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SHORT COMMUNICATION

Cabozantinib-Exposed Renal Cell Carcinoma Organoids Suggest 
Transcriptomic Associations with Treatment Resistance in Clear  
Cell and Nonclear Cell Tumors
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Abstract

While vascular endothelial growth factor tyrosine kinase inhibitors (VEGF-TKIs) are a mainstay of treatment for advanced renal cell carci-
noma (RCC), mechanisms of resistance to VEGF-TKIs remain under ongoing investigation. To assess transcriptomic changes in clear-cell RCC 
(ccRCC) and non-ccRCC exposed to a VEGF-TKI, we analyzed differential single-cell gene expression in RCC tumor-organoids exposed to 
cabozantinib versus control solvent. In ccRCC organoid cells, LRRC75A was notably highly associated with cabozantinib exposure (log2 fold-
change 2.18, detected proportion 0.52 vs. 0.23, false-detection rate adjusted p<0.001). Importantly, our findings were independently validated in 
a recent study of advanced ccRCC patients treated with cabozantinib, which demonstrated that higher LRRC75A expression was significantly 
associated with decreased tumor response and less robust reduction of VEGF expression. LRRC75A has been shown to mediate VEGF secre-
tion in a separate study and may potentiate compensatory angiogenesis after cabozantinib exposure. Gene expression scores were then developed 
based on transcriptomic changes associated with cabozantinib exposure and applied to stage IV patients in several independent cohorts. Higher 
scores were significant predictors of worse overall survival in TCGA non-RCC patients and worse progression-free survival in JAVELIN Renal 
101 ccRCC patients. Overall, this experiment represents an incremental step in a larger effort to elucidate resistance mechanisms to VEGF-TKIs.
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The ccRCC and non-ccRCC samples were split and 
independently integrated to control for batch effects. 
Transcriptomic data were transformed prior to dimension-
ality reduction and differentially expressed gene (DEG) 
analysis between treatment groups. Uniform manifold 
approximation and projection (UMAP) was used to visu-
alize the data, split by ccRCC versus non-ccRCC organoid 
status. Results were also stratified by cabozantinib versus 
DMSO exposure. DEG results were filtered by absolute log2 
fold change (FC) levels >1.0 and false discovery rate (FDR)-
adjusted p-values <0.05 to select the reported transcrip-
tomic associations.  The Kyoto Encyclopedia of Genes and 
Genomes (KEGG) 2021 human gene pathway database 
was utilized for biologic pathway analysis using the Enrichr 
package (9,10).

Given the significantly increased expression of LRRC75A 
in the ccRCC organoids exposed to cabozantinib, we per-
formed external independent validation based on RNA-seq 
data from Bilen and colleagues (11). In this phase 2 trial, 
17 patients with locally advanced ccRCC were treated with 
cabozantinib prior to surgical resection. Normalized count 
expression levels of LRRC75A after cabozantinib exposure 
were correlated with tumor shrinkage. Post-cabozantinib 
LRRC75A expression was correlated with objective response 
rates as defined by RECIST criteria, as well as based on 
rhabdoid versus sarcomatoid histology. Changes in plasma 
levels of various angiogenesis-associated molecules pre- and 
post-cabozantinib exposure were additionally correlated with 
post-cabozantinib LRRC75A expression levels. Spearman 
coefficients and Wilcoxon p-values were used to assess these 
relationships.

Using the DEG results, two differential gene expression 
scores were developed based on exposure to cabozantinib, 
one for ccRCC and another for non-ccRCC. The score was 
created by subtracting the geometric mean of negatively 
associated genes from the geometric mean of positively 
associated genes, one for ccRCC and another for non-
ccRCC-associated genes. Higher scores are indicative of 
transcriptomic changes associated with cabozantinib expo-
sure in the organoid experiment. 

These scores were then applied to RNA-seq data from 
several independent cohorts. The ccRCC-derived score was 
applied to patients with stage IV ccRCC from The Cancer 
Genome Atlas Kidney Renal Cell Clear Carcinoma (TCGA 
KIRC) (12) as well as patients with stage IV ccRCC from 
the JAVELIN Renal 101 phase III randomized controlled 
trial (13). For the JAVELIN Renal 101 patients, analysis was 
stratified between the TKI-only (sunitinib) and TKI and 
ICI (axitinib and avelumab) arms. The non-ccRCC-derived 
score was applied to patients with stage IV non-ccRCC from 
TCGA Kidney Renal Papillary Cell Carcinoma (KIRP) (14). 

TCGA data were limited to specimens from treatment-
naïve patients with year of diagnosis from 2005 to 2010. 

Introduction
Vascular endothelial growth factor tyrosine kinase inhibitors 
(VEGF-TKIs) is the backbone of therapy for patients with 
advanced renal cell carcinoma (RCC). Current indications 
for these agents include first-line therapy in combination 
with immune checkpoint inhibitors (ICIs) for advanced 
RCC, as second-line monotherapy for patients with clear-cell 
RCC (ccRCC) who progress on ICI, and as first-line mono-
therapy in patients who cannot receive ICIs (1). 

Various mechanisms have been proposed for potential 
resistance to contemporary VEGF-TKIs in RCC, includ-
ing bypassing of  anti-angiogenesis via promotion of IL-6 
and IL-8 secretion (2,3), upregulation of the c-Met recep-
tor IRAK1 and downregulation of the tumor suppressor 
MCPIP1 (4), lysosomal sequestration and use of  efflux 
transporters (5), among others. However, there have been 
comparatively few studies on TKI resistance mechanisms 
versus ICIs (6,7), and even fewer looking at specifically 
the TKI cabozantinib. Park and colleagues described a 
ccRCC and peripheral blood mononuclear cell co-culture 
experiment which identified helper T-cell subtypes that 
may mediate resistance to cabozantinib via an increase in 
pro-angiogenic factors (8). Outside of  this report, there is 
an overall paucity of  data describing potential mechanisms 
of resistance to cabozantinib in ccRCC and essentially none 
for non-ccRCC. 

To further explore this topic, we sought to assess the tran-
scriptomic changes that ccRCC and non-ccRCC tumor cells 
undergo when exposed to cabozantinib. Herein, we report 
the results of an experiment using RCC tumor-organoid 
models to determine differential single-cell gene expression 
between organoids treated with the TKI cabozantinib versus 
control dimethyl sulfoxide (DMSO) delivery solvent. 

Methods
Four pairs of RCC-derived organoids were treated with 
either DMSO (control) or cabozantinib for 48 hours. Two 
of these pairs were derived from ccRCC tumors (OHSU30, 
NCI350), whereas the other two pairs were non-ccRCC 
derived (OHSU29, NCI274). The OHSU29 organoid is 
a chromophobe RCC with sarcomatoid differentiation, 
whereas NCI274 is histologically RCC not otherwise spec-
ified with papillary features. Fresh, frozen organoid tissue 
was dissociated into single-cell suspensions which were then 
utilized for single-cell RNA sequencing with 10× chromium, 
a droplet-based gel bead barcoding platform, per manufac-
turer recommended protocols. Standard protocols for pre-
processing, alignment to the hg19 reference genome, quality 
control, cell filtering, data normalization, and downstream 
analysis were completed using CellRanger (4), Seurat (5), 
and DEseq2 software packages (6), among others. 
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were evaluated in relation to post-cabozantinib LRCC75A 
expression levels (Figure 3D–3H). Only VEGF was noted 
to have a significant relationship, with smaller decreases in 
VEGF noted in patients with higher LRRC75A expression 
levels (p=0.026). 

After generation of differential gene expression scores 
based on cabozantinib exposure from the organoid experi-
ment, Kaplan–Meier survival distributions showed associ-
ations between higher scores and worse clinical outcomes. 
While this did not reach significance in the TCGA KIRC 
cohort (Figure 4A, p=0.065), it was demonstrated in the 
TCGA KIRP (Figure 4B, p=0.0069) and JAVELIN Renal 
101 TKI-only (Figure 4C, p=0.027) cohorts. No signif-
icant association was seen between this gene score and the 
JAVELIN Renal 101 TKI and ICI arm (Figure 4D, p=0.21). 

Discussion
We sought to analyze potential mechanisms of VEGF-TKI 
resistance in RCC, specifically toward cabozantinib. In this 
scRNA-seq analysis, we identified transcriptomic associa-
tions with cabozantinib exposure in ccRCC and non-ccRCC 
tumor organoids. Gene scores based on these associations 
demonstrated translation to worsened survival outcomes 
among several independent cohorts, further suggesting asso-
ciation with treatment resistance.

LRRC75A emerged as a particularly notable signal, with 
the cabozantinib-exposed ccRCC organoids exhibiting sig-
nificantly increased expression. We also found LRRC75A 
has not been previously described in the context of RCC. A 
separate study of mesenchymal stem cells found that under 
ischemic conditions, LRRC75A expression mediated VEGF 
secretion (15). Thus, LRRC75A may potentiate compen-
satory angiogenesis in cabozantinib-exposed ccRCC and 
VEGF-TKI resistance more generally. This finding was not 
reproduced in the non-ccRCC organoids, possibly reflect-
ing their decreased propensity to exhibit molecular alter-
ations in angiogenesis and hypoxia-ischemia pathways than 
ccRCC tumors. Separate external validation in a ccRCC 
patient cohort treated with cabozantinib found that higher 
LRRC75A expression was significantly associated with 
poorer tumor response and smaller decreases in VEGF 
expression, lending credence to our findings.

We also reviewed if  the other gene signals from our anal-
ysis could have some plausible associations with resistance 
mechanisms to cabozantinib. Regarding upregulated genes in 
the ccRCC organoid subset, several have been implicated in 
the promotion of other nonrenal malignancies. Specifically, 
TALAM1 has been shown to facilitate motility of breast can-
cer cells within in vitro as well as in vivo migration assays uti-
lizing immunocompromised mice (16). C1orf56 has also been 
implicated in the development of lymphomas in murine mod-
els and is also overexpressed in many human lymphomas (17).  

Given that TKIs were the main therapy for advanced RCC 
during that time period, we felt that treatment-naïve patients 
would have been highly likely to have received TKI therapy. 
Thus, the gene score derived from cabozantinib-exposed 
ccRCC organoids was felt to be applicable to this popula-
tion (13). Kaplan–Meier survival distributions with log-rank 
tests were performed based on scoring for overall survival 
in the TCGA cohorts and progression-free survival in the 
JAVELIN Renal 101 arms.

Results
After completion of quality control measures, 34,513 ccRCC 
organoid cells were included for analysis (Figure 1A and 1B). 
Among ccRCC samples, several genes demonstrated statis-
tically significant differential expression between treatment 
groups (LRRC75A, TMEM154, TALAM1, C1orf56, SYNC, 
ITPR1, CYP1B1, KCNA5, MIR23AHG, and FANCA; 
Figure 1C). Most notably, LRRC75A was both visually 
and statistically highly associated with cabozantinib expo-
sure to a substantially greater extent than the other identi-
fied genes (log2 FC 2.18, detected proportion 0.52 vs. 0.23, 
FDR-adjusted p<0.001; Figure 1D). KEGG pathway analy-
sis identified “proteoglycans in cancer” and “ECM receptor 
interaction” as the two pathways most strongly associated 
with cabozantinib exposure among the ccRCC organoids 
(Figure 1E).

After completion of quality control measures, 19,113 non-
ccRCC organoid cells were included for analysis (Figure 2A 
and 2B). Among non-ccRCC samples, several genes demon-
strated statistically significant differential expression between 
treatment groups (B3GAT2, CAPN3, MTND1P23, RNU5D-1,  
SNORD3A, MRPS5, ARF5, MIF, MTATP6P1, and 
ENSG00000196656; Figure 2C). None of these genes exhib-
ited uniquely substantial treatment association over the other 
genes in this set. No significant change in LRRC75A expres-
sion was seen in the non-ccRCC organoid samples (log2 FC 
0.01, detected proportion 0.181 vs. 0.116, FDR-adj. p=0.8; 
Figure 2D). KEGG pathway analysis identified “RNA trans-
port” and “endocytosis” as the two pathways mostly strongly 
associated with cabozantinib-exposure among the non-
ccRCC organoids (Figure 2E).

Independent validation of LRRC75A expression in 
patients with advanced ccRCC treated with cabozantinib 
prior to surgical resection was performed. Higher levels of 
post-cabozantinib LRRC75A expression were significantly 
associated with decreased relative shrinkage in tumor size 
(Figure 3A, p=0.004), while patients with partial response 
had significantly lower LRRC75A expression compared to 
those with stable disease (Figure 3B, p=0.011); there was 
not significant variation in LRRC75A expression based on 
rhabdoid versus sarcomatoid histology (Figure 3C). Relative 
changes in several molecules associated with angiogenesis 
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Figure 1: (A) UMAP projection of single cells from the ccRCC organoids NCI350 and OHSU30. (B) UMAP projection of 
single cells from ccRCC organoids stratified by the treatment group. (C) Top differentially expressed genes in ccRCC organoids 
stratified by the treatment group. (D) UMAP projection of single cells from ccRCC organoids with normalized expression of 
LRRC75A demonstrating greater expression with cabozantinib exposure. (E) KEGG pathway analysis of ccRCC organoids 
based on cabozantinib exposure.
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expression of LRRC75A. (E) KEGG pathway analysis of non-ccRCC organoids based on cabozantinib exposure.



Chou WH et al.

	 Journal of  Kidney Cancer 2025; 12(2): 37–45	 42

0

–10

–20

–30

–40

–50
40 80 120

20
40
60
80

100

LR
R

C
75

A 120
140

20
40
60
80

100

LR
R

C
75

A 120
140

160

Post-cabozantinib LRRC75A expression and tumor shrinkage

LRRC75A expression (normalized count)

40 80 120 160
LRRC75A expression

40 80 120 160
LRRC75A expression

Pl
as

m
a 

VE
G

F 
ch

an
ge

 p
os

t-C
ab

o

Pl
as

m
a 

An
gi

op
oi

et
in

-1
 c

ha
ng

e 
po

st
-C

ab
o

Tu
m

or
 s

iz
e 

ch
an

ge
 p

os
t-c

ab
oz

an
tin

ib
 tr

ea
tm

en
t (

%
)

Response

Response Rhabdoid sarcometoid

R = 0.69, p = 0.004

R = 0.5, p = 0.1

p = 0.011

p =  0.86

R = 0.64, p = 0.026

R = 0.45, p = 0.15

PR

PR

SD

Response
PR
SD

Response
PR
SD

Response
PR
SD

SD

0

VEGF

Angiopoietin-1

–30

–60

–90

–120 40 80 120 160
LRRC75A expressionPl

as
m

a 
VE

G
F-

C
 c

ha
ng

e 
po

st
-C

ab
o

Response
PR
SD

200

VEGF-C

100

0

–100

–200

40 80 120 160
LRRC75A expression

Pl
as

m
a 

VE
G

FR
-2

 c
ha

ng
e 

po
st

-C
ab

o

R = –0.34, p = 0.29

Response
PR
SD

6000

1000

–1000

–2000

–3000

–4000

0

40 80 120 160
LRRC75A expression

Pl
as

m
a 

An
gi

op
oi

et
in

-2
 c

ha
ng

e 
po

st
-C

ab
o

R = 0.36, p = 0.26

Angiopoietin-2

3000

2000

1000

0

3000

–3000

VEGFR-2

0

(A)

(D)

(G) (H)

(E) (F)

(B) (C)

Figure 3: LRRC75A independent external validation using data from Bilen et al. (2025). (A) Scatter plot comparing 
post-cabozantinib LRRC75A RNAseq normalized count expression levels with tumor shrinkage percentage after 12 weeks of 
cabozantinib treatment, among 16 patients with complete data. Spearman correlation and p-value reported in plot. (B) Box 
plot comparing post-cabozantinib LRRC75A expression by RECIST criteria. Wilcoxon p-value reported in plot. (C) Box plot 
comparing post-cabozantinib LRRC75A expression by rhabdoid/sarcomatoid histologic status. Wilcoxon p-value reported in 
plot. (D–F) Scatter plots comparing post-cabozantinib LRRC75A expression levels with changes in pre- vs. post-cabozantinib 
treatment plasma levels of angiogenesis-related molecules, among 12 patients with complete data. Spearman correlation and 
p-value reported in plot.
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Figure 4: Kaplan–Meier distributions based on cabozantinib differential gene expression scores from ccRCC organoids for  
(A) overall survival in stage IV ccRCC patients from The Cancer Genome Atlas Kidney Renal Clear Cell Carcinoma (TCGA 
KIRC) and (B) overall survival in stage IV non-ccRCC patients from TCGA Kidney Renal Papillary Cell Carcinoma (TCGA 
KIRP). Gene expression scores based on non-ccRCC organoids were then used to create Kaplan–Meier distributions for pro-
gression-free survival in stage IV ccRCC patients from the JAVELIN Renal 101 phase 3 randomized controlled trial treated with 
(C) sunitinib only, as well as (D) axitinib and avelumab.

Finally, SYNC is elevated in human gastric cancers and 
interestingly has also been correlated to poorer survival out-
comes and infiltration of M2-polarized tumor-associated 
macrophages (18). On the other hand, TMEM154 has not 
been previously associated with tumorigenesis or cancer 
treatment resistance. In reviewing the upregulated genes for 
the non-ccRCC organoid subset, we did not find any existing 
research associating their overexpression with malignancy. 

With regard to downregulated genes within the subset of 
ccRCC organoids, ITPR1 has been shown to protect RCC 
cell lines against natural killer cell–mediated death (19). 

Supposing that ITPR1 is truly protective of RCC cells, its 
downregulation in ccRCC organoids after cabozantinib 
treatment could be indicative of reliance on separate path-
ways for survival or suggestive that it is not critical for tumor 
survival. Separately, suppression of KCNA5 in Ewing sar-
coma and neuroblastoma cell lines has been shown to con-
tribute to the survival of these malignant cells under hypoxic 
conditions (20), which would make more intuitive sense in 
the context of ccRCC organoid survival.

Interestingly, for downregulated genes in the non-ccRCC 
organoid subset, both low expression of MRPS5 and MIF 
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