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Topoisomerase | (TOP1) inhibitors trap TOP1 cleavage complexes resulting in DNA double-strand breaks (DSBs)
during replication, which are repaired by homologous recombination (HR). Triple-negative breast cancer (TNBC)
could be eligible for TOP1 inhibitors given the considerable proportion of tumors with a defect in HR-mediated
repair (BRCAness). The TOP1 inhibitor irinotecan was tested in 40 patient-derived xenografts (PDXs) of TNBC.
BRCAness was determined with a single-nucleotide polymorphism (SNP) assay, and expression of Schlafen family
member 11 (SLFN11) and retinoblastoma transcriptional corepressor 1 (RB1) was evaluated by real-time polymerase
chain reaction (RT-PCR) and immunohistochemistry analyses. In addition, the combination of irinotecan and the
ataxia telangiectasia and Rad3-related protein (ATR) inhibitor VE-822 was tested in SLFN11-negative PDXs, and
two clinical non-camptothecin TOP1 inhibitors (LMP400 and LMP776) were tested. Thirty-eight percent of the TNBC
models responded to irinotecan. BRCAness combined with high SLFN11 expression and RB1 loss identified highly
sensitive tumors, consistent with the notion that deficiencies in cell cycle checkpoints and DNA repair result in
high sensitivity to TOP1 inhibitors. Treatment by the ATR inhibitor VE-822 increased sensitivity to irinotecan in
SLFN11-negative PDXs and abolished irinotecan-induced phosphorylation of checkpoint kinase 1 (CHK1). LMP400
(indotecan) and LMP776 (indimitecan) showed high antitumor activity in BRCA1-mutated or BRCAness-positive
PDXs. Last, low SLFN11 expression was associated with poor survival in 250 patients with TNBC treated with
anthracycline-based chemotherapy. In conclusion, a substantial proportion of TNBC respond to irinotecan.
BRCAness, high SLFN11 expression, and RB1 loss are highly predictive of response to irinotecan and the clinical

indenoisoquinoline TOP1 inhibitors.

INTRODUCTION

Derivatives of the natural alkaloid camptothecin have been used in
cancer therapy for more than 20 years (1). Topotecan and irinotecan
are the two clinically approved topoisomerase I (TOP1) inhibitors,
and irinotecan has been widely used against several cancers (1, 2).
Camptothecin derivatives bind to the DNA-TOP1 cleavage complex
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(TOP1cc) preventing religation of DNA and resulting in DNA double-
strand breaks (DSBs) during replication. These breaks cause cell cycle
arrest in S and G, phases to allow DNA repair and are followed by
cell death in the absence of DNA repair. Similar to TOP2 inhibitors
(anthracyclines) and poly(adenosine 5’-diphosphate-ribose) poly-
merase (PARP) inhibitors, TOP1 inhibitors trap their target enzyme
on DNA and prevent the release of TOPlccs, leading to stalled
replication forks and DNA DSBs (2, 3).

Responses to DNA damage induced by TOP1 inhibitors are
coordinated by the ataxia telangiectasia and Rad3-related protein
(ATR)-CHKI1 cell cycle checkpoint, which is activated by replication-
induced DSBs and replication stress (4, 5). At the chromatin level,
H2AX is phosphorylated and generates foci around DSBs. Recently,
an additional replicative damage response was found, Schlafen family
member 11 (SLEN11), which works independently of the ATR-CHK1
cascade, preventing the cells from progressing through the cell cycle
when they accumulate DNA damage and replication stress (4).

At least two main pathways repair TOP1-mediated DNA damage:
excision repair by tyrosyl-DNA phosphodiesterase and homologous
recombination (HR) (5). Defects in DNA repair and checkpoints
are associated with enhanced sensitivity to TOP1 inhibitors (6).
Nevertheless, no biomarker has been validated for use in the clinical
setting, although several biomarkers of response or resistance to
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TOP1 inhibitors have been suggested in preclinical and translational
studies. These include genomic alterations in DNA repair genes and
overexpression of SLFN11 as candidate biomarkers of response and
overexpression of the ATP binding cassette subfamily G member 2
(ABCG2) transporter as a potential biomarker of resistance (7, 8).

Irinotecan is one of the main cytotoxic agents used for first-line treat-
ment of metastatic colorectal cancer, and it is also given to patients with
pancreatic and lung cancers. In breast cancer (BC), only a few studies
have been published on the clinical activity of irinotecan. These trials,
conducted in unselected patients with metastatic BC pretreated with
anthracyclines and/or taxanes, have generated heterogeneous results (9).

Triple-negative BC (TNBC) is the most logical subtype for ex-
ploring TOP1 inhibitors given its high proportion of tumors with
HR deficiency (HRD or BRCAness). However, preclinical and clin-
ical studies investigating TOP1 inhibitors in TNBC are rare. In
the present study, we hypothesized that TNBC carrying BRCA1/2
mutations or characterized by HRD would respond to irinotecan.
We evaluated its antitumor activity in a large panel of TNBC patient-
derived xenografts (PDXs), molecularly characterized with the HRD-
large-scale state transition (HRD-LST) assay to measure BRCAness.
Additional potential markers related to DNA damage checkpoints,
retinoblastoma transcriptional corepressor 1 (RB1) and SLFN11,
were identified through transcriptomic analysis and validated at
the protein level. We also show that in the absence of SLFNI11, re-
sponse to irinotecan can be increased by adding an ATR inhibitor
and that the clinical TOP1 inhibitors (indenoisoquinoline deriva-
tives) (10-12) are highly efficient in BRCA1-mutant and BRCAness-
positive TNBC PDXs.

RESULTS

A substantial proportion of TNBC PDXs respond to the TOP1
inhibitor irinotecan

We evaluated the antitumor activity of the Food and Drug Administration-
approved TOP1 inhibitor irinotecan in 40 PDXs of TNBC (13, 14).
Patients’ clinical characteristics are summarized in Table 1 and data
file SI1.

Fifteen models (37.5%) achieved complete or partial response
(R), 9 (22.5%) stable disease (SD), and 16 (40%) showed progressive
disease (PD) (Fig. 1). Examples of three PDXs that responded with
PD, R (complete response), and SD are shown in Fig. 1B. The response
rate to irinotecan in PDXs was then analyzed with respect to clinical
markers of poor survival in the corresponding patients, such as distant
relapse after surgery and persistence of residual tumor after neo-
adjuvant chemotherapy. Among the 24 PDXs established from
treatment-naive tumors, 10 (42%) were responders and 8 (33%)
showed SD. Among the 16 PDXs established from residual tumors
after neoadjuvant chemotherapy, 5 (31%) responded, 1 (6%) scored
as SD, and 10 (63%) as PD (Fig. 1C). Of the 17 PDXs corresponding
to patients who had relapsed after surgery, 9 (53%) responded and
3 (18%) scored as SD (Fig. 1D). Overall, these results suggest that
irinotecan could be an effective therapy in more than one-third of
TNBC including tumors that become metastatic or that show only
partial response to neoadjuvant chemotherapy.

Response to irinotecan is associated with BRCA1/2
mutations and BRCAness

Because alterations in genes involved in DNA repair are associated
with sensitivity to TOP1 inhibitors (2), we analyzed the response to
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Table 1. Histopathological and clinical features of TNBC.

Characteristic N %

Type of graft
Primary BC 22 55%

Primary nodes of BC 2 5%

Residual tumors after neoadjuvant 16 40%

Mean age at diagnosis
TNM
T
T2
T3
T4
NO
N1
N2
Mo
M1

Breast surgery

Tumorectomy

Mastectomy

Lymph node surgery

Sentinel node biopsy

Lymphadenectomy

Histology

Invasive carcinoma of no special type 37 93%

Metaplastic BC 3 8%

Lymphovascular invasion (LVI)* H 14 3‘5%
o e
e SR e 0 [ 0% I
R e 1 [ 3% I
Croe soR 3 et

Recurrence

No relapse

Local relapse 8

Distant relapse 17

irinotecan in relation to mutations in the BRCAI and BRCA2 genes,
previously characterized in the PDXs (15). Pathogenic somatic
mutations in BRCAI or BRCA2 genes were present in 28% of PDXs
(11 of 40), with 6 in the R group (40%), 4 in the SD group (44%),
and 1 in the PD group (6%) (Fig. 2, A and B). The association
between BRCA1/2 mutation and response (including both SD and R)
was statistically significant (P = 0.027, Fisher’s exact test) (Fig. 2B).
We next analyzed the response to irinotecan as a function of the
BRCAness status, determined by the LST's genomic signature (16, 17).
Overall, 70% (28 of 40) of the TNBC PDXs showed BRCAness. Of
these, 11 were BRCA1 or BRCA2 mutated, 10 were BRCA1 methylated,
and 6 were of unknown origin. Twenty-one PDXs showed BRCAness
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A Response to irinotecan treatment in 40 TNBC PDXs
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Fig. 1. Response to irinotecan in TNBC PDXs. (A) Waterfall plot representing responses to irinotecan treatment in 40 TNBC PDXs. Each bar represents the median
change in tumor volume from baseline in treated xenografts; n =4 to 13 xenografts per group. (B) Irinotecan response in HBCx-39, HBCx-10, and HBCx-4B. Means + standard
deviation, n=8 to 13. (C) Response rates (number of PDXs) to irinotecan according to patients’ pretreatment. NAC, neoadjuvant chemotherapy. (D) Response rates to

irinotecan according to patients’ distant relapse after surgery for the primary tumor.

in the group of R + SD (88%), whereas only seven showed BRCAness
in the PD group (44%) (P = 0.005, Fisher’s exact test; Fig. 2, A and B).
BRCA1/2 mutations, LST status, and BRCA1 methylation status for
each PDX are provided in data file S2.

The LST signature of BRCAness is associated with a deficiency
in HR-mediated DNA repair (16, 18). To assess DNA damage and
repair after irinotecan treatment, we performed a pharmacodynamics
study in two PDXs, Human Breast Cancer xenograft 60 (HBCx-60)
(BRCAness, highly sensitive to irinotecan) and HBCx-106 (no
BRCAness, resistant to irinotecan) (Fig. 2C). DNA damage, measured
by Western blot analysis of yH2AX, was increased in treated tumors of
the irinotecan responder HBCx-60 model but not in the irinotecan-
resistant HBCx-106 xenografts (Fig. 2D). RAD51 foci, in tumor cells
expressing the S-G; cell cycle marker geminin, have been proposed
as a functional assay of HR-mediated repair in primary BC (19).

Immunofluorescence analysis of RADS51 foci in HBCx-106 xeno-
grafts 24 hours after irinotecan treatment showed a high number of
geminin-positive cells with at least 10 RAD51 foci (mean 61%);

Coussy et al., Sci. Transl. Med. 12, eaax2625 (2020) 19 February 2020

whereas in the HBCx-60 xenograft, there were very few geminin-
positive cells with RADS51 foci (mean 1%, Fig. 2E). A representative
picture of geminin-positive cells in the two tumors is shown in
Fig. 2F. These results demonstrate that response to irinotecan in
TNBC PDXs is strongly correlated with BRCA1/2 mutations and
with the LST signature of BRCAness.

SLFN11 expression and RB loss are potential markers

of irinotecan response

To identify additional potential markers of irinotecan response, we
analyzed the previously generated transcriptomic profiles of TNBC
PDXs (14). A differential expression analysis of transcriptomic
datasets comparing responder (R) and resistant PDXs (PD) identified
282 differentially expressed genes (data file S3). One of the top
up-regulated genes in responder PDXs is SLEN11 (Fig. 3, A and B).
Expression of SLEN11 is positively correlated with response to
TOP1 inhibitors, and a lack of its expression is associated with
drug resistance in the NCI-60 and the Broad Institute Cancer Cell
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Fig. 2. Response to irinotecan and A
BRCAness. (A) Waterfall plot represent-
ing irinotecan responses in PDXs with
(green) and without BRCAness (gray). 5004 . M
BRCA1/2 mutations and BRCA1 methyla- liee.__m

tion are indicated with * and M, respec- "
‘l““ﬂm
*
II*

tively. (B) Contingency analysis of BRCA1/2
1 T

1000

100

mutations and BRCAness (Fisher's exact
test). R, response; SD, stable disease;
PD, progressive disease; wt, wild type.
(C) Response to irinotecan in HBCx-60
(BRCAness) and HBCx-106 (no BRCAness).
n=4to 5, means + standard deviation.
(D) Western blot analysis of yH2AX in
HBCx-60 and HBCx-106 xenografts,
4 and 24 hours after a single treatment
with irinotecan (n =3). (E) Percentage of
geminin-positive nuclei with more than
.IO RADS.I fOCi in HBCX-106 and HBCX-60 1y [ R R R R
xenografts (control and irinotecan-treated

groups, tumors harvested 24 hours after

a single treatment); n = 3. ns, not signif-

icant. (F) Representative images showing

RAD51 foci (green) and geminin (red) C HBCx-106 (no BRCAness)
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g |

damage and replication stress 60 === Control
=== Treated

(4, 21). Tts expression in BC had § 2 50

not been studied until recently g ¢ 4
(22).Inthe TNBC subtypein The 3 g Zg ns
Cancer Genome Atlas (TCGA), T2 |_|
SLFN11 gene has a wide range of 0
expression with a bimodal dis- IS
tribution, potentially designating ng"" >

a subgroup with relatively high
expression of SLEN11 (fig. S2A).

We validated SLFN11 and RBI expression at the gene level by
real-time polymerase chain reaction (RT-PCR) in PDXs and con-
firmed that SLFN11 and RBI gene expression were higher and lower,
respectively, in the group of responding tumors (Fig. 3C). Next, we
analyzed SLFN11 expression by immunohistochemistry (IHC).
Three examples are shown in Fig. 3D. SLEN11 gene and protein

Coussy et al., Sci. Transl. Med. 12, eaax2625 (2020) 19 February 2020

-

HBCx-106 HBCx-60

expression (H-score) were significantly correlated (P < 0.0001,
Fig. 3E). Among the 40 PDXs, 19 were SLEN11 negative (H-score = 0),
10 had a low H-score (range between 4 and 40), and 11 had a high
H-score (range between 75 and 285). Figure 3F shows the frequency
distribution of SLEN11 expression across the PDXs. SLEN11 ex-
pression was significantly different between R and SD + PD groups
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Fig. 3. Identification of SLFN11 expression and RB1 down-regulation as potential markers of irinotecan response. (A) Volcano plot displaying differentially ex-
pressed genes between responding PDXs (R, n = 15) as compared to nonresponding PDXs (PD, n = 15). The y axis corresponds to log (P value), and the x axis displays the
log, fold change value. X-axis grid cutoff lines are shown for fold change of 1.5 and —1.5 and y-axis grid line at P value of 0.05. (B) Robust Multichip Average (RMA)-normalized
expression of SLFN11 and RB1 genes. (C) RT-PCR analysis of SLFN71 and RB1 expression. Results are expressed as n-fold differences in target gene expression relative to the TBP gene.
(D) SLFN11 expression in HBCx-39 (negative), HBCx-40 (low expression), and HBCx-14 (high expression) analyzed by IHC. Scale bars, 50 um. (E) Pearson’s correlation
between SLFN11 gene (RT-PCR) and protein (H-score) expression. r = 0.6992; P < 0.0001 (two-tailed). (F) Frequency distribution of SLFN11 H-scores in the whole set
of PDXs. (G) SLFN11 H-scores in PD as compared to R and in PD and SD categories as compared to R.

(P = 0.0031; Fig. 3G) and between R and PD groups (P = 0.0277;
Fig. 3G). Of the 15 responding PDXs, 8 (53%) had high SLFN11
expression (H-score between 80 and 285), and 7 (47%) were SLFN11
low or negative. By contrast, in the group of SD and PD (25 PDXs),
only 3 (12%) were SLEN11 high, and 22 (88%) were SLEN11 low or
negative (P = 0.009, Fisher’s exact test) (Fig. 4A). Sensitivity and
specificity of high expression of SLEN11 as a potential marker were
53 and 88%, respectively.

Next, we analyzed the predictive value of BRCAness combined
with SLEN11 expression. Nine PDXs scored as BRCAness positive
and SLEN11 high (22.5%), and all of them were in the responder
group (corresponding to 60% of responder tumors) (Fig. 4B).
BRCAness combined with high SLEN11 expression identified a
subgroup of tumors highly sensitive to irinotecan (P < 0.0001; Fisher’s
exact ¢ test). Sensitivity and specificity of BRCAness combined with
high H-score of SLEN11 in predicting irinotecan response were 60
and 100%, respectively (Fig. 4C). To determine the fraction of
patients presenting with this combination of biomarkers, we analyzed
BRCAness and SLFN11 gene expression (based on z score) in the
TCGA cohort of TNBC and found that 22% of tumors had high
SLFN11 expression and a BRCAness phenotype (fig. S2B). The

Coussy et al., Sci. Transl. Med. 12, eaax2625 (2020) 19 February 2020

BRCAness phenotype in TCGA TNBC was due to BRCA1 and BRCA2
germline mutations (18 and 3%, respectively), to BRCA1/2 somatic
mutations in 7% of tumors, to BRCAI methylation (30%), to BRCA1
missense mutations (5%), or to RAD51 mutations or methylation
(14%) (fig. S2C).

The individual tumor growth curves of five TNBC PDXs with
complete response in all treated animals are shown in Fig. 4D.
Matching SLFN11 expression is shown in Fig. 4E. The PDXs HBCx-15
and HBCx-66 were resistant to olaparib.

Next, we assessed the down-regulation of RBI because RB1 is
frequently inactivated in TNBC and is a DNA damage checkpoint
whose inactivation has been linked to increased sensitivity to many
chemotherapies, including TOP1 inhibitors (23-27). RB1 expression
was determined by IHC analysis in TNBC PDXs in two previous
works (14, 28). Among the 40 PDXs, 15 had RB1 loss (38%), 10 in
the R group, and 5 in the SD/PD group (P = 0.0062, Fisher’s exact
t test) (Fig. 4F). Sensitivity and specificity of RB1 loss as a potential
biomarker of irinotecan response were 67 and 80%, respectively.
The combination of BRCAness and RB1 loss had a predictive value
of 71% and sensitivity and specificity of 67 and 84%, respectively
(P =0.002) (Fig. 4G).

50f 12

0202 ‘6T Areniga- uo NYISNI Te /610 Bewaoualos wis//:dny wolj papeojumod


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A B c P < 0.0001
1ggg m==  SLFN11 high 12383' === SLFN11 high and BRCAness 30 I oo R
o M. SLFN11 neg/l ] ..
B ot — sgton g Ol st gy, — romeso
S 100 S 100 )
e so-filiI. ... ... P.=0.009 2 | ....... P <.0.0001 ° 104 0%
g ™ £ i E
2 "||||||| N . 0
= = BRCAness and No BRCAness or
—100 -100 SLFN11 high SLFN11 neg/low
D HBC-x60 HBCx-145 HBCx-9 HBCx-15 HBCx-66
(BRCAness) (BRCAness) (BRCAness) (BRCAness) (BRCA1 mutated) Control
—— ontrol
4 4
4 4 4 —=— |rinotecan
3 3 3 3 3 —s=— Olaparib
2 2 2 2 2
1 1 1 1 1
0 0 0 0 0
20 40 60 0 20 40 60 O 20 40 60 20 40 60 0 20 40 60
E Days Days Days Days Days
b
z
(T8
-
7]
F G % P =0.0020 oD and SD
o0 === RB1 loss 12333' === RB1 loss and BRCAness | — "
) .. = RB1posive o RB1 positive or X 20 el
"E 100 % 100 no BRCAness E
@ 50 I ...... P =0.0062 2 I ....... Pz 0.002 5 40 67%
E s, £ s, s
2 ol "|||||||||||||||| 2 oo, '.'l||||| I“l“l" o
S 2
—~100 BRCAness No BRCAness

-100

and RB loss or RB pos

Fig. 4. Combination markers correlated with irinotecan response. (A) A waterfall plot showing SLFN11 expression and irinotecan response. (B) Combination of
SLFN11 expression and BRCAness as potential markers of response to irinotecan. (C) Contingency analysis, Fisher’s exact test. (D) Individual tumor growth curves of HBCx-60,
HBCx-145, HBCx-9, HBCx-15, and HBCx-66 xenografts treated with irinotecan (n =5 to 10) and olaparib for HBCx-15 and HBCx-66 PDXs (n=3). (E) SLFN11 expression in
HBCx-60, HBCx-145, HBCx-9, HBCx-15, and HBCx-66. Scale bars, 50 um. (F) Waterfall plots showing irinotecan response, RB1 loss determined by IHC, and BRCAness.

(G) Contingency analysis, Fisher’s exact test.

Hence, in addition to BRCAness, we identified two potential
markers associated with irinotecan response in TNBC, SLFN11
expression, and RB1 loss. When combined with BRCAness, both
SLEN11 high H-score and RB1 loss identified a subgroup of tumors
highly sensitive to irinotecan.

Inhibition of the S-phase checkpoint with an ATR inhibitor
increases response to irinotecan in SLFN11-negative xenografts
Because ATR inhibition can reverse resistance to replicative damage
in SLFN11-negative cells (4), we hypothesized that inhibition of
ATR could increase sensitivity to irinotecan in SLFN11-negative
xenografts. The efficacy of irinotecan combined with the ATR
inhibitor VE-822 (berzosertib; VX-970) was tested in two SLFN11-
negative PDXs with BRCAness (Fig. 5A). Treatment with irinotecan
and VE-822 significantly increased tumor growth inhibition in both
PDXs as compared to irinotecan alone (P = 0.0043).

Cellular responses to DNA damage are regulated by the ATM-
CHK?2 and ATR-CHK1 signaling cascades upon activation by DSBs
and single-stranded DNA (replication stress), respectively (29). To
determine activation and inhibition of ATM-CHK2 and ATR-CHK1
cascades in treated HBCx-1 and HBCx-23 xenografts, we analyzed

Coussy et al., Sci. Transl. Med. 12, eaax2625 (2020) 19 February 2020

CHK1 and CHK2 phosphorylation (Fig. 5B). CHK1 phosphorylation,
a marker of ATR-CHKI1 signaling activation, which was absent
in control and VE-822-treated tumors, was strongly increased in
irinotecan-treated tumors and completely abolished in tumors treated
with the combination of irinotecan + VE-822. In contrast, CHK2
phosphorylation was not increased by irinotecan treatment (Fig. 5B).
These results show that in the absence of SLFN11, a combination of
irinotecan with an ATR inhibitor increases drug sensitivity in a
tumor with BRCAness and that this effect is associated with impaired
activation of the S-phase checkpoint by ATR-CHKI.

Efficacy of non-camptothecin TOP1 inhibitors
(indenoisoquinolines) in SLFN11 PDXs

Because of the limitations of camptothecin-derived chemotherapies,
non-camptothecin TOP1 inhibitors have been developed (10, 12, 30).
Thus, we tested the antitumor activity of two clinically advanced
indenoisoquinoline TOP1 inhibitors LMP400 (indotecan) and LMP776
(indimitecan) in four PDXs: HBCx-60 (BRCAness, SLFN11 high,
and RB1 loss), HBCx-8 (BRCA1 mutated, SLFN11 negative, and RB1
positive), HBCx-10 (BRCA2 mutated, SLFN11 negative, and RB1
negative), and HBCx-39 (no BRCAness, SLFN11 negative, and
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Fig. 5. Combination of irinotecan with an ATR inhibitor and antitumor activity of indenoisoquinolines. (A) Tumor response to irinotecan (40 mg/kg) and the ATR
inhibitor VE-822 (VX-870, berzosertib; 50 mg/kg) in the HBCx-1 and HBCx-23 PDXs (BRCAness positive and SLFN11 negative); n =4 for control, irinotecan, and VE-822-
treated groups; n =7 for the combination group (HBCx-1); and n = 8 for the HBCx-23 xenograft groups. Statistical significance of the difference between irinotecan and
irinotecan + VE-822-treated groups was determined by the Mann-Whitney test. (B) Western blot analysis of P-CHK1 (Ser**®), P-CHK2, and KU80 or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) in treated xenografts after a single dose of irinotecan (tumors harvested 24 hours after irinotecan treatment) alone or associated with two
injections of VE-822 (administered at days 1 and 2, tumors harvested 4 hours after the second VE-822 treatment); n = 2 for control, irinotecan, and VE-822 xenografts; n =3
for irinotecan + VE-822 xenografts (HBCx-1); and n=3 or 4 xenografts for HBCx-23. (C) Antitumor activity of the indenoisoquinolines LMP400 (indotecan) and LMP776

(indimitecan) in the HBCx-60, HBCx-8, HBCx-10, and HBCx-39 PDXs. Means + standard deviation, n=5 to 6. RTV, relative tumor volume.

RB1 positive). In the HBCx-60 and HBCx-8 models, both compounds
showed marked antitumor activity that resulted in complete response
in all treated xenografts (Fig. 5C). The HBCx-10 model responded
with SD. By contrast, the two compounds did not show any antitumor
activity in the HBCx-39 PDX (Fig. 5C).

BRCAness, high SLFN11 expression, and RB1 loss predict
sensitivity to anthracycline-based chemotherapy

Because anthracycline-based chemotherapy regimens are the current
standard of care for neoadjuvant and adjuvant treatments of early
TNBC (31), and because the identified markers are potentially relevant
for TOP2 inhibitors (5, 21), we compared irinotecan responses to
the response to doxorubicin (Adriamycin) combined with cyclo-
phosphamide (AC), previously determined in 39 PDXs (14). Responses
to AC and irinotecan were similar in frequency (Fig. 6A). All the
irinotecan-resistant tumors were cross-resistant to AC, and most
of the irinotecan responder PDXs (13 of 14) responded to AC. Ac-
cordingly, high expression of SLFN11 and RB1 loss were also sig-
nificantly associated with response to AC (P = 0.019 and P = 0.013,
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respectively), and when combined with BRCAness, they predicted
response with a positive predictive value of 100 and 69% and a spec-
ificity of 100 and 84%, respectively (Fig. 6B). Twenty PDXs were
also tested with cisplatin. Responses were concordant with those to
irinotecan in 18 of 20 cases (11 resistant and 7 responses), whereas two
irinotecan responder PDXs did not respond to cisplatin (table S1).
To determine the prognostic relevance of SLNF11 expression in
human TNBC, we analyzed SLNF11 mRNA expression by RT-PCR
in 250 patients with TNBC (table S2). All patients received adjuvant
(n = 242), neoadjuvant (n = 7) chemotherapy, or both (n = 1). Area
under the curve (AUC) analysis was performed to identify a cut point
to divide the TNBC cohort into low and high SLNFI1I expression
subgroups. Both metastasis-free survival (MFS) and overall survival
(OS) of patients with low SLNF1 I-expressing tumors (70.5 and 76.1%,
respectively, at 5 years) were shorter than those of patients with high
SLNF11-expressing tumors (82.3 and 87.9%, respectively) (Fig. 6C).
Multivariate analysis using a Cox proportional hazards model
assessed the predictive value for MFS and OS of the parameters with
a Pvalue < 0.1 on univariate analysis, including lymph node status,
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(metastasis-free survival). and OS of 250 patients with TNBC according to SLFNT1 gene expression, determined by RT-PCR analysis. Survival distributions were estimated by

the Kaplan-Meier method, and P values were calculated with the log-rank test.

macroscopic tumor size, chemotherapy, hormonotherapy, molecular
histology, and PIK3CA mutation status (table S3) and SLFN1I mRNA
expression. The prognostic significance of lymph node status (P < 0.0001),
molecular histology (P = 0.029), and SLFN11 mRNA expression
(P =0.019) persisted for OS. This retrospective analysis confirms
the value as SLFN11 expression as a potential marker of response to
chemotherapy in patients with TNBC.

DISCUSSION

In this study, we found that 37% of TNBC PDXs responded to
irinotecan with a partial or complete response and that an additional
22% of tumors showed SD. In the clinic, few studies with TOP1
inhibitors in BC have been published before 2017, and they included
nonselected BC (9, 32). Recently, two clinical trials tested sacituzumab
govitecan and sacituzumab govitecan-hziy in metastatic patients with
TNBC with responses in 30 and 33% of patients, respectively (33, 34).
Our findings are therefore similar to those obtained in those studies
in terms of proportion of TNBC responding to irinotecan.

The second important finding of our study is the association of
BRCA1/2 mutations and the genomic signature of BRCAness with
irinotecan response. The HRD-LST score is highly correlated with
defect in BRCA1/2 genes and is associated with impaired formation
of RAD51 foci in treated tumors, a functional biomarker of HR-
mediated repair (16, 35). Analysis of yYH2AX and RAD51 foci 24 hours
after irinotecan treatment in two PDXs confirmed persistent DNA
damage and lack of DNA repair by HR in the PDXs with BRCAness
as compared to those without. In the clinical setting, the LST signature
has one main advantage compared to the functional RAD51 assay:
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It can be determined in baseline tumor samples and does not require
posttreatment tumor biopsies or ex vivo irradiation of patients’
tumor cells, protocols that have practical issues that limit their clinical
applicability.

The association between defects in DNA repair by HR and high
sensitivity to camptothecin was found in yeast and extended to mamma-
lian models (6, 30, 36-40). Similarly, the clinical indenoisoquinoline
TOP1 inhibitors, LMP400 (indotecan) and LMP776 (indimitecan),
were recently shown to exhibit selective activity in HRD (BRCAness)
models alone and in combination with the PARP inhibitor olaparib (30).

Other potential markers associated with irinotecan response in
our study are SLEN11 expression and RB1 loss. SLEN11 binds chromatin
at stressed replication foci and irreversibly arrests replication (41).
About 50% of human cancer cell lines inactivate SLEN11 by epigenetic
regulation (42, 43) and are highly resistant to a broad range of widely
used anticancer drugs including not only TOP1 inhibitors but also
TOP2 inhibitors and cisplatin, gemcitabine, and hydroxyurea (7, 21).
Yet, 50% of cancer cell lines that express SLFN11 are responsive to
the above listed drugs. SFLN11 causes a replicative block in presence
of DNA damage, resulting in tumor cell death, and works as an
S-phase cell cycle checkpoint independent of ATR (4, 21). Consistently,
in our study, PDXs with concomitant BRCAness phenotype and
high expression of SLEN11 were high responders to irinotecan
(complete response), whereas most tumors with BRCAness but
low or no expression of SLFN11 showed intermediate response
(SD) or resistance. Irinotecan was also highly efficient in a germline
BRCA1-mutated and olaparib-resistant PDX, suggesting that TOP1
inhibitors could provide an alternative treatment strategy for patients
with BRCA1-mutated tumors not responding to PARP inhibitors.
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Opverall, our findings are in line with the notion that concom-
itant defects in DNA repair and checkpoints render cancer cells
highly vulnerable to TOP1 inhibitors (5, 6, 44). Accordingly, sen-
sitivity to irinotecan was increased by an ATR inhibitor in SLFN11-
negative PDXs with BRCAness, further supporting a model where
inhibition of S-phase checkpoint combined with a defect in HR re-
sults in increased sensitivity to irinotecan. Our study demonstrates
that about 40% of TNBC PDXs present with high expression of
SLFN11 and 22% of TNBC PDXs present with high expression of
SLEN11 combined with BRCAness, which is also the percentage
found in TCGA TNBC (fig. S2).

In addition to SLEN11, RB1 loss was also associated with response
to irinotecan. RBI is a critical component of checkpoint signaling
because it promotes G;-phase cell cycle arrest and limits replicative
damage (24). The finding that the most irinotecan-sensitive PDXs
are BRCAness positive, SLEN11 positive, and RB1 negative suggests
a model where concomitant disruptions of both the G- and S-phase
checkpoints not only drive tumor cell proliferation but also render
cancer cells prone to lethal replicative damage when they are defective
in HR (BRCAness) and express SLFN11 (fig. S3).

We show that the clinical indenoisoquinolines LMP400 (indotecan)
and LMP776 (indimitecan) (I, 10, 12, 30) are highly efficient in
irinotecan-responding models. In contrast to the camptothecin
derivatives, the indenoisoquinolines are chemically stable, have
long plasma half-life, and are not substrates for the adenosine
5’-triphosphate-binding cassette drug efflux transporters (1, 12).
Moreover, the indenoisoquinoline derivatives do not produce
diarrhea in humans (12).

Last, there was a strong overlap between response to irinotecan-
and anthracycline-based chemotherapies and cisplatin in our PDXs,
and the proposed markers were associated with AC response. Although
TOP1 and TOP2 inhibitors differ in their primary targets (TOP1
versus TOP2), they both induce DNA DSBs (5). Because of the re-
dundant pathways involved in the repair of DNA damage induced
by TOP1 and TOP?2 inhibitors and platinum drugs, it is not unex-
pected to observe overlapping responses to these agents.

A limitation of our study is the lack of clinical samples from
patients with BC treated with irinotecan or other TOP1 inhibitors.
A retrospective analysis of tumor samples from patients with TNBC
treated with sacituzumab govitecan (33, 34) could be an opportu-
nity to validate the proposed markers in the clinical setting. Never-
theless, we could demonstrate that high SLFN11 expression was
correlated with a better outcome in a cohort of patients with TNBC
treated with anthracycline-based chemotherapy, and the results
of a recent retrospective study in BC are consistent with our con-
clusions (22).

In conclusion, our study demonstrates that TNBCs with BRCAness
phenotype, high SLEN11 expression, and concomitant defects in
RB1 are highly sensitive to irinotecan and indenoisoquinoline TOP1
inhibitors. The proposed markers are easily analyzable in base-
line tumor samples and could therefore be used to identify patients
more likely to respond to TOP1 inhibitors in clinical trials testing
agents such as antibody-drug conjugates of SN38, the active metab-
olite of irinotecan, or indenoisoquinoline derivatives. Validation of
these proposed markers in a prospective clinical trial is warranted
(1) because the activity of most cytotoxic agents cannot be pre-
dicted, resulting in a “trial and error” scenario with highly detri-
mental consequences in patients with rapidly growing tumors such
as TNBC.

Coussy et al., Sci. Transl. Med. 12, eaax2625 (2020) 19 February 2020

MATERIALS AND METHODS
Study design
The objective of this study was to identify correlates of response
to TOP1 inhibitors in PDXs of TNBC. Response to irinotecan was
determined in vivo in 40 different PDX models. Potential markers
were identified using Affymetrix gene expression arrays and validated
by RT-PCR and IHC analyses. BRCA1/2 mutations were identified
by targeted Next Generation Sequencing (NGS) analysis, and the
BRCAness status was determined on the basis of the number of LST.
In in vivo experiments, mice were individually identified and
randomly assigned to control or treated groups when tumors reached
a volume of 60 to 200 mm?®. The number of replicates included in
each experiment is indicated in each figure legend. They were chosen
to ensure adequate statistical power and were based on previous
experience with the PDX models used in this study. The researchers
were not blinded for any experiments.

Patients and samples corresponding to TNBC PDXs

The histopathological and clinical characteristics of the patients
with TNBC corresponding to PDXs are summarized in Table 1. Tumor
samples were obtained at surgery from primary BC (55%), axillary
lymph node metastases (5%), or residual BC after neoadjuvant treat-
ment (40%). The mean age of patients was 56 (range: 29 to 89). Accord-
ing to the Tumor, Node, Metastasis (TNM) classification, 8 tumors
(20%) were T1, 19 tumors (48%) were T2, 9 tumors (23%) were T3,
2 tumors (5%) were T4, and 2 were not determined. Most cancers
(58%) were NO and MO at surgery (98%). Thirty-seven tumors were
diagnosed as invasive carcinoma of no special type, and three tumors
were metaplastic BC. Lymphovascular invasion (LVI) was present in
35% of patients, and most (39 of 40) were classified as grade 3 tumors
according to the Scarff-Bloom-Richardson (SBR) grading. Axillary
lymph nodes were positive in 41% of patients, and 42.5% of patients
had distant recurrence after tumorectomy or mastectomy.

Patients and samples of TNBC: Prognostic cohort (n = 250)
Samples from 250 patients with TNBC have been analyzed with
informed consent. The study was approved by the local ethics
committee (Breast Group of Institut Curie Hospital).

All patients (mean age 52.7 years, range: 27 to 81 years) met
the following criteria: Primary unilateral nonmetastatic TNBC for
which complete clinical, histological, and biological data were avail-
able; neoadjuvant and/or adjuvant chemotherapy and full follow-up
at Institut Curie. Adjuvant therapy was administered to 243 patients
and neoadjuvant chemotherapy to 8 patients. The histological
type and the number of positive axillary nodes were established
at the time of surgery. Standard prognostic factors are detailed
in data file S2. During a median follow-up of 8 years, 56 patients
developed distant metastasis. Ten specimens of adjacent normal
breast tissue from patients with BC and normal breast tissue from
women undergoing cosmetic breast surgery were used as sources of
normal RNA.

PDXs and in vivo preclinical assays

PDXs were established from patients with TNBC with informed
consent, in accordance with published protocols (13-15). End points
for animal experiments were in accordance with Institutional Animal
Care and French Committee—approved criteria (project authorization
no. 02163.02). Female Swiss nude mice were purchased from Charles
River and maintained under specific pathogen-free conditions.
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Irinotecan monotherapy was administered intraperitoneally weekly,
ata dose of 50 mg/kg, for up to 6 weeks or less if the tumors reached the
ethical size limit (1500 mm”). In the combination study, irinotecan was
given at 40 mg/kg at days 1, 8, and 15 and VE-822 (MedChemExpress)
at 50 mg/kg at days 1,2, 3, 8,9, 10, 15, 16, and 17. Olaparib was given at
100 mg/kg, 5 days/week for 4 weeks. The indenoisoquinolines LMP400
and LMP776 were obtained from the National Cancer Institute (45)
and were administered intraperitoneally 5 days/week at 10 mg/kg for
4 weeks (HBCx-60) or 3 weeks (HBCx-39). Doxorubicin (Adriamycin,
Teva Pharmaceutical Industries Ltd.), cisplatin (CDDP, Teva Pharma-
ceutical Industries Ltd.), and cyclophosphamide (Endoxan, Baxter)
were administered intraperitoneally at doses of 2, 6, and 100 mg/kg,
respectively, every 3 weeks.

When tumors reached a volume of 60 to 200 mm?, mice were
individually identified and randomly assigned to the control or treated
groups, and the treatments were started. Tumor growth was evaluated
by measurement of two perpendicular diameters of tumors with a
caliper twice per week. Individual tumor volumes were calculated as
V = a x b*/2, a being the largest diameter and b being the smallest.
For each tumor, volumes were reported relative to the initial volume
[as relative tumor volume (RTV)]. Means (and standard deviation)
of RTVs in the same treatment group were calculated, and growth
curves were established as a function of time. Optimal tumor growth
inhibition of treated tumors versus controls was calculated as the
ratio of the mean RTV in the treated group to the mean RTV in the
control group at the same time. Mice were euthanized when the tumor
volume reached the ethical limit of 1200 to 1500 mm®. Percent change
in tumor volume was calculated for each tumor as [(Vf — V0)/
V0]*100, where VO = initial volume (at the beginning of treatment)
and Vf = final volume (at the end of treatment). Tumor regression
(R) was defined as a decrease in tumor volume of at least 50%, taking
the baseline tumor volume as reference; at least a 35% increase in
tumor volume identified PD and responses that were between +35
and —50% were considered as SD (13, 14). Individual data (tumor
volumes or relative tumor volumes) are in data file S4.

SNP-based assay for BRCAness classification

PDXs were profiled using Affymetrix genomics array: 18 PDXs with
SNP 6.0 and 22 with CytoScan HD arrays, as previously described (15).
Raw data were normalized with Genotyping Console (SNP 6.0 arrays)
or Chromosome Analysis Suite (CytoScan HD arrays). CytoScan HD
and SNP array (Affymetrix) data were processed using the Genome
Alteration Print (GAP) methodology to obtain absolute copy number
profiles (17). BRCAness classification was performed on the basis of
the number of LSTs as previously detailed (16, 17).

Microarray data analysis

GeneChip Human 1.1 ST arrays were hybridized according to the
Affymetrix recommendations, using the Ambion WT Expression Kit
protocol (Life Technologies) and Affymetrix labeling and hybrid-
ization kits as detailed elsewhere. Affymetrix CEL files were imported
into the Gene Expression Workflow in Partek Genomics Suite
version 7.0 (Partek Inc., www.partek.com). Background correction,
quantile normalization, log, transformation, and probeset annotation
were performed using default settings for the robust multichip average
procedure. For the identification of differentially expressed genes,
we used one-way analysis of variance (ANOVA), log fold changes
in expression > 1.5, and P values < 0.05 to be considered statistically
significant.

Coussy et al., Sci. Transl. Med. 12, eaax2625 (2020) 19 February 2020

TCGA cohort

FPKM (fragments per kilobase of exon model per million reads
mapped) RNA sequencing data on SLFN11 expression were obtained
from TCGA. FPKM were normalized to obtain z scores. TNBCs
were annotated using the set of genes associated with the estrogen
receptor 1 (ESR1) pathway. Tumors with deleterious mutations in
BRCA1/2 and RAD51 and loss of heterozygosity in corresponding
loci, BRCA1, or RAD51 promoter methylation, and high genomic
HRD score (LSTs) were considered to have BRCAness.

Methylation of BRCA1

We proceeded to sodium bisulfite modification of 100 ng of genomic
DNA, following the manufacturer’s protocol (EpiTect Plus DNA
Bisulfite Kit, QTAGEN). The methylated status of the BRCA1
promoter was determined by PCR with specific primers and verified
by pyrosequencing (PyroMark Q96 ID Instrument, QTAGEN). The
degree of CpG methylation was evaluated from the ratios of thymine
and cytosine (T and C) in the sequence.

RT-PCR analysis

RNA extraction and RT quantitive PCR were performed as previously
described (14). For gene normalization, we used the human TATA
box-binding protein (TBP, GenBank accession no. NM_003194).
Results are expressed as n-fold differences in target gene expression
relative to the TBP gene. In the prognostic cohort of 250 TNBCs, SLNF11
values of the tumor samples were subsequently normalized such that
the median of the SLNF11 values for the 10 normal breast tissues was 1.

Western blotting

Proteins were extracted as described previously (8). Lysates were
resolved on 4 to 12% TGX gels (Bio-Rad), transferred into nitrocellulose
membranes (Bio-Rad), and immunoblotted with rabbit antibodies
against YH2AX, P-CHK1 (Ser*®), P-CHK2 (Thr®®), and Ku80, all
purchased from Cell Signaling Technology. After washes, membranes
were incubated with horseradish peroxidase-conjugated affinity-
purified goat anti-rabbit secondary antibodies (111-035-045, Jackson
ImmunoResearch Laboratories Inc., Interchim).

Immunohistochemistry

Xenografted tumors were fixed in 10% neutral buffered formalin,
embedded in paraffin, and stained with hematoxylin and eosin.
Immunostaining was performed on a DISCOVERY XT Platform
(Ventana Medical Systems, part of Roche Diagnostics). The slides
were incubated with a monoclonal mouse antibody against RB1
(no. 9309, clone 4H1, Cell Signaling Technology) and a polyclonal
rabbit antibody against SLFN11 (no. HPA023030, Sigma-Adrich).
Slides immunostained with mouse and rabbit immunoglobulin G
(IgG) were used as negative controls. Slides were incubated with
anti-rabbit/mouse secondary antibodies (horseradish peroxidase com-
plex) and DAB (3,3’-diaminobenzidine tetrahydrochloride) as the
substrate for color development (ChromoMap Kit with anti-rabbit
OmniMap, Ventana Medical Systems). Immunostaining of RB1 was
performed as detailed in previous works (14, 28). Expression of
SLFN11 was quantified with the H-score: Sections were scored for
intensity (0 to 3+) and extent (0 to 100%) of staining. By multiplying
intensity and extent of staining, each tumor was assigned an H-score
(range: 0 to 300). We considered a tumor SLFN11 negative with
H-score = 0, SLFN11 low with an H-score between 1 and 60, and
SLFN11 high when the H-score was higher than 60.
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RAD51 immunofluorescence assay

RAD51 scores were assessed by immunofluorescence analysis in
untreated and treated xenografts (24 hours after a single treatment)
following the protocol published by Graeser et al. (19). Immuno-
fluorescence was carried out on 5-mm sections of formalin-fixed
and paraffin-embedded tumor tissues. After antigen retrieval by
microwaving at pH 9 [10 mM tris/1 mM EDTA (pH 9) buffer]
for 18 min followed by 20 min cooling in buffer, sections were
treated with Triton X-100 0.2% for permeabilization for 20 min, washed
in phosphate-buffered saline (PBS)-Tween 20 0.1%, and blocked with
immunofluorescence buffer (IFF, 3% bovine serum albumin and
5% donkey serum in PBS-Tween 20 0.1%) for 30 min at room tem-
perature. Sections were stained with a rabbit anti-geminin antibody
(ProteinTech no. 10802-1-AP) and a mouse anti-RAD51 antibody
(GeneTex no. GTX70230) in IFF overnight at 4°C, washed with
PBS-Tween 20 0.1%, and stained with Alexa Fluor 594 donkey
anti-rabbit IgG (Life Technologies, Thermo Fisher Scientific no.
A-21207) and Alexa Fluor 488 donkey anti-mouse IgG (Life Tech-
nologies, Thermo Fisher Scientific no. A-21202) for 1 hour at room
temperature. Last, slides were washed in PBS-Tween 20 0.1% and
mounted with Fluoroshield with 4’,6-diamidino-2-phenylindole
histology mounting medium (Sigma-Aldrich). Images were captured
with a Leica DM6000 B microscope. Between 100 and 200, tumor
cells were counted in 10 representative areas across the section. The
RADS51 score was assessed as the percentage of geminin-positive
cells that were also positive for RAD51. A cell was considered RAD51
positive if it had at least 10 nuclear foci.

Statistical analyses

PDX studies

Categorical variables were analyzed with the Fisher’s exact test.
Sensitivity, specificity, and positive and negative predictive values were
calculated with GraphPad Prism software. Two-tailed unpaired ¢ tests
were used when comparing two groups. Pearson’s correlation co-
efficient was used to assess correlation between SLEN11 gene and
protein expression. The frequency distribution of SLFN11 H-score
across PDX models was calculated with GraphPad Prism software.

Patient cohort

To visualize the efficacy of SLNF11 mRNA expression for discrimi-
nating two populations (patients who developed/did not develop
metastases) in the absence of an arbitrary cut-off value, data were
summarized in a receiver operating characteristic curve. The AUC
was calculated as a single measure to discriminate efficacy. MFS was
determined as the interval between initial diagnosis and detection
of the first metastasis. OS was determined as the interval between
initial diagnosis and the date of death. Survival distributions were
estimated by the Kaplan-Meier method, and the significance of dif-
ferences between survival rates was ascertained with the log-rank
test. The Cox proportional hazards regression model was used to
assess prognostic significance, and the results are presented as
hazard ratios and 95% confidence intervals.
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Starting at the TOP for cancer treatment

Topoisomerase (TOP) inhibitors are chemotherapeutic drugs that cause DNA double-strand breaks during
DNA replication. These can be repaired by homologous recombination, but some tumors, such as triple-negative
breast cancer, have defects in proteins needed for this type of repair. By examining 40 patient-derived xenograft
models of triple-negative breast cancer, Coussy et al. identified three key features associated with response to
topoisomerase inhibitors in these tumors. The authors characterized the extent of DNA damage in cancer cells in
the presence or absence of their proposed markers and tested a potential intervention for increasing drug
sensitivity in tumors missing one of the three target features.
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