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Abstract

Background
Despite some improvement in the prognosis of metastatic clear-cell renal cell carcinoma (ccRCC), the
identi�cation of new therapeutic targets is essential. Up to now, only limited genomic data has been
obtained from metastatic samples.

Methods
We aimed to characterize metastatic ccRCC by way of whole-genome analyses of metastatic formalin-
�xed samples, using OncoScan® technology. We identi�ed a frequent, unexpected pL1575P NOTCH1
mutation which we set out to characterize for translational purposes. We thus implemented patient-
derived xenografts from metastatic samples of human ccRCC to explore its clinical signi�cance .

Results
We showed that pL1575P NOTCH1 mutation was an activating mutation, leading to the expression of
NOTCH1-intracellular domain-active fragments in both cancer cells and tumor endothelial cells,
suggesting a trans-differentiation of cancer cells into tumor micro-vessels. We demonstrated that this
mutation could be used as a predictive biomarker of response to CB-103, a speci�c NOTCH1-ICD inhibitor.
One striking result was the considerable anti-angiogenic effect, coherent with the presence of NOTCH1
mutation in tumor micro-vessels.

Conclusions
We identi�ed a frequent, unexpected pL1575P_c4724T_C NOTCH1 mutation as a new biomarker for
ccRCC metastases, predictive of response to the CB103 NOTCH1-intracellular domain inhibitor. This
opens the way for further clinical trials among patients with metastatic RCCs.

Background
Clear-cell renal cell carcinomas (ccRCCs) are malignant tumors with high metastatic potential since more
than 50% of patients develop metastases, either at initial diagnosis, or at the time of disease relapse [1].
Anti-angiogenic drugs, and more recently immunotherapies, have improved the prognosis of metastatic
RCCs [2, 3]. However, almost all patients develop resistance to these treatments, with a median survival of
up to 30 months [2, 3]. The resistance mechanisms remain largely to be deciphered, but intra-tumor
heterogeneity could explain some of the clinical resistance observed. Intra-tumor heterogeneity of RCCs
has been characterized at molecular level in primary tumors, with evidence of sub-clonal spatial
heterogeneity [4, 5]. In addition, metastases derive from selected aggressive clones that have acquired
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resistance to �rst-line treatment with some gene abnormalities that expand from primary tumors to
metastases [6]. These metastatic clones, which may be a minority in the primary tumor [7], are precisely
those on which genomic analyses need to be carried out, to optimally guide targeted therapies for
metastatic RCCs. To date, only limited genomic data has been obtained from metastatic samples. In a
recent meta-analysis on RCC gene abnormalities, we reported data from 14,179 primary tumor samples,
including 433 metastatic samples, with some striking differences between primary tumors and
metastases [6].

Whole genome analyses are usually performed on formalin-�xed samples, which provide a considerable
resource worldwide, with over one billion samples available [8]. In our meta-analysis, we showed that the
sample conservation method (formalin-�xed or frozen samples) did not alter mutation prevalence for the
most frequently mutated genes, including VHL, BAP1, PBRM1, and SETD2. However, formalin-�xation is
associated with conformational DNA modi�cations due to a disul�de bond, DNA-protein crosslinks and
DNA fragmentation of less than 100bp fragments [9], thus limiting detection of certain mutations
depending on the technology used. In 2003, Oncoscan® FFPE Assay Kit (OncoScan assay) was
developed to detect copy number variations, loss of heterozygosity (LOH), and cancer-related somatic
mutations, using DNA extracted from formalin-�xed tissues. This assay uses probes with a genomic
40bp footprint [10–14]. Compared to PCR-based next-generation sequencing (NGS), the Affymetrix
OncoScan® Array platform had greater sensitivity and speci�city exceeding 98%, even using formalin-
�xed samples of poor quality, and a lower allele variant frequency (5–10%) [12].

In this study, we aimed to characterize metastatic RCCs by way of whole-genome analyses of metastatic
formalin-�xed samples. Using OncoScan® technology, we identi�ed several unexpected alterations
including a pL1575P NOTCH1 mutation and we set out to characterize this mutation more accurately for
translational purposes.

Materials And Methods

Patient metastatic samples processed for OncoScan®
analysis
Four patients were included in the �rst analysis. They all had a metastatic clear-cell renal cell carcinoma
(ccRCC) with a biopsy of a metastatic site performed before any medical treatment. All four metastatic
samples processed for genomic analyses were formalin-�xed para�n-embedded biopsy samples.

In compliance with the French bioethics legislation (2004 − 800; June 8, 2004), all patients had been
informed of the research use of part of their samples remaining after diagnosis, and none opposed it.
Informed consent was obtained from each patient.

DNA puri�cation and whole-genome analysis on human
samples
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Whole genome analysis was performed on laser-micro-dissected tumor cells from the four metastatic
samples using OncoScan-Express® (Affymetrix, USA). OncoScan-Express® uses a molecular inversion
probe (MIP)-based genotyping system dedicated to formalin-�xed para�n-embedded tissues, which
determines the genotype of 330,000 SNPs, copy number alterations, loss of heterozygosity (LOH) and
somatic mutations (Supplementary Fig. 1). MIP probes are circularizable oligonucleotides, the two ends
of which carry two sequences complementary to two sequences on the genome, separated by one
nucleotide (where the variant to be genotyped is located). After hybridization of the genomic DNA, the
product of the reaction is divided between two tubes, and two nucleotides are added to each tube (A/T
and C/G). In the tube including the nucleotide complementary to the allele on the genome, the MIP probe
is ligated and becomes circular. This structure is selected using exonucleases, and linearized. The
products are ampli�ed and hybridized onto an Affymetrix microarray for product identi�cation. At the
time we performed the analysis, OncoScan® Assay searched for 541 somatic mutations speci�c to
cancer, with a coverage of over 200 tumor suppressors and oncogenes, and a median spacing of 1 probe
per 0.5 kb for the top 10 “actionable” tumor suppressor genes, a median spacing of 1 probe per 2 kb for
the top 190-plus actionable oncogenes, and a median backbone spacing of 1 probe per 9 kb.

Data analyses were performed on Nexus-7 software (BioDiscovery,USA).

ddPCR and validation of the NOTCH1 mutation in metastatic samples

A Droplet Digital Polymerase Chain Reaction (ddPCR) was performed using the QX100 ddPCR work�ow
system (Biorad, Hercules, CA, USA). The mix contained 20 ng of genomic DNA, 10 µL of ddPCR Supermix
for Probes (No dUTP) (Bio Rad), 1µL of NOTCH1 probes either wild-type or speci�c to the pL1575P
NOTCH1 mutation (12772, Qiagen, Germany) (Supplementary Word 1) and 1 µL RNaseP probe
(Taqman® copy number Reference Assay, 4403326, Life Technologies) per well, and the �nal volume for
the reaction was 20 µL. Droplets were generated by a QX200 Droplet Generator (Biorad). PCR was carried
out on the CFX96 Real Time System (Bio Rad). It consisted in an initial denaturing step at 95°C for 10
min., followed by 40 denaturing cycles (94°C for 30 s), and annealing (60°C for 1 min.). A post-
ampli�cation melting curve program was initiated by heating to 98°C for 10 min. and then cooling to
12°C. Each PCR run included a no-template control. The results for ddPCR were generated using QX100
Droplet Reader (Biorad) and analysed using QuantaSoft software (Biorad). The ratio of NOTCH1-positive
droplets to RnaseP-positive droplets was calculated.

We calculated the mutant allele frequency using the mathematical formula Mmu/ MDNAconc, as
previously reported, Mmu being the number of mutant copies per droplet and MDNAconc being the DNA
concentration in the reaction. Mmu and MDNAconc are calculated as follows:

Mmu = -ln (1-(nmu/n)), where nmu = number of droplets positive for mutant NOTCH1 probe and n = total
number of droplets. MDNAconc = -ln (1-(nDNAcon/n)), where nDNAconc = number of droplets positive for
wild-type NOTCH1 probe and/or mutant NOTCH1 probe and n = total number of droplets [15].
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A DNA obtained from a patient with lymphoblastic acute leukaemia T and the presence of pL1575P
NOTCH1 mutation was provided by P.V and used as the positive control.

Detection of NOTCH1-ICD-expressing cancer cells in
metastases and tumor xenografts

Immunohistochemistry staining
An indirect immunoperoxidase method was performed on 5µm-thick tissue sections using anti-NOTCH1-
ICD (ab8925,1:200, Abcam) as primary antibody.

The systematic controls used were the absence of primary antibody and the use of an irrelevant primary
antibody of the same isotype.

Immuno�uorescence staining
To detect NOTCH1-ICD in the endothelial cells, a double indirect immuno�uorescence method was
performed using NOTCH1-ICD and CD31 as primary antibodies. Staining was performed with Tyramide
detection kit 488CF (biotium, 99824), and 543CF (biotium, 99825) respectively, and a �uorescent
mounting medium with DAPI was used for nucleus detection (E19-18, GBI labs).

Western-blot analysis
Protein extraction was performed from cryopreserved tissue with RIPA buffer (Thermo) supplemented
with 1 EDTA-free protease inhibitor cocktail tablet (Roche Diagnostics) and phosphatase inhibitors
(Sigma-Aldrich).

Western blot was performed on 10% Mini-PROTEAN TGX precast gels (Biorad), then transferred onto a
0.2 µm Nitrocellulose membrane (Biorad) using the Trans-Blot Turbo Transfer System. Immunostaining
was performed using anti-NOTCH1-ICD (ab8925, 1:500, Abcam) and anti-GAPDH (ab9485, 1:2500,
Abcam) as primary antibodies. An anti-rabbit HRP (ab32568, 1:1000, Abcam) was used as a second
antibody. Western blot revelation was performed using Clarity Western ECL Substrate (Biorad) and
detected on ChemiDoc XRS + detection system (Biorad). Analyses were performed with Image Lab
Software 6.1 (Biorad).

Laser micro-dissection of NOTCH1-ICD expressing cells
To con�rm that NOCTH1-ICD expression in cancer cells or tumor endothelial cells was associated with
NOTCH1 mutation, we combined laser micro-dissection of NOTCH1-ICD expressing cells with ddPCR for
NOTCH1 mutation.

For each sample analysed, 7 µm-thick tissue sections were laser-micro-dissected to select a minimum of
300 cancer cells or 100 tumor endothelial cells expressing NOCTH1-ICD, using a PALM-Microbeam/Zeiss-
system (Carl Zeiss, Germany). Total DNA was extracted from the micro-dissected cells using DNeasy-
Micro-Kit (Qiagen, Courtaboeuf, France), and concentrated in a �nal volume of 10 µL.
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For NOTCH1 gene copy number analyses, total DNA extracted from micro-dissected tumor cells was
processed using ddPCR as described above.

Patient-derived clear-cell renal cell carcinoma xenografts
and treatment
Five patient-derived clear-cell RCC xenograft models obtained from biopsies of metastases were
implemented in our research unit [16] (Supplementary Table 1). The National Ethics Committee for
experimental animal studies approved this study (APAFIS#17190-2018101814245111). The ethical
guidelines that were followed met the standards required by the US guidelines [17]. Animals were
maintained in pathogen-free housing at Sorbonne Paris Nord University (agreement number: C9300801).

After successful engraftment, tumor growth was measured in two perpendicular diameters with a caliper.
Tumor volumes were calculated as follows: V = L × l2 ÷ 2, L being the larger diameter (length), l the
smaller (width). When tumors reached a volume of 400 mm3 (n = 6 mice per treatment group), the mice
were separated into four groups: i) treatment by gavage with sunitinib at 40 mg/kg/day (group 1), ii)
treatment by gavage with NOTCH1 inhibitor (CB-103, HY-135145, MedChem Express at 25 mg/kg/twice
daily or (LY411575, S2714, Selleckchem) at 10 mg/kg/day (group 2)); iii) combined treatment by gavage
with sunitinib, at 40 mg/kg/day, and with NOTCH1 inhibitor (either CB-103 or LY411575) (group 3); iv)
treatment with 100 µL of 0.9% NaCl as a control (group 4). All treatments were administered for 30 days.
A daily clinical score was recorded and tumor growth was measured weekly until tumor weight reached
the ethically recommended limit of under 10% of mouse body weight (Directive 2010/63/EU of European
Parliament and Council of 22 September 2010 on the protection of animals used for scienti�c purposes;
O�cial Journal of European Union L 276/33). An inhibition growth coe�cient was calculated for each
treatment arm (Supplementary Fig. 2), using a ratio of the slopes (a and a’) of the straight lines before
and after treatment. In all xenograft models, the coe�cient of inhibition for a drug is was calculated as
(a’-a)/a - a, being the slope of the curve before the start of treatment (Day 0) - and a’ the slope of the curve
between Day 0 and Day 30 of treatment. For a given drug combination, if the inhibition coe�cient was
negative, the tumor was considered sensitive to the drug. If, in contrast, it was positive, the tumor was
considered resistant to this drug.

In situ assessment of necrosis, cell proliferation, angiogenesis and apoptosis

When present, necrosis was delineated on virtual slides created on a Nanozoomer2.0H scanner
(Hamamatsu/ Japan), and quanti�ed using DotSlide2 software. Results were expressed as the sum of
necrotic areas for each section, and the mean ± SEM. For micro-vessel density, proliferation and apoptotic
counts, an indirect immunoperoxidase method was performed on 5 µm-thick tissue sections, using
monoclonal mouse anti-human Ki67 antibody (M724001-2, 1:100, Agilent) as primary antibody for
proliferation, polyclonal rabbit anti-human cleaved-caspase-3 antibody (Asp175, 1:200, Cell signalling
Technology) as primary antibody for apoptosis, and rabbit polyclonal anti-mouse CD31 antibody (SZ31,
1:30, Dianova) as primary antibody for micro-vessel density. For CD31 staining, the secondary antibody
was a rabbit anti-rat IgG H&L (ab6703,1:200, Abcam), for Ki67 staining, a rabbit anti-mouse IgG1 H&L
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(clone M1gG51-4, 1:200, Abcam) was used. The secondary antibody was coupled with an anti-rabbit
OmniMap detection kit (Roche diagnostic, Meylan, France).

For each tumor section analyzed, proliferation and apoptotic cell counts were performed on �ve different
�elds at x400 magni�cation, using a ProvisAX70 microscope (Olympus, Tokyo) with a wide-�eld eyepiece
number 26.5 providing a �eld size of 0.344mm2 at X400 magni�cation. Microscope images were
captured using a ColorView-III digital camera, and analyzed using Olympus-SIS Cell F software. The
percentage of positive cells in 100 cancer cells was determined, and results were expressed as means ± 
SEM. For micro-vessel density, CD31-positive micro-vessels were counted on ten different �elds, at X400
magni�cation. The number of positive micro-vessels was related to the total number of micro-vessels in a
given surface area studied. Results were expressed as means ± standard deviation.

Statistical analysis
Statistical analyses were performed using R Studio 1.3.1073 statistical software.

For analysis of the copy number variation derived from the result from Oncoscan® technology and our
meta-analysis data, we used the copynumber package in R.

For counts of NOTCH1-expressing tumor cells, the mean ± SEM was calculated for each tumor sample
(primary RCC, metastasis or tumor-xenograft), and represented in bar graphs.

Quantitative values were compared using Student's t-test (two-tailed), while proportions were compared
using the Z-test. P values under 0.05 were considered signi�cant.

Results

Whole-genome signature of the four RCC metastases using
OncoScan® technology
Four patients were included in the �rst analysis (Supplementary Table 2).

Using OncoScan® technology, we identi�ed a panel of copy number alterations and loss of
heterozygosity (LOH) (Fig. 1A). We compared this to data obtained from the recent meta-analysis we
performed on RCC genomic data (Fig. 1B) [6] and found common events known to occur early in the
carcinogenesis of RCCs, such as whole 3p loss and whole 5q ampli�cation. In contrast, we identi�ed
some abnormalities not previously described, including 9q11.2 and 15q11.1-11.2 ampli�cation. In
particular, the 9q11.2 ampli�cation was identi�ed in the four samples with LOH in the same locus,
suggesting its potential role in the RCC metastatic process. Within these loci, very few genes have been
studied for their potential role in RCC carcinogenesis (Supplementary Table 3). Among them, MiR1299,
located on 9q11.2, encodes the acting circRNA and circ-EGLN3, which promotes renal cell carcinoma
proliferation by regulating of IRF7 expression [18].
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We also identi�ed potential hotspot mutations in the four metastases analyzed (Supplementary File Excel
1). As recommended, using a threshold of 9 for probability score to �lter the data, we retrieved 48
mutations (Table 1). Typically, we found VHL gene mutations for 3 of the 4 patients. We also identi�ed
frequent mutations activating the mTOR pathway, in PI3KCA and PTEN genes. The three other genes that
are frequently mutated in RCCs, PBRM1, SETD2, and BAP1, were not included in this OncoScan® panel.
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Table 1
Point mutation identi�ed on RCC metastases before treatment

  Patient 1 Patient 2 Patient 3 Patient 4

ABL1_pF359V_c1075T_G 12 12 16 12

NPM1_pW288fs12_c863_864insCATG_allele1 13 9 9 11

NOTCH1_pL1575P_c4724T_C 11 21 0 9

MEN1_p_c654_plus_3A_G 3 20 10 11

VHL_pE160K_c478G_A 11 1 9 10

RET_pM918T_c2753T_C 28 0 1 1

PTEN_pI101T_c302T_C 17 5 14 11

PTEN_pE235X_c703G_T 14 12 6 5

PTEN_pR173C_c517C_T 19 -1 7 3

PIK3CA_pC420R_c1258T_C 16 -1 -1 -1

PIK3CA_pC901F_c2702G_T 15 6 4 6

PIK3CA_pH701P_c2102A_C 14 -1 1 -1

PIK3CA_pY1021C_c3062A_G 10 5 8 8

PDGFRA_pD1071N_c3211G_A 11 1 12 8

NF1_pR816X_c2446C_T 19 10 10 5

NF1_pK1444E_c4330A_G 19 -1 7 5

NF1_pR1276X_c3826C_T 16 1 8 4

NF1_pR461X_c1381C_T 12 5 12 5

NF2_pQ362X_c1084C_T 16 1 10 4

RB1_p_c2107_minus_2A_G 11 -1 13 9

RB1_pQ702X_c2104C_T 13 6 12 11

RB1_pR787X_c2359C_T 14 13 8 -1

RB1_p_c1961_minus_1G_A 8 9 12 8

RB1_pR251X_c751C_T 7 6 12 0

CDKN2A_p_c151_min_1G_A 7 11 7 5

BRCA1_pG1077W_c3229G_T 13 -1 1 14



Page 11/27

  Patient 1 Patient 2 Patient 3 Patient 4

BRCA2_pR2678S_c8034G_T 10 15 11 -1

BRCA2_pS1682S_c5046T_C 10 3 13 11

APC_pQ1367X_c4099C_T 15 0 14 10

APC_pR213X_c637C_T 15 -1 0 7

APC_pQ789X_c2365C_T 13 -1 3 -1

APC_pE853X_c2557G_T 4 5 12 4

NPM1_pW288fs12_c863_864insTCTG_allele1 19 4 6 4

NPM1_pW288fs12_c863_864insCCTG_allele1 11 4 7 6

ERBB2_pG776S_c2326G_A 12 6 5 10

TP53_pE336X_c1006G_T 10 11 8 6

TP53_pC135F_c404G_T -1 11 0 -1

KRAS_pQ61K_c181C_A 9 14 0 8

NRAS_pQ61H_c183A_C 12 6 3 -1

PAK7_pT397K_c1190C_A 19 12 4 6

SMAD4_pD537Y_c1609G_T 16 11 6 4

RUNX1_pR166X_c496C_T 15 8 4 8

MLH1_pC233R_c697T_C 11 -1 -1 4

IRAK1_pS690G_c2068A_G 14 -1 -1 11

TSHR_pM453T_c1358T_C 13 8 6 1

CBL_pR420Q_c1259G_A 11 7 11 5

MSH2_pR711X_c2131C_T 3 11 9 -1

INPP4A_pE940D_c2820A_C 11 -1 2 8

In contrast, several mutations had never been described in RCC. We chose to focus on the
pL1575P_c4724T_C NOTCH1 mutation, located on chromosome 9q34.3, because it was potentially
present in at least 3 of the 4 patient metastases with a high probability score of 21 for Patient 2, and
because the NOTCH pathway had been reported as a potential therapeutic target in clear-cell renal cancer
[19–23]. In addition, the 9q arm is lost in 75% of RCCs as reported in our meta-analysis (Fig. 1B), and we
found an allelic imbalance 9q34.3 cytoband for Patient 1 and Patient 2 (Supplementary File Excel 1).

pL1575P_c4724T_C NOTCH1 mutation is a frequent molecular event in RCC metastases
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Using Sanger sequencing, we were not able to detect the pL1575P_c4724T_C NOTCH1 mutation in any of
the 3 metastatic samples, neither in lymphoblastic acute leukemia T (LAL-T) positive control. In contrast,
using digital droplet PCR and speci�c probes for the pL1575P_c4724T_C NOTCH1 mutation, we
con�rmed that it was present in the LAL-T positive control samples and in the 3 metastatic samples from
Patients 1, 2 and 4 (Fig. 2A), but not in the sample from Patient 3. We showed that the absolute numbers
of mutated NOTCH1 copies were 1516, 1221 and 1346 for Patients 1, 2 and 4, respectively. We also
showed tumor heterogeneity with a mutant allele frequency of 61%, 65% and 59% respectively.

When we tested 9 metastatic biopsy samples from 7 additional patients with metastatic RCCs, we
identi�ed pL1575P NOTCH1 mutations in all metastatic samples, with a mean mutant allele frequency of
53.5%, and ranging from 43–80.5% (Fig. 2B).

pL1575P NOTCH1 mutation is an activating mutation in RCC

NOTCH1 is a trans-membrane receptor that belongs to the highly conserved NOTCH signalling pathway.
Most NOTCH1 mutations occur in the hetero-dimerization (HD) and/or PEST domains [24] (Fig. 3A). The
pL1575P NOTCH1 mutation is located in the N-terminal part of the HD domain (HD-N) and is responsible
for NOTCH1 constitutive activation in lymphoblastic acute leukemia T [25]. Indeed, when this point
mutation is present in lymphoblastic acute leukaemia T cells, it opens the enzymatic cleavage domain in
S2, enabling NOTCH1 receptor cleavage by disintergrin and metalloprotease (ADAM) enzyme. This
enzymatic cleavage leads to the dissociation of the extracellular domain and to the generation of a
truncated form of NOTCH1, comprising the transmembrane and the intracellular domains. The third
cleavage (S3) mediated by a γ-secretase protease complex releases the active NOTCH1 intracellular
domain (NOTCH1- ICD) into the cytoplasm. After translocation into the nucleus, NOTCH1-ICD binds to
ubiquitous transcription factors including mastermind-like protein (MAML, a transcriptional co-activator),
and RNA-binding protein (RBP J) implicated in differentiation, proliferation, and cell survival (Fig. 3B).

To identify the intra-cellular domain of NOTCH1 (NOTCH1-ICD), we performed immunohistochemistry
staining using an anti-NOTCH1 activated antibody (aa 1755-1767-intracellular) which speci�cally
recognizes an ICD epitope that is only exposed after cleavage by gamma secretase. We found
predominant nuclear staining with some cytoplasmic staining in the 3 metastatic samples from Patients
1, 2 and 4 (Fig. 4A). We also found that not all cancer cells were stained. When we separated cancer cells
expressing NOTCH1-ICD from those that did not using laser-microdissection, the pL1575P NOTCH1
mutation was mainly present in cancer cells expressing NOTCH1-ICD (57% vs. 17%, P < 0.01, Fig. 4B).

Surprisingly, using peroxydase immunostaining, we found that tumor vessels and thus tumor endothelial
cells also expressed NOTCH1-ICD (Fig. 4C). To con�rm this observation, we performed double
immuno�uorescence staining using anti-CD31 and anti-NOTCH1-ICD antibodies. We showed that some
CD31-expressing cells, but not all, co-expressed NOTCH1-ICD (Fig. 4C). Using laser-micro-dissection, we
selected tumor endothelial cells expressing NOTCH1-ICD and identi�ed the pL1575P NOTCH1 mutation
with an allelic frequency of 48%, comparable to that found in cancer cells (Fig. 4C).
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pL1575P NOTCH1 is frequently retained in RCC xenografts obtained from metastatic samples

Five patient-derived xenograft models obtained from RCC metastases were developed in our research unit
(XRCC1 to XRCC5). Using allelic discrimination for the pL1575P_c4724T_C NOTCH1 mutation and
ddPCR, we identi�ed the mutation in all �ve RCC xenograft models at Passage 1 (P1), with allelic
mutation frequencies ranging from 10.1 to 48.8%. Except for the XRCC5 model, the allelic frequency of
the pL1575P_c4724T_C NOTCH1 mutation signi�cantly increased between P1 and P5 in the other four
models, suggesting progressive tumor enrichment with this mutation (Supplementary Fig. 3).

Targeting NOCH1-ICD inhibits tumor growth in vivo

For in vivo experiments using NOTCH1 inhibitors, we chose models XRCC4 and XRCC5 because of the
marked enrichment for NOTCH1 mutation in the XRCC4 xenograft (48% allelic mutation frequency at
passage 5) and a much lower allele mutation frequency for the XRCC5 xenograft (19% at passage 5).

These two RCC xenograft models were obtained from metastatic samples from two patients responding
to sunitinib treatment in �rst-line setting (Supplementary Fig. 4), predicting response to sunitinib in the
two models [26].

We treated these two models with two different NOTCH1 inhibitors, CB-103 and LY411575. They were
chosen from a panel of 10 inhibitors commercially available because of their two different biological
mechanisms: LY411575 is a γ-secretase inhibitor (GSI) with an IC50 of 0.39nM while CB-103 is a
NOTCH1-ICD transcription complex inhibitor (Supplementary Table 4 and Fig. 3B).

Using LY411575 administered daily by gavage, we did not observe any anti-tumor effect (data not
shown).

In contrast, using CB-103 mono-therapy, there was a signi�cant anti-tumor effect for both xenograft
models, more marked with XRCC4 than with XRCC5 (Fig. 5A and Table 2, Supplementary Fig. 5). Using
sunitinib alone, we obtained complete tumor growth inhibition, associated with a signi�cant increase in
necrotic areas after histological analysis. Unexpectedly, there was also a strong induction of necrosis
with CB-103 mono-therapy, with an additive effect when CB-103 and sunitinib were combined (Fig. 5B
and Supplementary 4B). There was also a signi�cant gradual decrease in micro-vessel density in treated
mice. For model XRCC4, the number of CD31-expressing micro-vessels decreased from 28 for untreated
mice to 7.4 for mice treated with a combination of CB-103 and sunitinib (P < 0.01, Fig. 5C). Surprisingly,
there was a limited direct cytotoxic effect on cancer cells, with no difference between untreated and
treated mice for apoptotic counts using cleaved-caspase 3 staining (data not shown). We showed a
signi�cant inhibition of proliferation using sunitinib combined with CB-103 compared to the untreated
group (Fig. 5D). It is important to note that CB-103 tumor growth inhibition was stronger with XRCC4 than
with XRCC5 (growth inhibition coe�cient of -0.21 vs. 0.57 respectively), coherent with a higher
pL1575P_c4724T_C NOTCH1 allelic mutation frequency in model XRCC4. Finally, when we assessed
NOTCH1-ICD expression and NOCTH1 allelic mutation frequency in tumors after treatment, we found a



Page 14/27

signi�cant decrease for both markers. In particular, for model XRCC4 treated with CB-103 monotherapy,
NOTCH1 allelic frequency decreased from 64–1%, and NOTCH1-ICD was no longer seen to be expressed
on Western blot (Fig. 5E, 5F).

Table 2
Growth inhibition coe�cient for drugs tested in XRCC model

XRCC Model Drug Growth inhibition coe�cient

  Untreated xx

XRCC4 Sunitinib -0.63

CB103 -0.21

Sunitinib + CB103 -0.65

XRCC5 Untreated xx

Sunitinib -0.60

CB103 0.57

Sunitinib + CB103 -0.62

Discussion
In this study, using two different methods for genomic analysis, we identi�ed the pL1575P_c4724T_C
NOTCH1 activating mutation in metastatic RCCs, a new biomarker predictive of response to NOTCH1-ICD
inhibition.

The NOTCH1 pathway is frequently activated in metastatic cancers including renal cell carcinomas [27],
and high NOTCH1 expression in primary RCCs is associated with an increased risk of metastatic relapse
and decreased survival [23, 28]. In our study, we showed an increased allelic frequency of the
pL1575P_c4724T_C NOTCH1 mutation after successive passages through RCC xenografts, suggesting
enrichment by these aggressive clones, as observed in the metastatic process in patients.

Surprisingly, this pL1575P_c4724T_C NOTCH1 mutation, present in 50–70% of LAL-T [29, 30], had not
hitherto been identi�ed in RCCs. There could be several reasons for this : i) the sample type (metastasis
vs. primary tumor); ii) the conservation method (frozen vs. formalin-�xed); or iii) the type of genomic
analysis. We only analyzed metastatic samples, and this is a strength of our study, since metastatic
clones can derive from minority clones in the primary tumor, and can thus be missed in primary tumor
analyses. In our series of 11 metastases, this pL1575P_c4724T_C NOTCH1 mutation was systematically
identi�ed, using either Oncoscan® technology on FFPE samples or allelic discrimination on frozen
samples. In a recent meta-analysis on genomic data from 14,696 RCCs, we reported a prevalence of 2%
for NOTCH1 mutations, but in a single study and on a limited number of 60 metastatic samples [31],
suggesting that NOTCH1 mutation prevalence could be largerly under-estimated. For the conservation
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method, formalin �xation induces alterations that could limit certain genomic analyses [32]. Oncoscan®
technology is restricted to formalin-�xed samples because of its original circulation probes recognizing
small DNA sequences of less than 100bp [9]. In one comparative study, Oncoscan® technology had a
higher sensitivity than the PCR- based next-generation sequencing (NGS) using formalin-�xed samples
[12]. In two clear-cell papillary RCCs, Oncoscan® enabled the identi�cation of new copy number
alterations. In our study, we also identi�ed new alterations, typically the ampli�cation of 15q11.1-11q.2,
which comprises several genes (including UBE3A, SNRPN, SNHG14, PWRN1) and potential new
therapeutic targets for metastatic RCCs [33–35]. UBE3A, also known as E6AP ubiquitin-protein ligase
(E6AP), is an enzyme synthesized by the UBE3A gene, linked to the degradation of the p53 tumor
suppressor [33]. In preclinical models of RCCs, Liguisticum wallichii, a Chinese medicinal herb, led to
tumor cell proliferation inhibition via UBE3A expression down regulation [36].

As with LAL-T [37], we showed that the pL1575P_c4724T_C NOTCH1 mutation is an activating mutation
in metastatic RCCs, leading to NOTCH1 cleavage and then NOTCH1-ICD nuclear overexpression (Fig. 3,
[38]). The pL1575P_c4724T_C NOTCH1 mutation was mainly restricted to cancer cells expressing
NOTCH1-ICD and selected through laser micro-dissection. We also demonstrated that the
pL1575P_c4724T_C NOTCH1 mutation was present in tumor endothelial cells expressing NOTCH1-ICD,
and this was unexpected. Indeed, in patient-derived xenografts, micro-vessels are usually of murine origin
[39]. However, some tumor micro-vessels can derive from a trans-differentiation of cancer cells, a
phenomenon called vascular mimicry, which we have previously described in RCCs [40, 41].

To determine the bene�t of targeting the NOTCH1 pathway in metastatic clear-cell RCC, we treated RCC
patient-derived xenografts obtained from metastases with two different NOTCH1 inhibitors. We have
previously shown that patient-derived xenografts are relevant preclinical models to predict treatment
response in patients [16, 42, 43]. NOTCH1 inhibitors have shown their bene�t in preclinical models of
NOTCH-driven tumors, and clinical trials are on-going in LAL-T, metastatic breast and pancreatic cancer
[44–49]. Using LY411575, a γ secretase inhibitor (GSI), we did not observe any anti-tumor effect. This
inhibitor may not be su�cient to prevent NOTCH1 receptor cleavage at the S3 site. Indeed, the
pL1575P_c4724T_C NOTCH1 mutation leads to a conformational change in the receptor and its
permanent cleavage in an active NOTCH1-ICD. In contrast to LY411575, using CB-103 designed to block
GSI-insensitive dominant active forms of NOTCH1-ICD, we obtained a strong anti-tumor effect,
particularly when this drug was combined with sunitinib. In vitro, CB-103 was able to inhibit the growth of
LAL-T expressing NOTCH1-ICD, and of triple negative breast cancer cell lines, while GSIs were inactive
[50]. CB-103 is currently being evaluated in a phase-I/II clinical trial for advanced solid tumors and
haematological malignancies (https://clinicaltrials.gov/ct2/show/NCT03422679), but our study opens
the way to further development in metastatic RCC.

In our study, using two opposed RCC patient-derived xenografts, we showed that the pL1575P_c4724T_C
NOTCH1 mutation could be used as a predictive biomarker for response to CB-103 inhibitor: the higher
the NOTCH1 allelic frequency, the greater the anti-tumor effect. And this was associated with a quasi-
disappearance of mutated clones after treatment. One striking result was the considerable anti-
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angiogenic effect at tissue and cell level, coherent with the unexpected presence of NOTCH1 mutation in
tumor micro-vessels, and this had not hitherto been reported in preclinical studies [50].

Conclusions
In our study, we identi�ed the pL1575P_c4724T_C NOTCH1 mutation as a new biomarker for RCC
metastases, predictive of response to the CB103 NOTCH1-intracellular domain inhibitor. It opens the way
for further clinical trials among patients with metastatic RCCs.
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Figure 1
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 Copy number gains and losses in 4 metastatic RCC samples using Oncoscan® (A) compared with 433
metastatic RCC samples from our meta-analysis on genomic data of clear-cell RCC (B). Some of the
abnormalities were not previously described, including 9q11.2 and 15q11.1-11.2 ampli�cations (red
arrows on panel A).

Figure 2

ddPCR allelic discrimination for the pL1575P_c4724T_C NOTCH1 mutation, in 3 of the 4 metastatic
samples processed via Oncoscan® analysis (A), and in ten additional metastatic samples (B).
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Figure 3

NOTCH1 protein structure and signaling pathway. (A) NOTCH1 protein structure, the mature NOTCH1
receptor is a heterodimer composed of an extracellular subunit (NOTCH1-EC) and a transmembrane and
intracellular subunit (NOTCH1-TMIC). NOTCH1-EC includes epidermal growth factor (EGF)-like repeats,
involved in ligand binding, three LIN-12/NOTCH repeats (LNR), which prevent receptor activation in the
absence of ligands, and the heterodimerization domain (HD) involved in non-covalent interactions
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between NOTCH1-EC and NOTCH1-TMIC. NOTCH1-TMIC comprises the transmembrane domain (TM)
and the intracellular domain (ICD) (NOTCH1-ICD). NOTCH1-ICD comprises an RBPJ-associated molecule
(RAM) domain, seven ankyrin (ANK) repeats, nuclear localization signals (NLS), a transactivation domain
(TAD), and a PEST domain, in turn involved in proteasomal degradation of active NOTCH1-ICD. Most
NOTCH1 mutations are located in the HD and PEST domains (red arrows), and the pL1575P_c4724T_C
NOTCH1 mutation (highlighted in yellow) is located in the HDN domain. (B) Newly synthesized NOTCH1
precursor is cleaved by a furin-like convertase (Furin) in the Golgi apparatus to generate the mature
receptor. NOTCH1 signaling occurs when a JAGGED or DELTA ligand expressed on a signal-sending cell
interacts with NOTCH1 on a signal-receiving cell. This interaction triggers two sequential cleavages of
NOTCH1: the �rst, by way of an a disintegrin and metalloproteinase (ADAM) metalloproteinase, generates
the substrate for the second cleavage by γ-secretase, which releases the active NOTCH1-ICD. NOTCH1-
ICD translocates to the nucleus where it forms a transcriptional activation complex by interacting with the
transcription factor CSL/RBP-Jk, mastermind-like proteins, and other coactivators (CoA), leading to the
expression of NOTCH1 target genes. In physiological conditions, NOTCH1 expression is controlled by
ubiquitination and proteasomal degradation of NOTCH1-ICD.
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Figure 4

NOTCH1-ICD-expressing cancer cells and tumor endothelial cells in human samples. (A) NOTCH1-ICD
staining is mainly nuclear in the 3 metastatic samples from Patients 1, 2 and 4. (B) Panel B illustrates the
laser-microdissection of a cancer cell expressing NOTCH1-ICD (red circle and arrow) and of a cancer cell
not expressing NOTCH1-ICD (yellow circle and arrow), with a signi�cant difference in terms of percentage
of NOTCH1 mutant allele frequency. *** P < 0.001. (C) The left panel shows the NOTCH1-ICD staining of
a tumor endothelial cell (black arrow). Some tumor endothelial cells can be seen to co-express NOTCH1-
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ICD (red) and anti-CD31 (green) on immuno�uorescence staining (middle panel). The right panel shows
that laser-microdissected tumor endothelial cells expressing NOTCH1-ICD harbor the pL1575P NOTCH1
mutation with an allelic frequency of 48%.

Figure 5
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In vivo anti-tumor effect of CB-103 in a XRCC4 xenograft model. (A) CB-103 monotherapy, sunitinib
monotherapy, or the combination of CB-103 and sunitinib signi�cantly inhibit tunor growth after 30 days
of treatment (n = 6 per treatment group). This is associated with a signi�cant gradual increase in the
percentage of necrotic areas (B), a signi�cant decrease in microvessel density (C) and in cell proliferation
(D). After 30 days of CB-103 monotherapy treatment, the pL1575P_c4724T_C NOTCH1 mutation and
NOTCH1-ICD protein expression disappear on Western blot (E). (*P < 0.05, ***P < 0.001).
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