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ABSTRACT
◥

Current treatment approaches for renal cell carcinoma (RCC)
face challenges in achieving durable tumor responses due to tumor
heterogeneity and drug resistance. Combination therapies that
leverage tumor molecular profiles could offer an avenue for
enhancing treatment efficacy and addressing the limitations of
current therapies. To identify effective strategies for treating RCC,
we selected ten drugs guided by tumor biology to test in six RCC
patient-derived xenograft (PDX) models. The multitargeted tyro-
sine kinase inhibitor (TKI) cabozantinib and mTORC1/2 inhibitor
sapanisertib emerged as the most effective drugs, particularly when
combined. The combination demonstrated favorable tolerability
and inhibited tumor growth or induced tumor regression in all
models, including two from patients who experienced treatment
failure with FDA-approved TKI and immunotherapy combina-
tions. In cabozantinib-treated samples, imaging analysis revealed
a significant reduction in vascular density, and single-nucleus
RNA sequencing (snRNA-seq) analysis indicated a decreased
proportion of endothelial cells in the tumors. SnRNA-seq data

further identified a tumor subpopulation enriched with cell-cycle
activity that exhibited heightened sensitivity to the cabozantinib
and sapanisertib combination. Conversely, activation of the epi-
thelial–mesenchymal transition pathway, detected at the protein
level, was associated with drug resistance in residual tumors
following combination treatment. The combination effectively
restrained ERK phosphorylation and reduced expression of ERK
downstream transcription factors and their target genes implicated
in cell-cycle control and apoptosis. This study highlights the
potential of the cabozantinib plus sapanisertib combination as a
promising treatment approach for patients with RCC, particularly
those whose tumors progressed on immune checkpoint inhibitors
and other TKIs.

Significance:Themolecular-guided therapeutic strategy of com-
bining cabozantinib and sapanisertib restrains ERK activity to
effectively suppress growth of renal cell carcinomas, including those
unresponsive to immune checkpoint inhibitors.

Introduction
Renal cell carcinoma (RCC) originates from cells in the renal

epithelium and accounts for more than 90% of cancers in the kid-
ney (1). Clear cell RCC (ccRCC) is themost common (75%) subtype. In
the past 20 years, several targeted immunotherapy agents have been
approved by the FDA for the treatment of metastatic RCC, including
immune checkpoint inhibitors (ICI), tyrosine kinase inhibitors (TKI),
mTOR inhibitors (mTORi), and the anti-VEGF antibody (bevacizu-
mab). Although initially effective for some patients, others display
intrinsic resistance (2). Most responders will also eventually acquire
resistance (2), necessitating combinational follow-up therapies. In the
first-line treatment setting, combinations of two ICIs and ICI plus TKI
have shown better outcomes compared with TKI alone for metastatic
RCC (3–6). In the second-line treatment setting, patients who have
progressed after initial ICI and have not previously received TKI often
get single-agent TKI (e.g., cabozantinib) or the lenvatinib plus ever-
olimus combination (3). However, these options may be discontinued
due to disease progression or adverse events. Thus, more effective
combinational therapies are urgently needed for treating patients with
unfavorable prognoses for therapies currently used in the clinic based
on biomarkers and prior failed treatments.
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Cabozantinib (Cabometyx by Exelixis) is a relatively new receptor
tyrosine kinase (RTK) inhibitor approved for first- and second-line
treatment for advanced/metastatic RCC. It targets VEGFRs, c-MET,
and AXL (7), which are upregulated in many RCC tumor cells due to
VHL inactivation and are associated with poor prognosis (8–10).
Although cabozantinib showed improved survival in clinical trials
compared with sunitinib and other drugs (11, 12), resistance eventu-
ally developed (7). Besides RTKs, existing data and our own analyses of
human RCC specimens (Supplementary Fig. S1A) and a collection of
RCC patient-derived xenograft (PDX) models revealed alterations
in a number of pathways and factors that may be targeted by treat-
ments, including the mTOR pathway, hypoxia-inducible factor (HIF)
pathway, MEK/ERK kinase pathway, angiogenic factors, CDKs, inhi-
bitors of apoptosis (IAP), and histone deacetylases (HDAC).

Sapanisertib (MLN0128, TAK-228, CB228 by Millenium/Takeda/
Calithera) is an experimental small-molecule inhibitor of mTOR,
targeting both mTOR complexes 1 (mTORC1) and 2 (mTORC2;
refs. 13, 14). Although mTOR inhibitors, such as everolimus and
temsirolimus, are approved for advanced RCC in the second-line
setting, they primarily target mTORC1 rather than mTORC2 and
show variable patient responses (15). We hypothesized that newer
drugs targeting mTORC1 and mTORC2, such as sapanisertib, might
show better efficacy than everolimus by inhibiting the mTOR pathway
more completely. A phase I clinical trial (NCT01058707) demonstrat-
ed that sapanisertib has a manageable safety profile with preliminary
antitumor activity in RCC (16). Furthermore, it has received a
fast-track FDA designation for squamous non–small cell lung can-
cers (17) having NRF2 mutations or that have previously received
chemotherapy and ICIs. Conversely, a recent phase II clinical trial
(NCT03097328) showed that sapanisertib alone has minimal efficacy
in treatment-refractory metastatic RCC (18). Nonetheless, a sapani-
sertib plus cabozantinib combination has shown an augmented
antitumor effect in mouse hepatocellular carcinoma compared to
cabozantinib alone (19), suggesting this combination be investigated
for RCC.

Analysis shows that HIF, CDK, IAP, HDAC, and MEK/ERK
proteins and related pathways are upregulated in ccRCC tumor tissues
(Supplementary Fig. S1; ref. 20). Their inhibition shows some anti-
tumor effects in RCC (21, 22) and other cancers (23, 24). Acriflavine,
an FDA-approved HIF1a inhibitor (25), shows efficacy in brain
cancer (26). Chromatin remodeling plays a crucial role in RCC
oncogenesis (27) and valproic acid (an HDAC inhibitor) has been
shown to counteract everolimus (an mTOR inhibitor) resistance in
RCC (28). HDAC inhibitors, including panobinostat and b-hydro-
xybutyrate, may overcome resistance to TKIs. IAP inhibitor birinapant
has been investigated in other solid tumors but never in RCC. CDK4/6
inhibitor abemaciclib has been shown to induce RCC PDX tumor
regression when combined with sunitinib (21) but has not been
investigated with cabozantinib. MEK1 inhibitor selumetinib was
shown to enhance the antitumor activity of mTORC1 inhibitor ever-
olimus in RCC (22). Finally, losartan, an angiotensin receptor blocker,
modulates the tumor microenvironment, potentially enhancing the
effectiveness of other TKIs or targeted therapies in RCC (29). Taken
together, evaluating these drugs inRCCPDXmodelsmay uncover new
therapeutic options for patients with RCC.

On the basis of the rationale described above, we selected ten drugs
and tested them on RCC PDX models, ultimately identifying the
cabozantinib and sapanisertib combination as the most effective
treatment. Mechanistically, this combination inhibits tumor growth
by reducing vascular density, blunting MAPK signaling, and down-
regulating the cell cycle–related targets of E2F transcription factors

(TF). It was effective in models derived from tumors resistant to prior
antiangiogenic treatment. Our findings suggest that cabozantinib plus
sapanisertib could be an effective new treatment option for patients
with RCC, even those who failed prior immunotherapy, targeted
therapy, and other combinational therapies. Our results show that
omics data are valuable in explaining the molecular alterations under-
lying treatment effects, illustrating resistance mechanisms, and pre-
dicting treatment outcomes and the development of potential drug
resistance.

Materials and Methods
PDX models and the production of cohorts for drug treatment

All human tissues acquired for experiments were processed in
compliance with NIH regulations and institutional guidelines, as
approved by the Institutional Review Board at Washington University
in St. Louis (WUSTL, St. Louis, MO). Written informed consent
forms were obtained from all patients in this study. All animal proce-
dures were approved by the Institutional Animal Care and Use Com-
mittee at WUSTL. Immunodeficient NSG mice (NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ, Stock No: 005557) were purchased from The Jackson
Laboratory. Mice were kept in a temperature-controlled facility on a
12/12-hour light/dark schedule with normal food and water supplies.
Six- to 8-week-old female NSG mice were placed under anesthesia
and received tumor implantation subcutaneously on both flanks.

Tumor measurement and sample collection
Upon signs of solid tumor establishment, tumor size and body

weightweremeasured twice aweek. Tumor volumewasmeasuredwith
calipers and calculated as (mm3) ¼ length (mm) � width2 (mm2) �
0.5 (Supplementary Data S1). When tumors reached a volume of
150–250mm3, themice were assigned into four groups randomly with
comparable median and mean tumor volumes. The day of grouping
was designated as day 0 of an experiment and was also the first day of
treatment. Mice were treated orally with vehicle, single drug, or drug
combinations 5 consecutive days a week, and were drug-free on
weekends. Cabozantinib was purchased from Selleck (S4001). Sapa-
nisertib was purchased from Sigma (L21907). If tumors reached 2 cm
in diameter or there were signs of distress, mice were euthanized,
and tumors were collected immediately. Tumors were fixed in 4%
paraformaldehyde and snap-frozen in liquid nitrogen for further
analyses.

Tumor volumes were evaluated relative to the initial volume (day 0)
and expressed as relative tumor volume (RTV). The % tumor growth
inhibition (TGI) was calculated as [1 – (mean volume of treated
tumors)/(mean volume of control tumors)] � 100%. The significance
of tumor inhibition by drug treatment was calculated using unpaired
Student t tests comparing RTVs between treated and control groups or
between combinational therapy and monotherapy groups.

Because of different mortality rates, we adjusted the numbers of
mice at the start of treatments tomaintain similar numberswithin each
treatment regimen throughout the treatment period. Specifically,
RESL5 and RESL4 models had four mice in each treatment regimen,
while RESL3 and RESL12 models had three. For RESL10, the control
group had five mice, while the other groups had four mice each.
Similarly, for RESL11, the control group had four and the other groups
had three each. In Fig. 1C, each data point represents the average
measurements derived from multiple mice that remained alive at that
time point. If a mouse died, the average measurements beyond that
time point were calculated solely based on the measurements of the
remaining mice within that group.
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Figure 1.

Study design and PDX relative tumor volume curves. A, Heat map summary of the treatment response for the single drug tests across six PDX lines. B, Schematic
illustration of the study design. C, Line plots depicting the relative tumor volumes of mice treated with vehicle, cabozantinib, sapanisertib, and the combination
(cabozantinib plus sapanisertib) in 6 PDX lines. Relative tumor volume is calculated by normalizing the tumor volume to its initial value at day 0 (expressed as 100%).
Each treatment regimen included a specific number of mice: RESL5 and RESL4models had fourmice per regimen, and RESL3 and RESL12 models had threemice per
regimen. In the case of RESL10, the control group comprised five mice, while the other groups had four mice each. RESL11 consisted of four mice in the control group
and three mice in each of the other groups. D, Bodyweight changes (compared to day 0) for the six PDX lines (mice) treated with vehicle (CT; n¼ 17), cabozantinib
(Cab; n ¼ 19), sapanisertib (Sap; n ¼ 17), and the combination (CabþSap; n ¼ 17). P values were derived from the Wilcoxon test. E,Western blot analysis of pAKT
(Ser473), total AKT, pERK1/2 (Thr202/Tyr204), total ERK1/2, and total GAPDH using untreated PDX tumor samples of RESL4, RESL5, and RESL10.
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Cryopulverization and DNA/RNA extraction
Cryopulverization was performed using Covaris CP02 CryoPrep

Pulverizer and RNA extraction was performed as described by Zhou
and colleagues (30). Genomic DNA was extracted with the QIAamp
DNA Mini Kit (Qiagen, 51304). Total RNA was run on TapeStation
(Agilent Technologies) and samples with RNA integrity number
equivalent (RINe) greater than 7 were subjected to RNA sequencing.

Whole-exome sequencing
As previously described byZhou and colleagues (30), genomicDNA

(100–250 ng) was initially fragmented into 250-bp inserts using a
Covaris LE220 instrument. Subsequently, automated dual-indexed
libraries were generated using the KAPA Hyper Library Prep Kit
(Roche) on the SciCloneNGS platform (Perkin Elmer). Prior to hybrid
capture, up to ten libraries were pooled in equimolar amounts bymass
to create a 5-mg library pool. This library pool was then subjected to
hybridization using the xGen Exome Research Panel v1.0 reagent
(IntegratedDNATechnologies). Hybridizationwas carried out for 16–
18 hours at 65�C, followed by a stringent wash to remove nonspecif-
ically bound library fragments. Enriched library fragments were
subsequently eluted from the capture reagent. The enriched libraries
were amplified with the KAPA HiFi master mix (Roche). To quantify
the concentration of each captured library pool accurately, qPCR was
performed using the KAPA Library Quantification Kit (Roche). This
step ensured the generation of cluster counts suitable for the Illumina
NovaSeq-6000 instrument. Finally, 2� 150 paired-end reads were
sequenced to target 12 Gb of sequence data, achieving approximately
100X coverage per library.

RNA sequencing
As previously described by Zhou and colleagues (30), library

preparation commenced with 0.1–0.5 mg of total RNA. Ribosomal
RNA was specifically blocked utilizing FastSelect reagents from
Qiagen during complementary DNA (cDNA) synthesis. The RNA
underwent fragmentation within reverse transcriptase buffer with
FastSelect reagent, following this thermal cycling profile: 94�C for
5minutes, 75�C for 2minutes, 70�C for 2minutes, 65�C for 2minutes,
60�C for 2 minutes, 55�C for 2 minutes, 37�C for 5 minutes, and 25�C
for 5 minutes. Subsequently, mRNA was reverse transcribed into
cDNA using the SuperScript III RT enzyme from Life Technologies,
following the manufacturer’s instructions, along with random
hexamers. A second-strand reaction was then executed to produce
double-stranded cDNA (ds-cDNA). The cDNA molecules were
blunt-ended and had an A base added to their 30 ends. Following
this, Illumina sequencing adapters were ligated to both ends of the
cDNA fragments. These ligated fragments underwent 15 cycles of
amplification using primers that incorporated unique dual index
tags. Finally, the prepared fragments were sequenced on an Illumina
NovaSeq-6000 platform, producing paired-end reads extending 150
bases each.

Immunofluorescence staining of formalin-fixed paraffin-
embedded slides

Formalin-fixed paraffin-embedded (FFPE) slides were dewaxed and
rehydrated. Antigen retrieval was performed in a pH 9 Tris EDTA
buffer (Genemed, 10–0046) at 80–90�C for 22 minutes. After two
9-minute incubations in 100 mmol/L glycine, two 2-minute incuba-
tions in PBSTwere performed. Sectionswere blocked for 1 hour in 10%
normal donkey serum with 1% BSA/PBS. Next, primary antibodies
(CA9, NB100–417, 1:800; Ki67, 14–5698–82, 1:100; CD31, AF3628,
1:100), diluted in the blocking buffer, were applied to the sections and

incubated at 4�C overnight. The next day, the slides were washed twice
for 5 minutes in 1� PBST and incubated with secondary antibodies at
room temperature for 1 hour. Following two PBST washes, sections
were stainedwithHoechst (1:2,000) for 8minutes, washed inPBS twice
for 3 minutes, mounted in an aqueous mounting medium, covered
with a coverslip, sealedwith nail polish, and either imaged immediately
or stored at 4�C for later use.

Immunoblotting
Flash-frozen tissues were washed with 1� PBS, submerged in RIPA

buffer [#9806, Cell Signaling Technology (CST)] supplemented with
protease (#05892791001) and phosphatase (#04906837001) inhibitor
cocktail from Roche, lysed, and centrifuged at 13,300 rpm for 15
minutes. Equal amounts of proteins were loaded and separated on
polyacrylamide gels, transferred onto the polyvinylidene difluoride
membrane (Immobilon-FL #IPFL00010Millipore), and blocked using
an Odyssey blocking buffer. Primary antibodies used are from CST: p-
MET rabbit mAb (Tyr1234/1235) #3077S 1:1,000; total MET mouse
mAb #3148S 1:1,000; p-AKT rabbit mAb (Ser473) #4060S 1:1,000;
total AKT rabbit #9272S 1:1,000; p-Erk1/2 rabbit mAb (Thr202/Tyr
204) #4370S 1:1,000; total Erk1/2 rabbit #9102S 1:1,000; GAPDH
rabbit mAb #5174S 1:2,000) were incubated overnight at 4�C and next
day were incubated with LI-COR IR 680 #926–68072 (donkey anti-
mouse) and IR800 #926–32213 (donkey anti-rabbit) antibodies at
1:10,000. Imaging was done using the Bio-Rad ChemidocMP Imaging
System.

Raw reads filtering and mouse reads filtering
As previously described by Sun and colleagues (31), The initial

processing of whole-exome sequencing (WES) and RNA-sequencing
(RNA-seq) data involved adapter trimming and the removal of poor-
quality reads using Trim Galore (v0.5.0; www.bioinformatics.babra
ham.ac.uk/projects/trim_galore). For PDX model sequence data, the
filtering of mouse-derived reads in both WES and RNA-seq data was
performed using Disambiguate (v1.0; ref. 32) with reference genomes
for both mouse (GRCm38, GENCODE vM19) and human (GRCh38,
GENCODE v29). Subsequently, the resulting WES reads were dedu-
plicated and converted to BAM format utilizing Samtools (v1.5),
Picard (v2.20.1), and BWA-MEM (v0.7.17). These processed reads
were prepared for downstream analyses.

Somatic mutation calling
As previously described by Sun and colleagues (31), somatic

mutations were identified using the SomaticWrapper pipeline (v1.5,
source: github.com/ding-lab/somaticwrapper), which integrates
four somatic variant calling tools: Strelka (v2.9.2; ref. 33), Mutect
(v1.1.7; ref. 34), VarScan (v2.3.8; ref. 35), and Pindel (v0.2.5; ref. 36).
Candidate somatic mutations underwent quality filtering using
bam-readcount (source: github.com/genome/bam-readcount) with
parameters –q 10 –b 20. High-confidence mutation calls were
derived by retaining mutations supported by a minimum of 2
callers and meeting the following criteria: at least 14 total reads
in the tumor and at least 8 in the normal. In addition, mutations
observed in fewer than 4 reads and those with variant allele fractions
(VAF) below 0.05 in tumor or above 0.01 in normal were excluded
from the analysis.

Additional filtering in somatic mutations
As previously described by Sun and colleagues (31), to enhance

the reliability of human somatic variant calls, particularly in PDX
samples, which tend to have a higher incidence of false-positive
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mutation sites due to mouse homologous reads, we implemented
the following steps:

(i) Somaticmutations in PDX samples were retained if they were
also reported in COSMIC (v90, source: https://cancer.sanger.
ac.uk/cosmic) or the TCGA Cohort (source: https://gdc.
cancer.gov/about-data/publications/mc3-2017).

(ii) Calls in PDXs that had corresponding human tumors were
kept if the variant was found in both the PDX sample and the
human tumor, regardless of its presence in the COSMIC
database.

(iii) Point mutations located in the vicinity of indel regions
(window size: 20 bp) were excluded from the analysis to
reduce potential false positives arising from sequencing or
alignment errors in low mappability regions

Gene expression quantification
As previously described by Sun and colleagues (31), we usedKallisto

(v0.44.0; ref. 37) with default parameters for the estimation of tran-
script abundance. This was accomplished using the GENCODE
transcript reference (release 29, GRCh38). Subsequently, gene expres-
sion at the transcript level was quantified using the R package
“tximport” (v1.12.0; ref. 38).

Proteomics sample processing and data analysis
All samples for the proteomics study were prospectively collected as

described above and processed formass spectrometric (MS) analysis at
Johns Hopkins University (Baltimore, MD). The protein extraction
and tryptic digestion and electrospray ionization-liquid chromato-
graph (ESI-LC)/MS-MS for global proteome analysis were performed
as described in Li and colleagues (39). All Data-independent acqui-
sition (DIA) files of the global proteome were analyzed via a library-
free directDIA approach embedded in Spectronaut (version 14.10,
Biognosys) with precursor and protein q value cutoff set at 1%. Forty
raw files acquired from 1 mg injections were analyzed together in one
directDIA search. The phospho analyses were conducted by searching
global DIA data with phospho modification via the directDIA
approach. We applied the software function "Cross Run Normaliza-
tion" normalized by the median at the peptide level, as described by
Callister and colleagues (40). The resulting quantified protein and
phosphorylation spectral intensity values were log2 transformed. The
protein abundance level was further quantile normalized using the
preprocessCore R package (41). Global proteomics data for the
independent ccRCC samples were downloaded from the Clark and
colleagues ccRCC study (42). The comparison of the protein abun-
dance level between different treatment groups was performed using
paired Student t test (paired by model). The FDRs were calculated
using Benjamini–Hochberg FDR correction. For over-representation
tests, we used the hallmark gene set and the canonical gene set from
MSigDB (43), and the enricher function from the clusterProfiler R
package (44).

snRNA-seq data quantification and analysis
The single-nucleus isolation and 10X library preparation and

sequencing are performed as described in Wu and colleagues (45).
First, a combined human (GRCh38) and mouse genome (mm10)
referencewasmade usingCell Ranger (v5.0.1)mkref functionality. The
raw snRNA-seq FASTA files were first aligned to the human-mouse
reference using the Cell Ranger count function (specifying –include-
introns) to generate the barcode classification (from gem_classifica-
tion.csv), which classifies each barcode as either mouse cell, human
cell, or multiplet. Then the FASTA files were aligned to the human-

only reference using Cell Ranger. The resulting gene-by-cell UMI
count matrix was used to construct a Seurat object for each sample
(Seurat v.3.1.0; ref. 46). Mouse cells and multiplets were filtered out
based on the gem_classification.csv. Similarly, for the mouse-only
Seurat object, the FASTA files were aligned to the mouse-only refer-
ence, and the resulting count matrix was used to construct the Seurat
objects. Doublets were filtered using Scrublet (https://github.com/Al
lonKleinLab/scrublet), which was run on each sample specifying:
expected_doublet_rate ¼ 0.06, min_counts ¼ 2, min_cells ¼ 3,
min_gene_variability_pctl ¼ 85, n_prin_comps ¼ 30. The doublet
score threshold was adjusted manually, which can separate the two
peaks of a bimodal simulated doublet score histogram. We applied
quality filters to exclude barcodes falling into specific categories: those
potentially representing debris, characterized by either too few
expressed genes (<200) or insufficient UMIs (<1,000); those that
might correspond to more than one cell, displaying excessive gene
expression levels (>10,000) or a high number of associated UMIs
(>80,000); and those indicative of possible dead cells, where mitochon-
drial gene expression relative to total transcript counts exceeded 10%.
Each cellwas scoredon thebasis of the cell-cycle S-phase andG2–Mphase
genemarkers fromhttps://raw.githubusercontent.com/hbc/tinyatlas/mas
ter/cell_cycle/Homo_sapiens.csv using the CellCycleScoring function
from the Seurat package. To create a Seurat object for each sample, we
applied the “SCTransform” function for scalingandnormalization,which
served to mitigate batch effects. Specifically, we included the following
parameters: “vars.to.regress ¼ c(“mitoRatio”, “nFeature_RNA”,
“nCount_RNA”, “S.Score”, “G2M.Score”)” and “variable.features n ¼
2,000”. This same scaling and normalization procedure was consistently
applied during anymerged analysis or subsequent cell/sample subsetting.
For cell clustering, the original Louvain algorithm (47) was used, utilizing
the top 30 principal component analysis (PCA) dimensions. This clus-
tering process involved the “FindNeighbors” and “FindClusters” func-
tions with a resolution parameter set to 0.5. Any integrated analysis
underwent the same scaling and normalization. The resulting objects
were then merged and integrated using SelectIntegrationFeatures, Pre-
pSCTIntegration, FindIntegrationAnchors, and IntegrateData for subse-
quent analysis.

Pathway gene signatures were curated from the “hallmark” and
“canonical” pathways from the C2 collection, and GO Biological
Process subset of the C5 collection within MSigDB. Single-cell signa-
ture scores were calculated using Vision package v3.0.0 using the
human-cell Seurat object. Signatures that were highly autocorrelated
within the clusters were evaluated by Geary C, using 1� Geary C for
autocorrelation effect size and computation of an empirical P value
with FDR correction within Vision for significance.

Data availability
The data generated in this study are available in the CancerData Service

(CDS; https://dataservice.datacommons.cancer.gov/#/data) under the
Washington University PDX Development and Trial Center (dbGaP
study accession phs002305). All other raw data generated in this study
are available upon request from the corresponding author. The CPTAC
proteomics data analyzed in this study were obtained from Proteomic
Data Commons at https://pdc.cancer.gov/pdc/study/PDC000127. Code
and associated data were deposited in Code Ocean and is available
at https://codeocean.com/capsule/1970750/tree/v1.

Results
Study overview

We applied ten drugs to a set of six RCC PDX models based on an
analysis of gene expression differences in ccRCC (Supplementary
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Fig. S1) and previous studies (clinical and genetic features of models
and corresponding patient treatments are in Supplementary Tables
S1–S3; refs. 48, 49). We tested RTK inhibitors cabozantinib (targets
VEGFRs, c-MET, RET, KIT, and AXL) and sunitinib (targets VEGFRs
and PDGFRb), mTOR inhibitor sapanisertib (targets mTORC1 and
mTORC2), HDAC inhibitors panobinostat (targets a broad spectrum
of HDACs) and beta-hydroxybutyrate (BHB; expected to have HDAC
inhibitor and other effects), HIF inhibitor acriflavine hydrochloride
(ACF; targets HIF1a and HIF2a), CDK inhibitor abemaciclib, MEK
inhibitor selumetinib (AZD6244, ARRY-142886), IAP inhibitor bir-
inapant, and angiotensin receptor blocker losartan potassium
(Fig. 1A). The targeted proteins and phosphoproteins of these drugs
all showed some level of upregulation in the CPTAC ccRCC cohort
(Supplementary Fig. S1A), except for losartan potassium. We selected
cabozantinib and sunitinib, both FDA-approved for RCC, with a view
to combination testing.We chose the rest of the ten drugs as they either
did not show strong activity by themselves in RCC clinical trials
(panobinostat and sapanisertib), are still being investigated in RCC
(abemaciclib, BHB, selumetinib, losartan), or have not been tested in
RCC (ACF, birinapant), but showpotential for enhanced efficacywhen
combined with another targeted agent.

Of all ten drugs applied singly, only cabozantinib and sapanisertib
inhibited tumor growth (compared with the control) in all six PDX
models (Fig. 1A) and, in some cases, caused tumor volume to decrease.
This promising result prompted us to test the combined effects of these
two drugs compared with the single treatments, as well as various
combinations of cabozantinib with other drugs (Supplementary
Fig. S2). However, none of the alternative combinations exhibited a
comparable tumor-inhibiting effect to that observedwith cabozantinib
plus sapanisertib. We subsequently focused on the cabozantinib plus
sapanisertib combination, performingmulti-omics analyses to explore
further the mechanisms underlying tumor response (Fig. 1B).

PDX treatment responses to cabozantinib and sapanisertib
Cabozantinib treatment resulted in a response in all six models

compared with the control group (Fig. 1C). Tumor volumes in the
cabozantinib-treated group were lower than those in the control group
after 1month of treatment, with significant differences in four models:
RESL4, RESL5, RESL10, and RESL12 (Supplementary Table S4; FDR <
0.1). While cabozantinib caused significant tumor regression in
RESL5, it only slowed the tumor growth rate in RESL10. Upon closer
examination at days 47/48, cabozantinib resulted in tumor regression
in RESL5 with a relative tumor volume (RTV; normalized the tumor
volume to its initial value at day 0) of 75.8% (P < 0.05), but allowed
tumor growth in RESL10 with an RTV of 274.2% (P > 0.05; Supple-
mentary Tables S4 and S5), resulting in a tumor growth inhibition
(TGI; see Materials and Methods for calculation) of 84.6% and 43.8%
in RESL5 and RESL10, respectively, relative to the control (Materials
and Methods). On the other hand, sapanisertib showed a reverse
relative treatment efficacy in RESL5 and RESL10 compared with
cabozantinib. Specifically, RESL10 showed tumor growth arrest to
sapanisertib with an RTV of 121.2% (P > 0.05; TGI ¼ 75.1%), while
RESL5 showed sustained tumor growth with an RTV almost twice
larger than that of RESL10 (RTV¼ 212.0%, P < 0.05; TGI¼ 57.1%) on
days 47/48. This distinct drug response difference pointed to RESL5
andRESL10 as suitable for further studying themolecularmechanisms
underlying differential responses to these drugs, especially cabozanti-
nib resistance and sapanisertib resistance.

When we combined cabozantinib and sapanisertib, all six models
showed lower average RTV after the combinational therapy compared
with the controls after 1 month of treatment (Fig. 1C; Supplementary

Tables S4 and S5). Specifically, five of six models (RESL3/4/5/10/12)
showed significantly lower RTVs compared with controls on days 27–
31 (FDR < 0.1). Moreover, all six models also showed lower average
RTV after combinational therapy compared with either cabozantinib
or sapanisertib alone (Fig. 1C). The combination therapy was signif-
icantly more effective than cabozantinib alone (FDR < 0.1) for four of
the five models (with data points ≥ 2; RESL4/5/10/12) on days 27–31.
Similarly, the combination therapy was significantly more effective
than sapanisertib alone (FDR < 0.1) for four of the five models (with
data points ≥ 2; RESL3/4/5/12) on days 27–31. Furthermore, the
combination of cabozantinib and sapanisertib appears to be well-
tolerated and did not induce significant weight loss compared with the
control (Fig. 1D), an importantfinding considering toxicity is usually a
significant concern for combinational therapy. After 1.5 months of
treatment (days 47–49), RESL12 and RESL5 treated with the combi-
nation showed tumor regression, whose RTVs were 27.8% and 42.7%,
respectively, while RESL10 and RESL4 only showed tumor stabiliza-
tion (RTV¼ 88.9% and 110.0% respectively). RESL5 and RESL12 had
significantly lower RTVs compared with cabozantinib alone and
sapanisertib alone (FDR < 0.1). It should be noted that the number
of data points decreased during the treatment period due to mouse
death or euthanasia, as per the protocol.

We also identified potential connections between treatment
responses and clinical and genetic features of the PDXmodels. RESL10
was derived from a patient who relapsed after a 10-month combined
treatment of axitinib (targets VEGFRs) plus avelumab (targets PD-L1),
followed by a 2.5-month cabozantinib treatment and a second relapse
before tumor collection (Supplementary Table S3). RESL4 was derived
from a patient receiving lenvatinib (targets VEGFRs) and everolimus
(targets mTORC1) concurrent with the tumor collection (Supplemen-
tary Table S3). The other four patients had no recorded targeted or
immunotherapy before tumor collection. It seems possible that prior
VEGFR-targeted therapy induced the acquired resistance to cabozan-
tinib in RESL10 and RESL4 (Fig. 1C). In addition, the patient whose
tumor was used to derive RESL4 had been taken off lenvatinib plus
everolimus treatment due to adverse events/side effects (Supplemen-
tary Table S3). As cabozantinib plus sapanisertib was effective for
RESL4 (Fig. 1C), this combination could be a good alternative (or
second line) to lenvatinib plus everolimus for a different side-effect
profile and/or efficacy. We also observed that RESL10 carries a “hot-
spot” PIK3CA mutation (H1047R) and RESL4 carries a PIK3CA
D350Gmutation (Supplementary Table S2). RESL10 and RESL4 both
displayed an increased abundance of phosphorylated AKT (Ser 473),
which indicates the increased activation of the PI3K signaling pathway
compared with RESL5 (Fig. 1E). This observation aligns with the fact
that PI3K can activate mTORC2 and indirectly target AKT-S473 (50).
This is interesting because the PIK3CAH1047Rmutation is associated
with cabozantinib resistance in NIH3T3 fibroblast cells and head and
neck cancer cells (51), which is consistent with observations in our
RCC PDX model RESL10. On the other hand, RESL10 showed the
lowest RTV to sapanisertib, which is consistent with the PIK3CA
H1047R mutation being sensitive to sapanisertib (52). For RESL4,
although it also carries a PIK3CA-activating mutation, its response to
sapanisertib alone is relatively less drastic, potentially due to the partial
resistance developed from its previous everolimus (mTORC1 inhib-
itor) treatment (Supplementary Table S3). It is still unclear how such
partial resistance might have developed. Nevertheless, the addition of
cabozantinib, either directly through cancer cell–autonomous effects
from the inhibition of RTKs it targets, or indirectly through its
suppressive effects on angiogenesis, significantly enhanced the efficacy
of sapanisertib in this PDX line (Fig. 1C).
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Cabozantinib and sapanisertib combination reduces the
vascular density

To further understand the histopathological features of the six PDX
lines, we performed hematoxylin and eosin (H&E) staining on col-
lected tumor samples (Fig. 2A). As shown in Supplementary Table S1,
RESL3, RESL4, RESL5, and RESL12 are T2–T3 ccRCCs, RESL10 is a
ccRCC line with sarcomatoid and rhabdoid features, and RESL11 is
papillary renal cell carcinoma. When comparing the morphology
among these models, we found that RESL3 and RESL5 exhibited
typical clear cell characteristics, while RESL10 and RESL11 showed
representative sarcomatoid and papillary structures, respectively. In
concordance with the distinct drug responses we identified between
RESL5 and RESL10, these two lines also showed the most differential
architectural patterns in histology. RESL5 exhibited a low-grade,
classical nested clear cell pattern, with the optically transparent
cytoplasm and a rich capillary vascular network enclosing the cells
(Fig. 2B). For RESL10, spindle-shaped nuclei underscored classical
sarcomatoid features, as indicated by the triangles in Fig. 2B.

Furthermore, by applying immunofluorescence staining, the positivity
for Ki67 highlighted the proliferating spindle-shaped nuclei, which
were costained with anti-carbonic anhydrase (CA9) within the same
cells (Fig. 3A). In comparison to RESL10, the majority of the nuclei in
RESL5 were round-shaped, and there was significantly higher expres-
sion of CA9 on the cell membrane.

To investigate the impact of cabozantinib and sapanisertib on
vascular density, we examined RESL5 and RESL10 models more
closely, as cabozantinib has previously demonstrated antiangiogenic
effects (53). Immunofluorescence staining with CD31 was performed
on control and treated RESL5/10 samples (at one month; one sample
each) to assess vascular changes. RESL10 revealed the presence of a
well-developed vascular network (Fig. 3B; Supplementary Fig. S3A
and S3B), which was somewhat difficult to discern in H&E staining.
Subsequently, we compared CD31 expression densities between the
control and treated groups. Cabozantinib treatment significantly
reduced vascular density in both RESL5 and RESL10 (Fig. 3B
and C; Supplementary Fig. S3A–S3B), whereas sapanisertib treatment

Figure 2.

H&E images for the PDX models. A, Representative H&E images for the six PDX models. B, Representative H&E images for tumors in mice treated with vehicle,
cabozantinib, sapanisertib, and the combination (cabozantinib plus sapanisertib) in PDX lines RESL5 and RESL10. Red arrows, clear cells; green arrows, sarcomatoid
cells; blue arrows, vessels.
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Figure 3.

Immunofluorescence staining for tumor cells and vasculature in PDX lines RESL5 and RESL10. A, Representative IF images of untreated tumor samples stained with
anti-CA9 antibody (green), anti-Ki67 antibody (red), and DAPI (blue) for PDX lines RESL5 and RESL10. Scale bars, 100 mm. B, Representative immunofluorescent
images of tumor samples stained with anti-CD31 antibody (red) and anti-CA9 antibody (green) in mice treated with vehicle, cabozantinib, sapanisertib, and the
combination (cabozantinib plus sapanisertib) in PDX lines RESL5 and RESL10. Three independent experiments were performed with similar results. Scale bars,
100 mm. C, Bar plot showing the normalized CD31 expression from immunofluorescent images for mice treated with vehicle, cabozantinib, sapanisertib, and the
combination in PDX lines RESL5 and RESL10. ���� , P < 0.0001 using Student t test.
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did not result in apparent changes in vessel densities. This aligns with
cabozantinib’s ability to inhibit the tyrosine kinase activity of MET,
VEGFRs, and other receptors that play crucial roles in tumor angio-
genesis. Sapanisertib, as an mTOR inhibitor, exerts a comparatively
lesser effect on angiogenesis than cabozantinib. Furthermore, when
cabozantinib and sapanisertib were administered in combination, the
reduction in vessel density remained evident, suggesting that sapani-
sertib does not interfere with the antiangiogenic effects of cabozanti-
nib. Finally, quantifying CD31 expression density revealed that RESL5
exhibited a higher responsiveness to cabozantinib than RESL10
(Fig. 3C; P < 0.0001). Following cabozantinib treatment, the expres-
sion density of CD31 decreased by 94% in RESL5 compared with the
control, while RESL10 showed a 75% reduction. These results align
with the observation that RESL5 exhibited better tumor inhibition in
response to cabozantinib compared with RESL10 (Fig. 1C).

Cabozantinib plus sapanisertib treatment inhibits cell
cycle–related proteins while inducing proteins related to
epithelial–mesenchymal transition

To obtain a mechanistic understanding of the observed tumor
regressions after cabozantinib–sapanisertib cotreatment, we collected
tumors under four treatment regimens conducted for identical dura-
tions, namely vehicle control, cabozantinib, sapanisertib, and the
combination therapy. We subsequently conducted bulk WES, bulk
RNA-seq, global proteomics, and phosphoproteomics data searching
from global data, and single-nucleus RNA-seq (snRNA-seq) on 8
samples from RESL5 and RESL10 (Fig. 1B; Supplementary Fig. S1B).

The combination resulted in the differential expression of 310
human proteins compared to the control (P < 0.05, difference in log2
intensity > 0.1), including more downregulation than upregulation
(97 up and 213 down;Fig. 4A), although statistical significancewas not
reached after multiple-testing correction. To identify the pathways
altered by the combination treatment, we performed pathway over-
representation tests on the differentially expressed proteins and exam-
ined the top five pathways enriched in differentially expressed proteins
(Fig. 4B). Proteins that were downregulated were most enriched in
protein translation, oxidative phosphorylation, protein localization,
and E2F targets. Downregulated proteins involved in translation
included many mitochondrial ribosomal proteins, such as
MRPL1/3/9/11/14/16/19/41/43 and MRPS9/10/31. Many downregu-
lated proteins were involved in oxidative phosphorylation, such as
TIMM8B, GOT2, HCCS, UQCRQ, SLC25A20, NDUFB1, COX7C,
TOMM22, SLC25A5, UQCRB, UQCR10, COX4I1, COX17, MRPL11,
and DLD. Decreased oxidative phosphorylation indicates a reduction
of ATP and cell membrane activity, which eventually lead to cell
swelling and death (54). This is a potential molecular mechanism
underlying the treatment effects we observed for the combination
therapy. Moreover, we observed decreased protein levels of cell cycle–
related targets of E2F TFs (TK1, CDK1, KPNA2, MCM2, PRDX4,
PCNA, TBRG4, MCM3, RFC3, and MCM7), which may be another
potential mechanistic explanation for the tumor growth arrest/regres-
sion induced by the combination treatment.

On the other hand, proteins upregulated after combination treat-
ment were involved in the epithelial-mesenchymal transition (EMT),
amino and nucleotide sugar metabolism, G2–M checkpoint, nuclear
envelope breakdown, and cellular trafficking proteins pathways
(Fig. 4B). In particular, the combination treatment increased the
protein levels of EMT pathway members TGFBI, LRP1, COL7A1,
TAGLN, SCG2, THBS1, andTFPI2 comparedwith the control, among
which LRP1 and COL7A1 also showed increased gene expression.
Moreover, the combination treatment also increased the protein levels

of G2–Mcheckpoint proteins CDK4, TNPO2, RPS6KA5, PRMT5, and
NUP98. EMT plays an important role in cancer progression, metas-
tasis, and drug resistance (55, 56). The upregulation of EMTandG2–M
checkpoint proteins might be a survival adaptation to the blockade of
RTK and mTOR signaling by the combination treatment.

Eight proteins, namely IGF2BP3, DNAJC7, PYCR1, CHMP6,
MRM3, ERO1B, CLIC6, and COBLL1, showed significantly lower
abundance in combination-treated tumors compared with both cabo-
zantinib-treated and sapanisertib-treated tumors (Fig. 4C). Using the
proteomics data from an independent ccRCC cohort (81 cases; ref. 42),
we found that IGF2BP3, PYCR1, and ERO1B showed significantly
higher protein levels in tumor samples than in the matching normal
adjacent tissue (FDR < 1e-6, Fig. 4D). Moreover, Kaplan–Meier
analysis showed that higher IGF2BP3 protein levels are associated
with worse survival (Fig. 4E; P < 0.05). Higher baseline IGF2BP3
protein level is also associated with worse tumor growth inhibition by
the combo treatment (Supplementary Fig. S4). These results suggest
that IGF2BP3 might have an oncogenic role in ccRCC and that the
reduced IGF2BP3 caused by combination treatment might contribute
to more potent tumor inhibition than the two monotherapies.

snRNA-seq reveals treatment-associated transcriptome
activities in PDX tumor cells

Weperformed snRNA-seq on the RESL5 andRESL10 tumors under
the aforementioned four treatment regimens, as these two models
showed the most contrasting treatment responses to cabozantinib and
sapanisertib. After aligning the snRNA-seq data to a mouse-human
combined reference and performing data processing steps, we
obtained 52,845 human tumor cells and 19,117 mouse cells across
eight samples (Fig. 5A and B). Mouse cells were identified as endo-
thelial cells, fibroblasts, myofibroblasts, and macrophages based on
specific cell type markers (Fig. 5C). RESL10 tumors exhibited a higher
proportion of mouse stromal content, particularly mouse fibroblasts,
compared with RESL5 (Fig. 5D). In line with expectations, both
cabozantinib-treated tumors showed decreased percentages of mouse
endothelial cells compared with the controls (Fig. 5D), indicating a
selective targeting of endothelial cells by cabozantinib. Tumors treated
with cabozantinib plus sapanisertib also displayed reduced endothelial
percentages compared with the controls (<40% of the controls in both
models), suggesting that the combination therapy maintained cabo-
zantinib’s effect on endothelial cells. Regarding tumor cells, cabozan-
tinib-treated tumors had similar (RESL5) or higher (RESL10) tumor
cell percentages compared with the control group (Fig. 5D). Con-
versely, sapanisertib decreased the fractions of human tumor cells in
bothmodels, indicating its primary targeting of tumor cells rather than
stromal cells.

To investigate the treatment-specific effects on tumor subpopula-
tions, we further subdivided tumor cells into 17 meta-clusters using a
clustering resolution of 0.5 (Fig. 6A). This resolution allowed for the
identification of meta-clusters with at least 50 unique markers. Anal-
ysis of themeta-clusters’ expression signatures revealed 42 consistently
expressed gene sets (FDR < 0.1, C > 0.1; Fig. 6B), primarily associated
with extracellular matrix (ECM), drug metabolism, cell cycle, stress
response, and translation. Some meta-clusters exhibited unique
expression signatures, such as MC12, which displayed high cycling
gene signatures, and MC7, which showed high stress response and
translation-related signatures (Fig. 6B).

When examining the expression signatures of the meta-clusters
within each sample, we observed that tumor cells from the samemodel
tended to cocluster (Fig. 6C), indicating substantial model-specific
transcriptomic differences. Within-model pairwise correlations
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Figure 4.

Proteomic analysis of the treatment effects. A, Volcano plot showing differentially expressed proteins between tumors after combination treatment of
cabozantinib plus sapanisertib compared with the vehicle-treated controls, mapping 97 upregulated proteins (red dots) and 213 downregulated proteins (blue
dots). B, Dot plot showing the overrepresented gene sets in proteins downregulated (top) and upregulated (bottom) after combination treatment. C, Volcano
plots showing differentially expressed proteins between tumors after combination treatment versus single-agent treatments. Left, combination-treated and
cabozantinib-treated tumors, mapping 59 upregulated and 146 downregulated proteins. Right, the comparison between combination-treated and
sapanisertib-treated tumors, mapping 42 upregulated and 154 downregulated proteins. D, Violin plots showing protein levels of IGF2BP3, ERO1B, and
PYCR1 in the tumor and normal adjacent tissue (NAT) samples in the CPTAC ccRCC discovery cohort. E, Kaplan–Meier curves displaying progression-free
survival probability for two groups of patients in the CPTAC ccRCC discovery cohort. The two groups of patients were selected on the basis of the IGF2BP3
protein levels in their primary tumors. High IGF2BP3 protein expression represents those with protein expression in the upper 35% quantile. Low IGF2BP3
protein expression represents those with protein expression in the bottom 35% quantile.

Wu et al.

Cancer Res; 83(24) December 15, 2023 CANCER RESEARCH4170



among meta-clusters were generally higher than across-model corre-
lations (Fig. 6C). Tumor-cell meta-clusters from RESL10 showed high
signature scores for ECM-related pathways, such as the EMT pathway,
while meta-clusters from RESL5 showed high signature scores for
keratinization and drug metabolism by cytochrome P450 (Fig. 6C,
right). Nonetheless, the exception is the cluster MC7, in which tumor
cells from the two models showed high pairwise correlations and

exhibited high signature scores for stress response (Fig. 6C), suggest-
ing tumor cells with MC7-like signatures may be less unique to
individual patients and could be found across different patients.

We also identified some treatment-associated changes in the tumor-
cell clusters. We found that the fraction of cycling tumor cells (MC12)
decreased after the combination treatment compared to control in
both models, while the single-agent treatments increased the fraction

Figure 5.

Overview of snRNA-seq data. A, Uniform Manifold Approximation and Projection (UMAP) visualization of the human tumor cells, colored by cluster IDs. Left, all the
human tumor cells from the eight samples. Right, the cells divided by sample. B, UMAP visualization of the mouse cells, colored by cell type. Left, all the mouse cells
from the eight samples. Right, the cells divided by sample. C,Dot plot showing the expression ofmarker genes for differentmouse cell types.D,Bar plot showing the
percentage of different cell types in each of the eight samples.
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Figure 6.

Pathway activities of tumor cell clusters in treated and control tumors. A, Top, Uniform Manifold Approximation and Projection (UMAP) visualization of the human
tumor cells, colored bymeta-cluster IDs and divided by sample. Bottom, box plot showing the number ofmarker genes per cluster for different clustering resolutions.
B, Heat map showing the pathway activity of each meta-cluster. C, Left, heat map showing the pairwise correlation coefficient of meta-cluster cells divided by
different samples. Both the x-axis and y-axis represent meta-cluster cells divided by sample. Right, heat map showing the pathway activities of meta-cluster cells
divided by different samples, sharing the same y-axis as the left and the same x-axis as B.D, Bar plot showing the percentage of cells in MC12 (cycling tumor cells) in
each sample. E, Line plot showing the percentage of cells in different meta-clusters in control and combo-treated samples, colored by meta-cluster ID. F, Box plot
showing the EMT score distribution in control and combo-treated samples.
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of cycling tumor cells (Fig. 6D). These results suggest that these cycling
tumor cells are more resistant to the single-agent treatments, and the
cabozantinib plus sapanisertib combination is better at eliminating the
cycling tumor cells compared with the monotherapies, as expected.
Combination treatment also decreased the percentage of the tumor-
cell clusters MC13, while increasing those of MC2, MC8, and MC15
(Fig. 6E), suggesting a treatment-specific shift in tumor subpopula-
tions. Interestingly, we also found the EMT signature scores (median)
increased acrossmeta-clusters after the combination treatment in both
models (Fig. 6F), especially in RESL10, consistent with what we found
in proteomics data.

Baseline MET protein levels predict response to cabozantinib
To guide patient stratification and drug selection, we investigated

protein and phosphorylation sites within key pathways affected by
cabozantinib and sapanisertib and their association with drug
responses. These proteins/pathways include RTKs and their corre-
sponding ligands (such as MET, HGF, VEGFRs, and VEGFs), the
PI3K/AKT/mTOR pathway, and the Ras/Raf/MAPK pathway
(Fig. 7A and B; ref. 57). Among these, MET protein levels exhibited
the highest expression in RESL10 and the lowest in RESL5. During

treatment, RESL10 was the least sensitive to cabozantinib (TGI ¼
35.1% on day 28), whereas RESL5 was the most sensitive to cabo-
zantinib (TGI¼ 65.3%onday 28). Notably, RESL10 displayed the least
sensitivity to cabozantinib treatment (TGI ¼ 35.1% on day 28),
whereas RESL5 exhibited the highest sensitivity (TGI ¼ 65.3% on
day 28).Weobserved a negative correlation betweenMETprotein level
and cabozantinib’s inhibition of tumor growth (Fig. 7C; P ¼ 0.0013,
R ¼ �0.97), which was consistent with the trend observed for MET
mRNA (Fig. 7C). The snRNA-seq data demonstrated higherMET and
HGF levels (the ligand for MET) in RESL10 compared with RESL5
(Fig. 7D), and this differential expression was confirmed by Western
blotting of PDX tissues (Fig. 7E). Collectively, these findings suggest
that MET could serve as a potential biomarker for excluding cabo-
zantinib treatment options.

Cabozantinib plus sapanisertib inhibits ERK signaling
We conducted experiments to investigate the signaling changes

downstream of the targeted proteins, finding a significant reduction
in pERK (T202/Y204) levels for combination treatment compared
with cabozantinib treatment alone in RESL10 (P ¼ 0.048), RESL5
(P ¼ 0.022), and RESL12 (P ¼ 0.012), with a noticeable trend

Figure 7.

Protein markers associated with treatment effect. A, Heat map showing the scaled protein/phosphorylation abundance of the key members in the PI3K–mTOR
pathway and RTKs targeted by cabozantinib (that were detected in the proteomics and phosphoproteomics datasets) in the control tumor samples across the PDX
lines. B, Heat map showing the scaled gene expression of the key members in the PI3K–mTOR pathway and RTKs targeted by cabozantinib in the control tumor
samples across 6 PDX lines. The unscaled gene expression represents log2 (TPMþ1).C, Scatter plot showing the association between baselineMET protein level (left)
orMETgeneexpression (right)with the tumor growth inhibition at day28.D,MET (top) andHGF (bottom)gene expression in the human tumor cells in the snRNA-seq
data of the RESL10 andRESL5 control tumor samples.E,Western blot of the phospho-MET (Tyr1234/1235), total c-MET, and total GAPDH in untreatedRESL4, RESL5,
and RESL10 tumor samples.
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observed for RESL4 (Fig. 8A and B). Similar trends were observ-
ed in the pERK to total ERK ratio. These results indicate that the
addition of sapanisertib effectively restrains ERK phosphorylation
when combined with cabozantinib, potentially contributing to
the superior efficacy of the combination therapy compared with
sapanisertib treatment alone. Furthermore, combo-treated tumors
exhibited lower normalized pERK levels compared with sapaniser-
tib-treated tumors for RESL10, RESL5, and RESL12 (P < 0.1),
further supporting the hypothesis that suppression of ERK activa-

tion may be an important mechanism in the antitumor effects of
these drugs in PDX models.

We subsequently explored the effects of combo treatment down-
stream of ERK signaling using bulk RNA-seq data, focusing on
activities of various ERK-regulated TFs by examining the averaged
expression of their known downstream targets per sample. We iden-
tified 14 TFs that exhibited lower activity scores in the combo-treated
samples compared with controls (P < 0.2), cabozantinib-treated, and
sapanisertib-treated samples, including members of the JUN (JUNB,

Figure 8.

Western blot analysis andmechanistic insights into pERK signaling. A, RepresentativeWestern blot analysis of pERK and ERK protein expression. Vinculin was used
as the loading control. Ctrl, control; CabþSap, cabozantinib plus sapanisertib. B, Bar plots showing normalized densitometric analysis of pERK (n ¼ 4). The
phosphoprotein bandswere normalized against the loading control for each lane. The ratio of phosphoprotein/total correspondingproteinwas calculated bydividing
the density of phosphoprotein by the corresponding total protein intensity in the same experiment. Left graph, the relative expression of phosphoprotein. Right
graph, the ratio of phosphoprotein/total corresponding protein. Data points represent mean� SEM. Paired two-tailed Student t test. C, Bar plots displaying the
scores of TF activities for selected TFs. Paired two-tailed Student t test.D, Line plot illustrating the normalized gene expression of selected ERK downstreamgenes in
control and combo-treated samples. E, Bar plot representing the normalized gene expression of selected ERK downstream genes in control, cabozantinib-treated,
sapanisertib-treated, and combo-treated samples. F, Illustration depicting the potential ERK signaling cascade following cabozantinib plus sapanisertib treatment.
The combo treatment inhibits ERK kinase activity, resulting in decreased pERK levels. Consequently, the activities of downstream transcription factors (e.g., AP-1 and
MYC) are inhibited due to the absence of phosphorylation by ERK. This leads to reduced transcription of their target genes, including those involved in cell
proliferation and survival.
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JUND, JUN) and FOS protein families (FOSL2, FOSL1, FOS).
Notably, JUNB (P ¼ 0.048) and FOSL2 (P ¼ 0.097) displayed
particularly reduced activity scores in the combo-treated samples
(Fig. 8C). Although statistical significance was not reached after
multiple-testing correction likely due to sample size, these findings
suggest that the combo treatment impacts the activities of ERK
downstream TFs.

Further examination of known target genes of ERK-regulated TFs
revealed the downregulation of four genes involved in cell-cycle
control and apoptosis in the combo-treated samples. Namely,CCND3,
MYBL2, FOXM1, and BCL2L12 exhibited lower average expression
in the combo-treated samples compared to single agent-treated sam-
ples (Fig. 8D). The combo-treated samples also displayed lower gene
expression comparedwith the corresponding controls (Fig. 8E). These
findings suggest that the combo treatment affects cell proliferation and
survival, at least partially, by modulating the transcriptional programs
regulated by ERK signaling.

Collectively, our results provide mechanistic insights into themolec-
ular and cellular effects of the cabozantinib plus sapanisertib combi-
nation treatment in ccRCC. The combination treatment effectively
restrains ERKphosphorylation and leads to the downregulation of ERK
downstream TFs and their target genes involved in cell-cycle control
and apoptosis (Fig. 8F). These findings highlight the cabozantinib plus
sapanisertib combination as a promising treatment for patients with
ccRCC who are unresponsive to other treatment modalities.

Discussion
Targeted agents and ICIs have been the pillars for treating patients

with RCCwith inoperable or metastatic tumors, as RCCs are generally
not responsive to chemotherapy or radiotherapy. Because RCCs are
highly vascular, TKIs targeting VEGF signaling have been the major
first-line and second-line targeted agents, but resistance eventually
develops (58). Hitting multiple targets with several drugs is one
method to overcome such resistance. Here we tested ten drugs and
selected combinations across six RCC PDX models, finding cabozan-
tinib and sapanisertib, as well as their combination, to be the most
effective single and combinational therapies. Their combination is
effective in suppressing tumors from patients who failed prior TKI and
immune checkpoint inhibitors (ICI) treatments.Most importantly, the
TORC1 and TORC2 double inhibitor sapanisertib is effective in
countering resistance to cabozantinib.

We found various degrees of response to the drugs tested across the
six lines with different mutation profiles. Interestingly, RESL10,
harboring a PIK3CA H1047R mutation and high levels of MET,
showed the least tumor inhibition by cabozantinib, despite the fact
that cabozantinib targets MET in addition to VEGFR. Mutations in
members of the PI3K pathway occur frequently in various human
cancers, including ccRCC (59). These mutations are most commonly
found in the PIK3CA gene, which encodes the p110a catalytic subunit
of PI3K. Five percent of ccRCC tumors harbor PIK3CA amplifications
and activating mutations (59) with hotspots at H1047 in the kinase
domain and E542 and E545 in the helical domain (60, 61). Nisa and
colleagues reported that PIK3CA H1047R confers resistance to MET
inhibition (using tepotinib) in head and neck cancer cells and com-
bined MET/PI3K inhibition leads to enhanced antitumor activity in
these tumors compared with single-agent treatments (51). Our results
are consistent with the Nisa and colleagues study, suggesting that
RESL10 might be resistant to cabozantinib, partially because of its
PIK3CA mutation–linked resistance to MET inhibition; however,
when sapanisertib was added as an inhibitor of PI3K/AKT/mTOR

signaling, a significant response was achieved in RESL10, demonstrat-
ing the power of rational combinational therapy in countering drug
resistance in RCC treatment.

Reviewing the treatment histories of patients in our study, we
identified opportunities for cabozantinib plus sapanisertib to improve
patient outcomes. The RESL10 patient had received axitinib and
avelumab followed by cabozantinib, but both regimens were discon-
tinued due to disease progression. The prior TKI treatments poten-
tially induced resistance to TKImonotherapy, which was overcome by
adding sapanisertib to cabozantinib in the PDX model. Similarly, the
RESL4 patient had received the FDA-approved combination lenvati-
nib plus everolimus, but treatment was discontinued due to adverse
events. However, the RESL4 PDXmodel showed a positive response to
cabozantinib plus sapanisertib, suggesting that this combination, with
a different side-effect profile, could be an effective alternative. In
addition, RESL5 and RESL3 donors discontinued target therapy or
immunotherapy due to adverse events or disease progression after
tumor collection, further indicating that cabozantinib plus sapaniser-
tib could be a good alternative for patients who failed the standard of
care.

In this study, we found that IGF2BP3 protein was downregulated
after cabozantinib and sapanisertib combination treatment compared
with single-agent therapies. IGF2BP3 is a member of the IGF2BP
protein family, which is involved in RNA localization, transportation,
stability, and cell metabolism, proliferation, migration, and inva-
sion (62). IGF2BP proteins are absent in normal adult tissues, but
IGF2BP3 reexpresses in various cancers, including kidney can-
cer (63, 64). Tissue and circulating IGF2BP3 levels predict metastasis
in ccRCC (65–68), which aligns with our finding that high IGF2BP3
protein levels are associated with worse survival in the CPTAC ccRCC
cohort. We found decreased IGF2BP3 proteins in RCC PDX tumors
after cabozantinib plus sapanisertib treatment when compared with
the single-agent–treated tumors, suggesting an explanation of the
synergistic effect of cabozantinib and sapanisertib treatments. We
also found a significant negative correlation between baseline IGF2BP3
protein level and tumor growth inhibition induced by the combination
therapy, suggesting higher baseline IGF2BP3 protein levels exhibited a
more favorable response to the combination treatment. By examining
the reported IGF2BP3 targets in cancer summarized by Mancarella
and colleagues (69), we found that the combination treatment
decreased mRNA levels of CCND3 compared with the control (P <
0.05) and cabozantinib treatment (P < 0.05), and trended for sapani-
sertib treatment (P < 0.1). This suggests the downregulation of
IGF2BP3 and its downstream target CCND3 may be part of the
mechanism by which the combo treatment achieves better outcomes.

We also found that the pyrroline-5-carboxylate reductase 1
(PYCR1) protein is downregulated after the combination treatment
compared with the single-agent treatments. PYCR1 promotes EMT by
inducing mitochondrial ion protease, thus activating M2 macrophage
polarization and angiogenesis (70), and its upregulation is correlated
with shorter overall survival (OS) in RCC (71). In ccRCC cell lines,
PYCR1 is associated with resistance to multiple drugs, including TKI
lapatinib (72). Cabozantinib treatment leads to an increased PYCR1
protein level compared with the control (P < 0.05). Interestingly,
tumors treated with the combination of cabozantinib plus sapanisertib
have a PYCR1protein level similar to the control, but lower than that in
either of themonotherapies. Our results indicate the cabozantinib plus
sapanisertib combination limits PYCR1, thus avoiding PYCR1-medi-
ated drug resistance. However, additional experiments are needed to
validate the relevance of IGF2BP3 and PYCR1 levels in mediating the
tumor inhibition effects of the cabozantinib plus sapanisertib therapy.
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We found that high MET protein abundance and gene expression
predict less tumor growth inhibition by cabozantinib. Cabozantinib
targets many RTKs, including MET, whose elevated expression in
advanced RCC has been associated with poor prognosis and prior
exposure to VEGFR TKIs (10, 73). Of note, RESL10, which shows the
highest MET expression, was derived from a patient who had previ-
ously received VEGFR inhibitors axitinib and cabozantinib. RESL4
was similarly derived from a patient who was undergoing VEGFR
inhibitor lenvatinib plus everolimus treatment. However, its MET
protein expression is lower than RESL3, RESL11, and RESL12, which
had not received prior VEGFR inhibitors. In preclinical models, high
MET expression is associated with resistance to VEGFR TKI treat-
ment (74), although its level did not affect cabozantinib treatment
outcomes in the phase III METEOR RCC clinical trial (11), nor in
breast cancer or cholangiocarcinoma clinical trials (75, 76). However,
in a more recent study of the RCC METEOR trial, decreased MET
levels predicted improved progression-free survival (PFS) andOS (77).
In the phase III CELESTIAL trial of cabozantinib treatment in
advanced hepatocellular carcinoma, a high MET level was associated
with shorter OS (78). Although our results support a prognostic value
for MET levels in ccRCC treatment, additional studies are needed to
confirm the relation betweenMET protein and cabozantinib response
in RCC using larger cohorts.

Our results show that the combination of cabozantinib plus sapa-
nisertib performs similarly to the FDA-approved lenvatinib plus
everolimus combination (Supplementary Fig. S5), which is not always
tolerated by patients. In fact, the patient donor for RESL4 had this
combo stopped due to adverse effects. The cabozantinib and sapani-
sertib combination, which suppressed RESL4 tumors, has a different
side-effect profile (18, 79) and could be a good alternative for some
patients intolerant of the lenvatinib/everolimus combo. Future com-
parisons inmoremodels are needed to assess and compare the efficacy
and side-effect profiles of these two combinations.

Our findings demonstrate that the addition of sapanisertib to
cabozantinib significantly reduces pERK levels compared with cabo-
zantinib treatment alone. This suggests that sapanisertib acts syner-
gistically with cabozantinib to restrain ERK phosphorylation, which
seems to contribute to enhanced efficacy. Analysis of bulk RNA-seq
data revealed that the combo treatment affects the activities of various
ERK downstream TFs. ERK enhances downstream TF activities in two
ways: (i) by phosphorylating FOS/JUN family members and MYC,
thereby preventing their proteasomal degradation and increasing their
DNA-binding activity (80); (ii) by phosphorylating and activating
ternary complex factors that induce the transcription of immediate
early genes (IEG), including JUN, FOS,MYC, and EGR families, which
encode TFs (80). None of these TFs exhibited differential expression
between the combo-treated samples and controls, suggesting that the
downregulation of their activities may primarily be mediated through
their phosphorylation by ERK. Further investigation into the post-
translational modifications and functional interactions of these TFs is
needed to fully understand the mechanisms underlying their regula-
tion in response to the combo treatment. In addition, future studies
should explore the crosstalk between ERK and other signaling path-
ways to gain a comprehensive understanding of the molecular events
associated with the combo treatment.

This study demonstrated that the cabozantinib plus sapanisertib
combination offers improved therapeutic effectiveness, compared
with either therapy alone as well as various single and combinational
treatments using drugs against targets selected by omics analyses of
RCCs. This combo is even effective in tumors with prior exposure to
TKIs targeting VEGFRs. Taken together, our study has shown that the

cabozantinib and sapanisertib combination has the potential to be
used as a first-line treatment for selected patients with ccRCC and
especially as a second-line treatment for patients who have failed
other TKI and ICI.
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