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SUMMARY

CDKA4/6 inhibitors are effective against cancer cells expressing the tumor suppressor RB1, but

not RB1-deficient cells, posing the challenge of how to target RB1 loss. In triple-negative breast
cancer (TNBC), RB1and PTEN are frequently inactivated together with 7P53. We performed
kinome/phosphatase inhibitor screens on primary mouse Rb/p53-, Pten/p53-, and human RB1/
PTEN/TP53-deficient TNBC cell lines and identified CDC25 phosphatase as a common target.
Pharmacological or genetic inhibition of CDC25 suppressed growth of RB1-deficient TNBC cells
that are resistant to combined CDK4/6 plus CDK2 inhibition. Minimal cooperation was observed
in vitro between CDC25 antagonists and CDK1, CDK2, or CDKA4/6 inhibitors, but strong synergy
with WEEL inhibition was apparent. In accordance with increased PI3K signaling following long-
term CDC25 inhibition, CDC25 and PI3K inhibitors effectively synergized to suppress TNBC
growth both /n vitro and in xenotransplantation models. These results provide a rationale for

the development of CDC25-based therapies for diverse RB1/PTEN/TP53-deficient and -proficient
TNBCs.
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Liu et al. report that inhibition of the protein phosphatase CDC25 kills diverse triple-negative
breast cancer (TNBC) cells. Moreover, CDC25 antagonists cooperate with other drugs, such as
PI3K inhibitors, to efficiently suppress growth of human TNBC engrafted into mice.

INTRODUCTION

Breast cancer (BC), a leading cause of death from malignancies in women worldwide,
comprises three major pathological subtypes: ER*, HER2/NEU/ERBB2*, and triple-
negative BC (TNBC) (Curtis et al., 2012; Koboldt et al., 2012; Nik-Zainal et al., 2016;

Prat and Perou, 2011). TNBCs include basal-like and claudin-low tumors that are highly
aggressive. TNBCs are treated with chemotherapy/radiation; no targeted therapy is currently
available. The tumor suppressor genes RB1 and PTEN are frequently lost together with
7P53in TNBC. Using different bioinformatics approaches, B and 7P53 were estimated
to be lost together in >28% of TNBC, and PTEN plus 7P53in ~19% (Jones et al., 2016)
(Liu et al., 2014). RBL1 exerts its anti-proliferative effects by binding to and inhibiting

the function of activating E2F1-3 transcription factors, which regulate the expression of
genes required for cell-cycle progression (Kitajima and Takahashi, 2017; Liu et al., 2015;
Zacksenhaus et al., 2017). G1 cyclin-dependent kinase CDK4/6-cyclin D and CDK2-cyclin
E complexes phosphorylate and inactivate pRb, leading to cell-cycle progression. In BC
and other malignancies in which RB1 is intact, pRb is invariably inactivated through
hyper-phosphorylation in response to amplification or overexpression of CYCLIN Ds,
CYCLIN Es, CDKA4/6, or CDK?2 or loss of negative regulators such as the CDK4/6
inhibitor p16!NK4A Thus, BCs that are ER* or HER2* and express hyper-phosphorylated
pRb are highly sensitive to cytostatic effects of CDK4/6 inhibitors such as PD0332991 /n
vitro (Finn et al., 2009). Indeed, these drugs have shown great promise in clinical trials
(reviewed in Knudsen and Witkiewicz, 2017; Otto and Sicinski, 2017). BC cells that do
not express RB1 respond poorly to PD0332991. In addition, recurrent disease is often
accompanied by RB1 loss (Herrera-Abreu et al., 2016). RB1 deficiency is not druggable
(Jiang et al., 2011); moreover, as shown herein, combined treatments with CDK4/6 plus
CDK?2 inhibitors weakly suppress growth of RB1-deficient TNBC cells compared to
RB1-proficient cells. Loss of the tumor suppressor PTEN in TNBC also poses a clinical
challenge. PTEN is a phosphatase that antagonizes phosphatidylinositol 3-kinase (PI3K)
signaling by dephosphorylating phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Wang et
al., 2017, and references therein). PTEN-deficient TNBCs respond to PI3K inhibitors;
however, PI3K inhibition often leads to relapse and even promotes tumor dissemination

by inducing mitochondrial activity (Caino et al., 2015), suggesting that combination therapy
is needed for effective treatment. Finally, the RB1 pathway (RB1; p16'NK4A) PI3K pathway
(PIK3CA; PTEN), and TP53 are major drivers of metastasis in diverse cancer types
(Robinson et al., 2017). There is, therefore, an urgent need to identify therapeutic targets
for TNBC and other malignancies with alterations in these pathways.

To dissect the genetic behavior of these tumors and identify potential targets, we generated
mouse models for Rb/p53 and Pren/p53-deficient TNBC (Jiang et al., 2010; Jones et
al., 2016; Liu et al., 2014; Wang et al., 2016). In each case, we identified downstream
vulnerabilities that can be exploited therapeutically. Specifically, for PTEN/TP53 l0ss, we
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identified eEF2K as a therapeutic target downstream of PI3K-mTOR signaling (Liu et al.,
2014); for RB1/TP53 deficiency, we identified the mitochondrial protein translation pathway
downstream of RB1-E2F1/3 (Jones et al., 2016). To search for pathways/inhibitors that can
target aggressive TNBCs with alterations in these pathways, we herein performed kinome/
phosphatase screens on primary mouse Rb/p53- and Pten/p53-deficient tumor cells as well
as human TNBC lines with mutations in these genes. We describe the identification of the
dual-specificity protein phosphatase CDC25 (cell division cycle 25) as a key target for these
divergent TNBC types both /n vitroand in xenograft assays. CDC25 removes inhibitory
phosphate residues from various cyclin-dependent kinases (CDKSs) including CDK1, the
only essential CDK in mammals (Santamaria et al., 2007). There are three variants of
CDC25, CDC25A-C, that play critical roles in DNA-damage responses and the G1/S

and G2/M transitions (Boutros et al., 2007). Although CDC25 inhibitors were previously
investigated as potential therapies for various cancers, including BC (Cangi et al., 2000), the
pathophysiological context in which these drugs may be effective has not been defined. Our
results suggest that, while CDK4/6 antagonists are effective against RB1*, ERa™ luminal, or
HER2* BCs, inhibitors of CDC25, alone or in combination with other components of the
CDC25 pathway such as WEEL, offer potent interventions to treat aggressive RB1-, PTEN-,
and TP53-deficient TNBCs.

Weak Effect of CDK4/6 Plus CDK2 Inhibitors on RB1-Deficient TNBC Cells

TNBCs are refractory to the CDK4/6 inhibitor PD0332991 (Finn et al., 2009; Robinson

et al., 2013). As these tumors often exhibit high levels of cyclin E, we asked whether

the presence or absence of RB1 modulated TNBC sensitivity to the CDK2 Inhibitor 11
(EMD Millipore) (Davis et al., 2002), either alone or in combination with PD0332991.
Growth inhibition by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was determined 3 days post-treatment with low doses of each drug. Synergy was
assessed by CompuSyn analysis (http://www.combosyn.com) (Chou and Talalay, 1984), in
which a combination index (CI) < 0.85 denotes synergy, a Cl of 0.9-1.0 denotes additive
effects, and a Cl > 1.1 denotes antagonistic effects. The RB1 status in these TNBC lines

is indicated: BT549 and MDA-MB-436 harbor both RB1 and PTEN alterations, and all
lines contain TP53 mutations/deletions. With the exception of HCC38, the RB1* tumor
lines exhibited greater sensitivity to CDK4/6 plus CDK2 inhibitors than lines deficient in
RB1. Moreover, we found strong and moderate synergy between PD0332991 and the CDK2
inhibitor in the RB1* lines MDA-MB-231 and MDA-MB-157, respectively, but no effect
in RB1* HCC38 TNBC cells and none in all three RB1-deficient TNBC lines (BT549,
MDA-MB-436, and MDA-MB-468; Figure S1A). Flow cytometry analysis using annexin
V/PI staining corroborated these results, showing increased apoptosis in the RB1-positive
MDA-MB-231 but not in RB1-deficient BT549 cells following combined treatment with
the CDK4/6 and CDK2 inhibitors (Figure S1B). To identify a possible common target for
TNBC, we interrogated these human TNBC lines along with primary cultures from Rb/p53
and Pren/p53-deficient mouse mammary tumors, as described below.
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Common and Distinct Features of Rb/p53- and Pten/p53-Deficient Mammary Tumors

To gauge the gene expression differences and similarities between Rb/p53and Pten/p53
mammary tumors, we first performed unsupervised hierarchical clustering with mouse and
human BC samples (Herschkowitz et al., 2007; Liu et al., 2014). Batch correction and
integration were performed via ‘‘distance weighted discrimination’” (DWD), using normal
mouse mammary glands and tumors from MMTV-HerZ/Neu mice as internal controls. With
three exceptions, all Rb/p53and Pten/p53 mammary tumors clustered with other mouse
models of spindle-shape tumors, which closely resemble human claudin-low (CL) and
basal-like BC (Figure 1A). Outliers included two Pten/p53 tumors that clustered with mouse
Prentumors and one Rb/p53tumor that clustered with basal-like SV40 large Tag tumors.

We next used a claudin-low signature developed by Prat and Perou (Prat et al., 2010).
Again, with the exception of the same three outliers, Rb/p53and Pten/p53 mammary
tumors clustered together with human claudin-low BC (Figure 1B). In these analyses, the
Rb/p53and Pren/p53 mammary tumors clustered near each other but as two distinct groups,
suggesting some differences but otherwise much similarity between these tumor types.

We then performed pathway analysis using gene set enrichment analysis (GSEA) on the
claudin-low-like Rb/p53 and Pren/p53tumors and visualized results as an enrichment map
generated through Cytoscape software at high stringency (p < 0.005, and false discovery
rate [FDR] Q < 0.05). Multiple pathways were elevated in Rb/p53versus Pten/Rbtumors,
including cell stemness such as WNT, fetal/embryonic development, and heart development
(Figure 1C; Figure S2A). Expression of proliferation, epithelial-mesenchymal transition
(EMT), and hypoxia genes was induced in both Rb/p53and Pten/p53 tumors compared with
other subtypes (Figure S2B). As a prelude to the analysis discussed later, we specifically
examined the expression of genes on the Cdc25 pathway. Expression of Cdc25 pathway
genes—and, specifically Cac25B and Cdc25C—was induced in Rb/p53-, Pten/p53-, and
p53-deficient tumors relative to Prerloss and normal mammary gland, respectively (Figure
1D; statistical analysis is given in Figure S3).

Focused Drug Screens of Mouse Rb/p53- and Pten/p53-Deficient Mammary Tumors and
Human RB1/PTEN/TP53 Mutant BC Lines Identify CDC25 as a Common Target

While RB1 loss disrupts G1/S checkpoint control, other checkpoints may still be functional
and critical regulators of growth for RB1-deficient TNBC. To identify such Achilles’

heels, we performed a focused screen of 238 compounds targeting 154 different protein
kinases and phosphatases (3 uM) for multiple cell-cycle transitions. We screened two
primary cultures from Rb/p53-deficient tumors; four primary Pren/p53-deficient tumors;
and two human TNBC lines; BT549 and MDA-MB-436, both with mutations/deletions

in all three tumor suppressor genes (RB1, PTEN, and TP53). We set a cutoff of 2-fold
growth suppression by alamar blue staining 3 days post-drug treatment (single dose). A
CDC25 inhibitor, NSC663284, exerted the strongest and most consistent growth inhibition
on all three groups of tumor cells (Figures 2A-2C). Three other compounds were identified:
staurosporine, a pan-kinase inhibitor; IKK16, a selective inhibitor of IxB kinases IKKa

and IKKp; and FAK inhibitor 14, a non-specific FAK inhibitor. CDC25 inhibition has been
previously shown to suppress growth of diverged cancer types, including BC (Boutros et al.,
2007; Kristjansdéttir and Rudolph, 2004). Our results suggest that this phosphatase, which
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activates multiple CDKs, including cyclin-dependent kinase 1 (CDKZ1, human CDC2),
may be particularly effective against TNBCs, which are resistant to CDK4/6 plus CDK2
inhibition.

Checkpoint kinases 1 and 2 (CHK1/2) are negative regulators of CDC25, which, in
response to DNA damage, are induced to arrest cells at different stages of the cell cycle,
thereby facilitating DNA repair (Bartek and Lukas, 2003; Medema and Maclrek, 2012).
Despite this tumor-suppressing function, CHK1 and CHK?2 are elevated in cancer and

act as oncogenes, so that their inhibition is therapeutic (Ma et al., 2011). Several CHK1
inhibitors, PD-407824, SB-218078, and TCS-2312, and one CHK2 inhibitor, NSC-109555,
were identified in our screens but, with the exception of TCS-2312, were less potent than
the CDC25 inhibitor (Figures 2B and 2D). TCS-2312 exhibited stronger inhibition than the
CDC25 inhibitor on the two human TNBC lines but had weak effects on mouse R6/p53
and Pren/p53tumors (Figure 2D, light blue). Multiple inhibitors of the PI3K pathways
were also found to suppress growth of Pten/p53-deficient mouse and human TNBCs by
greater than 2-fold (Figure 2C, highlighted in red). These drugs also inhibited the growth
of Rb/p53-deficient TNBC-like mammary tumor cells, although only the dual-PI3K/mTOR
inhibitor NVB-BEZ235 suppressed growth over the 2-fold mark.

CDC25 Inhibition Diminishes Growth and Survival of RB1-Deficient and -Proficient TNBC

Cells

Though highly potent /n vitro, the quinolinedione CDC25 phosphatase inhibitor NSC663284
interacts with serum glutathione, and its activity is rapidly lost /7 vivo (Guo et al., 2007).
Thus, to validate the inhibitory effect of CDC25 antagonists, we also examined the response
of RB1-deficient TNBC cells to another CDC25 inhibitor, BN82002, which has a higher half
maximal inhibitory concentration (ICsq) but better pharmacokinetics (Brezak et al., 2004)
(Figure 2C). CDC25 dephosphorylates multiple substrates, including CDK1 on tyrosine-15
(Y15) (Boutros et al., 2007). To confirm the effect of these inhibitors on CDC25 in

TNBC cells, NSC663284- or BN82002-treated cells were analyzed by immunoblotting with
phospho-specific antibody for CDK1Y15, These treatments increased Y15 phosphorylation
in TNBC lines, confirming their antagonistic effects on CDC25 phosphatase activity in this
cancer subtype (Figure 3A).

The three TNBC lines, MDA-MB-436, BT549, and MDA-MB-468, which were resistant

to combined CDK4/6 plus CDK?2 inhibitors (Figure S1), showed high and significant
sensitivity to BN82002 (Figure 3B). Furthermore, multiple basal-like (basal A) and claudin-
low (basal B) BC cells exhibited a lower 1Cgy for BN82002 (<8.7 uM) compared with
luminal BC lines (CAMAL1, MDA-MB-361, and MCF7; >12 uM; p < 0.00324; Figure

3C). To determine whether growth inhibition was cytostatic or cytotoxic, treated cells were
subjected to annexin V/propidium iodide (PI) staining. All lines showed significant loss

of viability upon BN82002 treatment (Figure 3D, bottom left quadrant). In MDA-MB-468
cells, growth inhibition was accompanied by apoptosis as defined by an increased annexin
V/PI population (89.4%) relative to untreated cells (7.7%). In contrast, MDA-MB-436 and
BT549 cells exhibited an increase in the Pl-positive necrotic tumor population, not annexin-
V-positive cells. Anti-CDC25 treatment of BT549 and MDA-MB-231 cells also induced
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cleavage of PARP, a marker for caspase-dependent apoptosis (Figure 3E). Thus, CDC25
inhibition led to cytotoxic, not cytostatic, effect in all TNBC lines tested.

We next examined the effect of RB1 status on the response to BN82002 in isogenic MDA-
MD-231 cells in which endogenous RB1 was transiently knocked down via RNAI (Figure
3F). MDA-MB-231 cells treated with B RNAI or control scrambled RNA were then
exposed to various doses of BN82002, and effect on growth was assessed by MTT assay.
The control and #B1 knocked-out MDA-MB-231 cells exhibited similar dose responses
(Figure 3F), thus demonstrating that CDC25 inhibition is effective in both RB1-proficient
and -deficient TNBCs.

CDC25A and CDC25B Expression Correlates with TNBC-Related Oncogenic Signaling, and
Poor Clinical Outcome

Although expression of CDC25 enzymes in BC has been investigated (Santamaria et al.,
2007), the effect of specific oncogenic alterations on their expression and the impact on
clinical outcome are not defined. Here, we correlated CDC25 gene expression with RB1,
PTEN, and TP53status as well as the status of other oncogenic signaling calculated on the
basis of microarray data from 1,302 BC samples (Dvinge et al., 2013; Viré et al., 2014).

An RBI-loss signature was based on the median expression values of 20 genes that are
induced in response to /AB1 loss in different contexts (Herschkowitz et al., 2008). Probability
activity for ER, HER2, MYC, TP53, PI3K, RAS, and transforming growth factor b (TGF-b)
pathways was evaluated using mRNA expression data as defined by Gatza et al. (2010), and
the status of PTEN, GATAS3, and cyclin D1 was inferred from their expression.

CDC25mRNA levels positively correlated with increased activity of the £B1-loss signature,
loss of 7P53activity signature, or reduced PTEN mRNA expression, the latter of which can
be used as a surrogate for PTEN loss (Figure 4A) (Wang et al., 2017). CDC25 expression
also increased with elevated PI3K and MY C activity signatures, and slightly with RAS
signaling, all major markers of TNBC. Conversely, CDCZ25 expression diminished in tumors
with high signatures or markers for HER2" and ER* subtypes (HER2 and ER signatures;
GATA3and CyclinD1 expression). These results are in accordance with established effects
of TP53, RB/E2F, and PTEN, as well as MYC on CDCZ25 gene expression (Dalvai et al.,
2011; Vigo et al., 1999; Guo et al., 2013; Galaktionov et al., 1996).

To determine which BC subtypes exhibit increased CDCZ25 expression in response to
disruption of RB1, PTEN, and TP53, we classified the tumors and performed a correlation
analysis on each subtype. ER signaling was used as a control for luminal tumors. Expression
of CDC25 genes most significantly correlated with RB1, TP53, and PTEN loss in TNBC
(Figure 4B; for a statistical analysis, see Figure S4). We next determined the subtypes

in which CDCZ25 genes are highly expressed. Interestingly, expression of CDC25A and
CDC25B was most elevated in basal-like BC, whereas highest CDC25C expression was
detected in luminal B (Figure 4C).

We next tested for the impact of CDCZ25 expression on disease-specific survival, available
with this database of 1,302 BC samples. High expression of CDC25A and CDC258B (p
< 0.0001) and CDC25C (p = 0.0097) correlated with poor clinical outcome (Figure 4D).
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Expression of these genes did not impact survival within basal-like samples (data not
shown), suggesting that they serve as surrogates for basal-like or luminal B subtypes,
respectively, both of which show a poor prognosis. Alternatively, TNBCs that do not
express CDC2510 a high level may acquire other, equally potent, mechanisms to promote
cell growth. Together, these results indicate that high CDC25A and CDC25B expression
correlates with the loss of RB1, PTEN, and TP53 in basal-like BC; is elevated in this
subtype; and identifies patients with poor survival.

Knockdown of CDC25A Plus CDC25B Mimics the Effects of CDC25 Antagonists

As drugs often have off-target effects, we asked whether specific knockdown of CDC25A
and CDC25B via RNA. recapitulated the effect of CDC25 inhibitory drugs on cell

growth and survival. By western blot analysis, we observed higher expression of CDC25B
than CDC25A in BT549 cells, and a combined knockdown of both genes induced an
accumulation of phospho-Y15 CDK1 (Figure 5A). As with BN82002, a nearly complete
loss of cell viability was observed following RNAI-based targeting of both CDC25s (Figures
5B and 5C). Moreover, like BN82002, knockdown of CDC25A plus CDC25B induced,
primarily, apoptosis (annexin VV+) in MDA-MB-468 cells but substantial necrosis in BT549
cells (Figure 5D versus 3D). Thus, the effect of BN82002 is likely on target, and TNBC cells
that are refractory to CDK4/6-plus-CDK2 combination therapy are specifically sensitive to
CDC25 inhibition.

Long-Term CDC25 Inhibition Induces Phosphorylation of c-Jun

Inhibition of CDC25—and, thereby, pCDK1—Ileads to cell-cycle arrest in normal cells.
However, as shown earlier, in TNBC cells, both pharmacological and genetic inhibition of
CDC25 led to massive cell death. CDC25 was implicated either directly or indirectly in
cell survival through several mechanisms, including dephosphorylation and suppression of
Apoptosis Signal-regulating Kinase 1 (ASK1), also known as Mitogen-Activated Protein
Kinase Kinase Kinase 5 (MAP3KS5) (Cho et al., 2015; Zou et al., 2001). Activated ASK1,
in turn, induces cell demise by inducing the phosphorylation of several targets, including
SAPK, JNK, and JUN (Tibbles and Woodgett, 1999). In short-term (1-hr) assays, CDC25
inhibition did not induce detectable phosphorylation of any of these downstream factors
(data not shown). However, after 24-hr treatment, levels of Ser73-c-JUN were strongly
elevated in un-stimulated cells as well as in cells exposed for a short period of time to the
stress-inducing agents anisomycin, insulin growth factor (IGF)1, or tumor necrosis factor a
(TNF-a) (Hazzalin et al., 1998; Liu et al., 2000) (Figure 5E; see Discussion).

Synergistic Effects of CDC25 with WEE1 Inhibitors, but Not with CDK4/6, CDC2, or CDK1
Antagonists
We next sought to determine whether CDC25 inhibition synergizes with other inhibitors of
cell-cycle progression. Using MTT assays and annexin V/PI flow cytometry, no synergy
was found between CDC25 and CDKA4/6 inhibitors or between CDC25 and CDK2 inhibitors
(Figures S5 and S6).

The WEEZ1 kinase phosphorylates and inactivates CDK1 on the same sites (Y15) where it
is dephosphorylated by CDC25 (Figure S7A), and WEEL inhibitors are currently assessed
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in several clinical trials. Using RB1* (MDA-MB-231) and RB1~ (BT549) TNBC cells,

we consistently found a strong synergy between the two CDC25 inhibitors (BN82002 and
NSC663284) and the WEEZ1 inhibitor MK-1775 (AZD1775) within the linear range of drug
inhibition (Figures 6A-6C; Figures S7TB-S7D). In contrast, the CDC25 antagonists showed
either additive or antagonistic effects with the CDK1 inhibitor RO3306. These results
suggest that CDC25 acts upstream of CDK1 but exerts its pro-apoptotic effect through a
different pathway than WEEL. Consistent with this notion, CDC25 and WEEZX inhibitors had
different effects on cell-cycle progression in TNBC cells: CDC25 inhibition had no overt
effect, whereas WEEL1 inhibition enriched for cells in S phase (Figures 6D and 6E).

CDC25 Inhibition Synergizes with PI3K to Suppress Growth of Multiple TNBC Lines In Vitro
and Attenuate Xenograft Growth In Vivo

For CDC25-based precision medicine, it would be important to identify the US Food and
Drug Administration (FDA)-approved drugs that can synergize with CDC25 inhibitors.
Therefore, we investigated whether BN82002 would synergize with FDA-approved
inhibitors of RB1 or PTEN deficiency. For RB1 loss, we used tigecycline, the antibiotic

and inhibitor of mitochondrial protein translation, recently shown to preferentially kill RB1/
TP53-deficient TNBC (Jones et al., 2016). While each of these drugs alone effectively
suppressed TNBC growth, we observed synergy only in MDA-MB-436, an additive effect in
MDA-MB-468, and an antagonistic effect in BT549 cells (Figure 6F; Figure S8). To assess
the effect of these drugs /n vivo, we engrafted MDA-MB-436 cells into the mammary glands
of immune-compromised NSG mice. When tumors became palpable, mice were randomized
and injected with vehicle alone, BN82002, tigecycline, or both drugs. BN82002 strongly
inhibited the kinetic of growth and final size/weight of the MDA-MB-468 TNBC xenografts
(Figures 6G-61). In combination with tigecycline, it had a small yet further significant effect
on tumor suppression.

As PTEN is often lost in TNBC, we also tested for synergy between BN82002 and PI3K
inhibitors. This analysis was also motivated by our observation that long-term (24-hr)
treatment with CDC25 inhibitors induced the expression of phospho-Ser473-PKB/AKT in
MDA-MB-231 cells (Figure 7A), possibly the results of feedback regulation that prolongs
survival. pSer473-PKB/AKT in the PTEN mutant BT548 was constitutively high (data

not shown). Using the dual PI3K/mTOR inhibitor NVP-BEZ235 (Liu et al., 2009), we
observed robust synergy with BN82002 in four BC lines, MDA-MB-231, MDA-MB-156,
BT549, and MDA-MB-468, and an additive effect in MDA-MB-436 (Figure 7B). In a
side-by-side comparison with two other PI3K inhibitors, BEZ235 exhibited the highest
synergy with BN82002 (CI = 0.23), the pan PI3K p110a/p/&/y inhibitor BKM120 also
synergized effectively (C1=0.52), whereas the p110 a PI3K-specific inhibitor BYL719
showed moderate synergy (Cl = 0.75; Figure 7C). Importantly, BN82002 treatment alone
exerted strong inhibition of BT549 xenograft growth in immune-compromised mice (p =
0.0027 versus control; Figure 7D). Inhibition was further increased in the combination arm
with BEZ235 (p < 0.0001 versus control; p = 0.002 versus BN82002). Together, these results
show that CDC25 blockade alone can suppress the progression of aggressive TNBCs /n
vivo, as well as synergize with other drugs to effectively inhibit xenograft growth.
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DISCUSSION

The critical role played by RB1 in TNBC and metastatic BC has prompted worldwide efforts
to identify mechanisms to target its loss, which is not directly druggable. Here, we used
focused kinase/phosphatase screens to identify agents that can suppress divergent types of
TNBC cells with specific loss of RB1/TP53, PTEN/P53, or all three tumor suppressors. We
report on the identification of the dual-specificity protein phosphatase CDC25 as a potent
target for subduing these diverse TNBCs. Thus, despite an insensitivity to G1 inhibitors,
most TNBCs maintain intact CDC25 checkpoints and are vulnerable to CDC25 antagonists.
An antagonist of CHK1, an upstream regulator of CDC25, was also identified in our screens
as a potent inhibitor of human TNBC, though not mouse Rb/p53 and Pten/p53 tumors. In
addition, an inhibitor of WEEZ1, which antagonizes CDC25 by phosphorylating Y15-CDK1,
potently inhibited both RB1-negative and -positive TNBCs and further synergized with
CDC25 inhibitors to kill tumor cells. The robust synergy between CDC25 and WEE1
inhibitors should prompt a search for additional combinations between CDC25 antagonists
and upstream regulators like ATM and CHKZ1 or downstream targets such as Aurora and
polo-like kinases, the latter of which have already been implicated in TNBC (Dominguez-
Brauer et al., 2015). In particular, while this paper was under consideration, the Witkiewicz
and Knudsen group has shown that CHK1 suppression is synthetically lethal with RB1 loss
in TNBC cells (Witkiewicz et al., 2018). Whether inhibition of CDC25 plus CHK1 is as
synergistic as CDC25 plus WEEL is yet to be determined.

We show that CDC25A and CDC25B have an elevated expression in TNBC and are bad
prognostic indicators for BC patients. This is, at least in part, because these phosphatases
serve as surrogates for TNBCs, which have poor clinical outcomes. However, high
expression or activity of these genes may also underlie high cell proliferation/survival of
TNBC. We show that loss of TP53, RB1, and PTEN—as well as increased PI3K and

MYC and, to a lesser degree, RAS signaling—correlate with high CDC25 expression, which
likely increases dependency on CDC25 and responsiveness to its inhibition. As noted, TP53,
RB1/E2F, PTEN, and MYC are known regulators of CDCZ25 expression. As these tumor
suppressors/oncogenes are major drivers of TNBC, our observations further point to CDC25
as a major target for therapy for these aggressive tumors. These phosphatases are also
regulated post-transcriptionally and post-translationally by various factors such as CHK1
and F-box proteins p-TrCP1 and p-TrCP2 (Busino et al., 2003), and they may respond to
different cellular stresses such as hypoxia. Analysis of two recent databases with quantitative
proteomic and absolute protein levels (Lawrence et al., 2015; Tyanova et al., 2016) shows
an increase in CDC25C or CDC25B protein levels in TNBC versus luminal tumor cell

lines. However, due to the small number of samples, the increase in CDC25C does not

reach significance, whereas the increase in CDC25B in TNBC lines (n = 8) becomes
significant only when one outlier from the luminal group (n = 7) is removed (data not
shown). Additional analysis is required to correlate CDC25 levels and activities with tumor
response to its inhibitors.

Clinical application of CDC25 inhibitors is challenged by difficulty in drugging these
phosphatases and associated toxicity. Several additional CDC25 inhibitors have been
described (Brezak et al., 2009; He et al., 2013), but no drug with clinical utility is currently
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available. Our results should encourage renewed efforts to use approaches such as large-
scale screens for allosteric inhibitors that indirectly target the catalytic domain. Moreover,
our findings suggest that drugs that preferentially inhibit CDC25B, with moderate inhibition
of CDC25A and no effect on CDC25C, may be effective yet less toxic.

A complementary approach would be to use low doses of CDC25 inhibitors in combination
with other drugs, as used herein. We found no synergy between CDC25 and CDC4/6,
CDKZ2, or CDK1 inhibitors. However, CDC4/6 inhibition has both cell-autonomous and
non-cell-autonomous effects, the latter of which involve the promotion of anti-tumor
immunity by suppressing the proliferation of regulatory T cells (Goel et al., 2017). Thus,
despite the lack of cooperation between CDC25 and CDK4/6 inhibitors in cultured cells, it
would be of interest to test the combined effect of these drugs in immune-competent models
of TNBC.

Only one TNBC line (of 5) showed synergy with tigecycline. This is unfortunate, given a
recent observation that tigecycline effectively cooperates with imatinib to inhibit chronic
myeloid leukemia stem cells and diminish tumorigenesis (Kuntz et al., 2017). However, in
solid tumors (such as BC), we found that the cytostatic effects of tigecycline antagonized
other drugs, such as doxorubicin (Jones et al., 2016), and here, it antagonized or failed to
synergize with BN82002 in most TNBC lines.

In contrast to the aforementioned combinations, we found a high degree of synergism
between CDC25 and PI3K inhibitors, both /n vitroand in vivo. As CDC25 inhibition
induced phopho-Ser473-PKB/AKT, CDC25-plus-PI13K combination therapy may not be
limited to TNBC with alterations in the PI3K/PTEN pathway. Indeed, we showed that
CDC25 and PI3K inhibitors synergized to effectively Kill diverse TNBCs with and without
mutations along the PI3K/PTEN pathway. How AKT/PKB is induced following long-term
treatment of TNBC cells with CDC25 inhibitors is yet to be established.

CDC25 suppression induced cell demise, which was not associated with cell-cycle arrest in
any specific phase, suggesting that death occurs at multiple stages of the cell cycle. This is
in contrast to the effect of WEEL inhibition, which led to the accumulation of cells in the

S phase at the expense of G1 and G2/M. Thus, while these factors have opposing effects

on CDK phosphorylation they have additional and unique pro-survival targets. How does
inhibition of CDC25 promote apoptosis in TNBC cells? CDC25 was shown to suppress

the stress response kinase ASK1, which affects the phosphorylation of SAPK, JNK, and
downstream c-JUN (Cho et al., 2015; Tibbles and Woodgett, 1999; Zou et al., 2001). We
found that CDC25 inhibition induced Ser73-c-Jun phosphorylation 24 hr post-treatment.
This late induction may be a direct effect of ASK1 but may also be caused by an indirect
feedback mechanism that sustains survival in the face of pro-apoptotic signals induced by
CDC25 inhibition. Detection of ASK1 and phosphorylated ASK1 is notoriously difficult. It
would be important to assess the level/activity of this kinase; the effects of blocking ASK1,
JNK, or c-JUN on survival of cells exposed to CDC25 inhibitors; and whether this pathway
is linked to hypoxia or other stress responses in TNBC. Further analysis of this pathway may
uncover biological markers for efficacy of anti-CDC25 therapy or venues to potentiate the
effect of CDC25 inhibitors.
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Although we focused our analysis on TNBC, CDC25 inhibition may prove effective
against other types of malignancies in which RBI1 and/or PTEN plus 7P53are frequently
inactivated, including retinoblastoma, serous cervical cancer, and pancreatic and lung
cancers, as well as against recurrent metastatic disease where these tumor suppressor genes
are often lost. CDC25-dependent checkpoint transitions may be particularly effective in
tumors in which the G1/S checkpoint has been compromised by RB1 loss. We also show
that combined inhibition of CDC25 plus PI3K effectively suppressed growth of TNBC cells
in culture and in xenograft assays /n vivo. We envision that improved CDC25 inhibitors
would also be highly efficacious in combination therapy regimens together with inhibitors
against specific oncogenic alterations in each individual TNBC patient, similar to the
emerging clinical utility of CDK4/6 inhibitors in combination with endocrine or anti-HER2
therapies for RB1* BC.

EXPERIMENTAL PROCEDURES

Mice

Animal protocols were approved by the University Health Network in accordance with the
guidelines of the Canadian Council on Animal Care.

Tumor Classification

Microarray analysis with mouse tumor models was carried out using the Affymetrix Mouse
Gene 1.0 ST with 500 ng total RNA isolated by double TRIzol extractions (Centre

for Applied Genomics, Hospital for Sick Children, Toronto, ON, Canada). Microarray

data were normalized using the robust multi-array average (RMA) method via Partek
software, and log,-transformed gene expression values were obtained. Median-centered
data from aforementioned mouse models were integrated with a reference BC dataset
(GEO: GSE18229), which includes both human and mouse subtypes, including human
normal, luminal A, luminal B, HER2, claudin-low, and basal-like tumors, using the DWD
algorithm. Unsupervised hierarchical clustering (complete linkage) analysis of mouse tumor
models was determined using the intrinsic genes (Herschkowitz et al., 2007) and the claudin-
low signature (Prat et al., 2010). For side-by-side comparison of mouse models, several
groups of genes (Proliferation, EMT, and Hypoxia) were median centered and visualized as
heatmaps.

Focused Drug Screens

238 compounds targeting 154 different kinases and phosphatases were screened using a
Biomek FX liquid handler equipped with a pin tool for automated compound dispensing.
Assays were carried out in a 384-well format, using 300 cells per well. Compounds,
resuspended in DMSO as 1-mM stock solutions, were added in a volume of 200 nL to

a final concentration of 3 uM. As a reference for 100% activity, each plate included 32
wells with cells treated with vehicle only, and background was measured with media in the
absence of cells. Assays were optimized for dynamic range (100% activity per background,
>10), while variability was consistently found to be low (i.e., coefficient of variation [CV]
< 10%). For ICsg, cells were plated, at a concentration of 500 cells per well in 100 uL
media, into 96-well plates and treated the next day with indicated compounds at increasing
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concentrations (1, 3, 10, 30, and 100 uM) for 3 days. Cell viability was measured by adding
MTT to a final concentration of 1 mg/mL for 2 hr at 37°C, followed by a PBS wash and
re-suspension in 100 pL DMSO overnight. Colorimetric reading at 570 nm was performed
using a microplate reader (Molecular Devices). Specific drugs for validation/analysis were
as follows: BN82002 (EMD Millipore, catalog #21691), NSC663284 (ApexBio, catalog
#A8813), RO3306 (ApexBio, catalog #A8885), and MK-1775 (ApexBio, catalog #A5755).

Gene Expression, Signature and Pathway Activity, and Statistical Analysis

Gene expression of CDC25A, CDC25B, and CDC25C, as well CCND1, GATA3 and PTEN,
were represented as the median center expression values of the mMRNA microarray data from
1,302 BCs (Dvinge et al., 2013; Viré et al., 2014) that were downloaded from the European
Genome-phenome Archive (European Genome-phenome Archive: EGAS00000000122 and
EGADO00010000434 at https://www.ebi.ac.uk/ega/datasets/ EGAD00010000434). RB1-loss
signature was based on the median expression values of 20 RB1-loss genes (Herschkowitz
et al., 2008; Jones et al., 2016). Probability activity of the ER, HER2, MYC, P53, PI3K,
RAS, and TGF-p pathways was evaluated using the microarray data as described previously
(Gatza et al., 2010). With Prism 6 Software (GraphPad Software, La Jolla, CA, USA),
Pearson correlation was used to evaluate the associations between the expression of the
CDC25 gene family and oncogene/tumor suppressor activities that were represented as
pathway-activity/signature/gene-expression values of mMRNA expression of transcripts and
compared with each other. An ANOVA was used to determine statistical significance of
CDC25 family expression among the different subtypes of the human BCs. A log-rank
(Mantel-Cox) test was performed for Kaplan-Meier plots. A p value < 0.05 was considered
as statistically significant.

Xenograft Model

Human MDA-MB-436 and BT549 (1 million cells per injection) tumor cells were
resuspended in 20 pL media/Matrigel mixture (1:1) and injected into #4 mammary glands
of non-obese diabetic/severe combined immunodeficiency (NOD/SCID) females (6 mice
per group). BN82002 (15 mg/kg, dissolved in DMSO), tigecycline (50 mg/kg, dissolved in
PBS), and BEZ235, as indicated, were administered intraperitoneally (i.p.). Control mice
were injected with vehicle alone at the same weight/volume ratio.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
CDC25 inhibitors target TNBCs that are refractory to CDK4/6 plus CDK2
inhibition
CDC25 mRNA levels are affected by RB1, PTEN, TP53, and MY C status in
TNBC

CDC25 plus WEEL1 or PI3K inhibitors synergize to effectively suppress
growth of TNBCs

Provides a rational for development of CDC25-based therapy for TNBC
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Figure 1. Cluster Analysis and Expression of CDC25 Pathway Genes in Pten/p53- and Rb/p53-
Deficient Claudin-Low-Like Mammary Tumors

(A) Cluster analysis of Pten/p53- and Rb/p53-deficient mammary tumors using an intrinsic
gene signature in comparison with human BC samples (solid boxes indicate basal-like,
CL, luminal-A, luminal-B, HER2, and normal samples) and mouse mammary tumors
(open boxes indicate Spindle, WTM [WT mammary glands], Neu [MMTV-Ned], Myc
[Myc-derived], PYMT [MMTV-PyMT], Int [MMTV-/nt3), Tag [fag-derived], PTEN [Pten-
deficient], and Brca,p53,Wnt [ Brcal-deficient, p53-deficient, MMTV-Wnit]). Accession
number for Rb/p53, p53 tumors, and WT mammary gland: GSE62016 and for PTEN/p53,
PTEN, and Neu tumors: GSE39955.

(B) Cluster analysis of Pten/p53 and Rb/p53-deficient mammary tumors with human
claudin-low (green) BC using the Prat/Perou claudin-low signature.

Cell Rep. Author manuscript; available in PMC 2022 August 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

Page 20

(C) GSEA visualized by Enrichment Map in Cytoscape showing most significant pathways
enriched in Rb/p53 (red) versus Pren/p53 (blue) tumors. Green lines indicate connections of
overlapping pathways. A complete GSEA profile is shown in Figure S2A.

(D) Heatmap showing the expression of genes on the CDC25 pathway in indicated mouse
models. Expression of Cdc25B and Cdc25C is significantly higher in p53, Rb/p53, and
Pten/p53relative to Ptentumors or normal mammary glands, respectively (statistical
analysis is given in Figure S3).

See also Figures S2 and S3.
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Figure 2. Identification of RBI/PTEN/TP53-Deficient TNBC-Suppressing Compounds
(A) 3D representation (fold change calculated compared to non-treated cells) of kinase/

phosphatase inhibitor screens on primary mouse Pften/p53 tumor, mouse Rb/p53 primary
tumor cells, and human RB1/PTEN/TP53-deficient TNBC cell lines (BT549 and HCC1937).
Compounds with >2-fold inhibition on all three models of TNBC cells (green box) are
indicated.

(B) Top inhibitory compounds with fold change and T score (difference divided by SD) for
the three groups of tumor cells. The CDC25 inhibitor NSC663284 is highlighted in blue;
CHK1 inhibitor TCS-2312 is indicated in light blue; PI3K pathway inhibitors are indicated
in red.

(C) Chemical structure of CDC25 inhibitors NSC663284 and BN82002.

(D) Effects of CHK1 and CHK2 inhibitors with fold change on the three groups of tumor
cells.
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Annexin V

Figure 3. RB1-Deficient TNBC Cells Are Sensitive to CDC25 Inhibition
(A) Induction of CDK1 Tyr15 phosphorylation by the CDC25 inhibitors BN82002 and

NSC663284. Indicated human TNBC cells were treated with inhibitors for 60 min or
indicated time periods and were immunoblotted with anti-pY15 CDK1 antibody. Antibodies
for tubulin or total CDK1 served as loading controls.
(B) Significant inhibition of RB1-deficient TNBC (BT549, MDA-MB-436, and MDA.-
MB-468) cell proliferation by BN82002 (10 uM). Average and SD were calculated from

5 independent experiments.

(C) IC50s + SD of BN82002 in indicated luminal (CAMA1, MCF7, and MDA-MB-361),
basal A (basal-like; HCC3153, MDA-MB-468, and HCC1937), and basal B (claudin-low;
BT549, Hs578T, MDA-MB-157, MDA-MB-231, and MDA-MB-436) BC lines. The p value
denotes one-way ANOVA with Tukey post hoc.
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(D) Induction of apoptosis by CDC25 inhibitors in TNBC cells. Levels of apoptosis were
determined by flow cytometry of annexin V- and Pl-stained TNBC cells (BT549, MDA-
MB-436, and MDA-MB-468) after BN82002 (10 uM) treatment.

(E) Induction of PARP cleavage 24 hr post-CDC25 inhibition in indicated TNBC cells.

(F) Left: efficient RBI knockdown in MDA-MB-231 cells. Cells were transfected with RB1-
specific or scrambled RNAI and analyzed for pRb expression 3 days later. Right: knockdown
of RB1 via RNAI does not reduce sensitivity of MDA-MB-231 cells to BN82002.
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Figure 4. Expression of CDC25 Genes in Different BC Subtypes, Correlation with Various
Oncogenic Alterations, and Impact on Clinical Outcome in Breast Cancer

(A) Pairwise correlation analysis comparing CDCZ25 expression with indicated levels

of oncogenes and tumor suppressors estimated by signatures, pathway activities, or

gene expression in 1,302 BC samples using European Genome-phenome Archive:
EGADO0010000434 (EGA,; http://www.ebi.ac.uk/ega/). Results are organized by hierarchical
clustering using Pearson correlations. Heatmap indicates the correlation coefficient values:
red indicates positive correlation, and green indicates negative correlation.

(B) Correlation of CDC25 expression and tumor suppressor gene status in each BC subtype.
The 1,302 BCs grouped by subtypes were ordered with CDC25A, CDC25B, and CDC25C
expression values from low to high in each subtype. In all subtypes, expression of the three
CDCZ25 genes correlates with loss of RB1, PTEN, TP53, and ER (positively with RB1 loss;
negatively with PTEN expression, TP53, and ER pathway activity). For statistical analysis,
see Figure S4.
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(C) Expression distribution of CDC25A, CDC25B, and CDCZ25C in different BC subtypes.
Highest expression of CDC25A and CDCZ25B was in basal-like BC; highest CDC25C
expression was in luminal B. Error bars indicate mean + SD; p < 0.0001 by ANOVA.

(D) Kaplan-Meier analysis of the 1,302 BC patients in correlation with CDC25A, CDCZ258,
and CDC25C expression; low, <0; medium, 0-1; high, >1. Indicated chi-square and p values
were calculated using log-rank (Mantel-Cox) analysis.

See also Figure S4.
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Figure 5. Knockdown of CDC25A Plus CDC25B Suppresses Growth of RB1-Deficient TNBC

Cells In Vitro

(A) BT549 cells were transfected with scrambled RNAI control or CDC25A plus CDC258B
RNAI, at concentrations of 25 or 50 nM, and 3 days later were analyzed for CDC25A,
CDC25B, and p-CDK1 expression by immunoblotting. Tubulin served as loading control.
(B) BT549 cells transfected as described above were analyzed for growth by MTT assay.
Error bars indicate SD; p values calculated by 2 tailed Student’s t test.
(C) Representative images of MDA-MB-468 and BT549 cells following double transfection
with 25 nM control or CDC25A plus CDC25B RNA.. Scale bars, 20 uM.
(D) Representative flow cytometry analysis of annexin V/Pl-stained MDA-MB-468 and
BT549 cells co-transfected with CDC25A and CDC258 RNA.i at a concentration of 25 nM

each.

(E) Induction of Ser73-c-JUN phosphorylation 24 hr post-treatment with CDC25 inhibitors.
MDA-MB-231 cells were treated with DMSO or 4 uM NSC663284 for 24 hr and then were
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exposed to anisomycin (Ani; 3 pg/mL) for 30 min or to IGF1 (IGF; 50 ng/mL) or TNF-a
(TNF; 100 ng/mL) for 15 min and immunoblotted for Ser73-c-JUN. GAPDH served as
loading control.
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Figure 6. Synergy Between CDC25 Inhibitors and a WEEL1 Inhibitor In Vitro and with the
Mitochondrial Protein Translation Inhibitor, Tigecycline, In Vivo

(A and B) Combined CDC25 inhibitors (A) BN82002 or (B) NSC663284) plus CDK1
inhibitor (RO3306) show additive/antagonistic effects, whereas CDC25 plus the WEE1
inhibitor (MK-1775) are mostly synergistic in BT549 TNBC cells. Similar results obtained
with MDA-MB-231 cells are shown in Figures S7B and S7C.

(C) Combination index calculated by CompuSyn software for the two CDC25 inhibitors plus
CDK1 (blue) or the WEEL (red) inhibitors in BT549 and MDA-MB-231.

See Figure S7D for details of each inhibitor and cell line.
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Figure 7. CDC25 Inhibition Synergizes with PI3K Inhibitors to Suppress Diverse TNBCs
(A) Induction of Ser473-PKB/AKT phosphorylation 24 hr post-CDC25 inhibition. MDA-

MB-231 cells were treated with DMSO or 4 uM NSC663284 for 24 hr and then exposed to
anisomycin (Ani; 3 ug/mL) for 30 min, and to IGF1 (IGF; 50 ng/mL) or TNF-a (TNF; 100
ng/mL) for 15 min, and immunoblotted with phospho-Ser473-PKB/AKT. Total PKB/AKT is
shown below.

(B) Response of indicated TNBC cell lines to BN82002 (10 uM) alone or in combination
with BEZ235 (Dactolisib; 0.3 uM). Synergy between the two compounds was assessed by
combination index (CI) using Compusyn software.

(C) Cell viability of BT549 cells treated with the CDC25 inhibitor, BN82002, and 3
different PI3K inhibitors: BYL719, BMK120, or BEZ235.

(D) Effect of the CDC25 inhibitor, BN82002, and the PI3K/mTOR inhibitor BEZ235 on
TNBC xenograft growth. NSG mice were injected in the inguinal fat pad with BT549 cells
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(1 x 106) in Matrigel. Once palpable tumors formed, mice were injected i.p. 3 times per
week for 27 days with DMSO or with 15 mg/kg BN82002, 5 mg/kg BEZ235, or both.
Tumors were measured on each day of treatment. Control, n = 4; BN82002, n = 4; BEZ235,
n =4; and BN82002 and BEZ235 combined, n = 3 mice. Differences between groups (p
value) were calculated by nonlinear regression using GraphPad PRISM 6.

(D and E) Cell-cycle profiles of (D) BT549 (RB1-) and (E) MDA-MB-231 (RB1+)

cells treated with DMSQO (vehicle control) or indicated concentrations of WEE1 inhibitor
(MK-1775) or CDC25 inhibitors (BN82002 or NSC663284) using PI staining and flow
cytometry analysis. The percentage of cells in each phase is indicated, excluding cells with
<2N or >4N DNA.

(F) Response of RB1~™ TNBC MDA-MB-436 cells to treatment with BN82002 (10 uM)
alone or in combination with tigecycline (10 uM). Error bars indicate SD. Level of synergy
between the two compounds was assessed by combination index (Cl), using CompuSyn
software. A similar analysis of BT549 and MDA-MB-468 cells showing lack of synergy is
depicted in Figure S8.

(G) Left: drug-response curves for RB1-deficient MDA-MB-436 tumor xenografts untreated
or treated with BN82002 and/or tigecycline. Tumor cells were injected orthotopically, and
once palpable tumors were formed, mice (n = 6 per group) were injected 3 times per week
for 21 days with DMSO (vehicle) or with 15 mg/kg BN82002, 50 mg/kg tigecycline or both.
Right: the control graph for the untreated mice was removed to better highlight differences
between the treated groups.

*p < 0.0001, by non-linear regression (GraphPad Prism 5.0).

(H) Appearance of 3 representative tumors of each group from (G).

(1) Significant reduction of final tumor weight in treatment groups compared to control.
Error bars indicate SD. The p value was calculated by ANOVA.

See also Figures S7 and S8.
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