its BLBC selectivity. One such candidate gene is
POLQ (Fig. 3A; Supplementary Fig. S4A and S4B), which
is upregulated, and promotes genetic instability in BL-TNBC
cells (48).

The functional homology of CIP2Awith a number of critical DNA-
damage proteins (Fig. 3A), is likely one of the most important
contributions of this work for the future studies. This is supported
by the recent results demonstrating essentiality of CIP2A in different
DDR-related genomic screens (39, 49). Here, we focused on validation
of the novel interaction between nuclear CIP2A and TopBP1. On the
basis of our results, TopBP1 can induce effective DDR in CIP2A
deficient cells whereas in CIP2A-positive cells the TopBP1/RAD51
complex chromatin recruitment is dampened allowing for continued
mitotic activity (Fig. 4K). Thismechanism is fully in line with previous
data related to TopBP1-mediated G2–M checkpoint regula-
tion (5, 7, 9, 11, 42). As a notion, we validated the CIP2A function
in TopBP1/RAD51 complex and in G2–M checkpoint activity in
BRCA-proficient cells (Figs. 1E, 4E–J; Supplementary Fig. S5B–
S5E). Whether the same mechanism is behind essentiality of CIP2A
for HRD cells, including BRCA-deficient BLBC cells, remains to be
studied. Importantly, in our model the enhanced TopBP1/RAD51
chromatin recruitment is due to loss of a direct and PP2A-independent
CIP2A–TopBP1 interaction (Fig. 7). On the other hand, CIP2A can
protect proteins in the TopBP1-associated complex from PP2A-
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mediated dephosphorylation as indicated with NBN S432 phosphor-
ylation data (37). In addition, similar to other models (19, 32, 34),
CIP2A inhibited dephosphorylation of both MYC and E2F1 in BLBC
cells. CIP2A expression is in turn driven by MYC and E2F1 (19, 32),
and we postulate that these positive feedback loops have critical role in
maintaining high proliferative activity in BLBC. Collectively, we
conclude that CIP2A-mediated BLBC initiation and progression
results from amixture of its PP2A-dependent and -independent effects
(Fig. 7).

In addition to identifying CIP2A as a driver candidate for BLBC,
we demonstrate that SMAPs (14) function as transcriptional
inhibitors of CIP2A expression. Our results reveal a model where
SMAPs initially directly activate PP2A-B56 (14, 16), and this
followed by a prolonged PP2A activation due to transcriptional
downregulation of CIP2A. Importantly, we were also able to
demonstrate that CIP2A overexpression rescued the effects of
SMAPs as assessed by both decreases in cell viability and gH2AX
regulation. However, it is important to note that we consider
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SMAPs as surrogate CIP2A inhibitors that also have acute effects
not mediated by CIP2A inhibition, thereby explaining the anti-
cancer effects of SMAPs noted in other cancer types (45, 46).
Importantly, we validated the therapeutic effects of three SMAPs
across 15 different cell lines, including 6 individual patient-derived
lines and a PDX model, together minimizing concerns related to
compound specific effects, and known intratumoral heterogeneity
of BLBC tumors.

Together these results credential CIP2A as a driver protein for
one of the most aggressive human cancer types, BLBCs. We also
discover a novel link between CIP2A and DDR via direct interaction
with TopBP1. Generally, these results emphasize the importance in
characterizing proteome level signaling dysregulation in the cancer
subtypes for which genetic drivers are lacking.
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