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Significance

SMARCB1 is a tumor suppressor 
that is universally inactivated in 
renal medullary carcinoma 
(RMC), a highly aggressive 
malignancy that predominantly 
afflicts young individuals of 
African descent with sickle cell 
trait (SCT). We demonstrated 
using orthogonal in vitro and 
in vivo models that hypoxia 
induced by SCT leads to 
SMARCB1 degradation to protect 
cells from hypoxic stress. 
Accordingly, SMARCB1-deficient 
cells had a survival advantage in 
extreme hypoxic conditions. 
Furthermore, consistent with 
established clinical observations, 
SMARCB1 loss protected tumor 
cells from the hypoxia-inducing 
therapeutic inhibition of 
angiogenesis used for the 
treatment of other renal cell 
carcinomas. These results 
establish a physiological role for 
SMARCB1 in response to hypoxic 
stress and elucidate the 
connection between SCT and 
SMARCB1 loss observed in RMC.
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Renal medullary carcinoma (RMC) is an aggressive kidney cancer that almost exclu-
sively develops in individuals with sickle cell trait (SCT) and is always characterized by 
loss of the tumor suppressor SMARCB1. Because renal ischemia induced by red blood 
cell sickling exacerbates chronic renal medullary hypoxia in vivo, we investigated 
whether the loss of SMARCB1 confers a survival advantage under the setting of SCT. 
Hypoxic stress, which naturally occurs within the renal medulla, is elevated under the 
setting of SCT. Our findings showed that hypoxia-induced SMARCB1 degradation 
protected renal cells from hypoxic stress. SMARCB1 wild-type renal tumors exhibited 
lower levels of SMARCB1 and more aggressive growth in mice harboring the SCT 
mutation in human hemoglobin A (HbA) than in control mice harboring wild-type 
human HbA. Consistent with established clinical observations, SMARCB1-null renal 
tumors were refractory to hypoxia-inducing therapeutic inhibition of angiogenesis. 
Further, reconstitution of SMARCB1 restored renal tumor sensitivity to hypoxic 
stress in vitro and in vivo. Together, our results demonstrate a physiological role for 
SMARCB1 degradation in response to hypoxic stress, connect the renal medullary 
hypoxia induced by SCT with an increased risk of SMARCB1-negative RMC, and 
shed light into the mechanisms mediating the resistance of SMARCB1-null renal 
tumors against angiogenesis inhibition therapies.

renal medullary carcinoma | hypoxia | SMARCB1 | sickle cell trait

Renal medullary carcinoma (RMC), which is uniformly characterized by the complete 
loss of the SMARCB1 tumor suppressor, is a highly aggressive malignancy that predom-
inantly afflicts young individuals of African descent harboring sickle cell trait (SCT) (1), 
which is characterized by increased sickling of red blood cells in the renal medulla. Regional 
ischemia induced by red blood cell sickling in the renal medulla has been hypothesized 
to be a key step in RMC pathogenesis (2). While hypoxia occurs normally in the renal 
medulla (2), it is elevated in RMC tumors that purportedly arise from the collecting ducts 
of the renal medulla (3). Indeed, RMC tumors demonstrate a hypoxia signature (4), as 
well as are refractory to all tyrosine kinase inhibitor (TKI) drugs that target the vascular 
endothelial growth factor hypoxia signaling pathways and are commonly used for treating 
all other renal cell carcinomas (5). A striking majority of RMC patients harbor SCT, 
suggesting a strong connection between SCT and RMC pathogenesis (2, 6). Accordingly, 
we have previously shown that conditions that aggravate renal medullary hypoxia, such 
as high-intensity physical exercise, increase the risk of RMC in individuals with SCT and 
in animal models (7).

To better understand RMC pathogenesis and its resistance to angiogenesis inhibition 
therapy, we investigated the connection between SMARCB1 loss and hypoxia under the 
setting of SCT. We found that hypoxia induces SMARCB1 protein downregulation in 
renal cells and that loss of SMARCB1 protects cells from hypoxic stress in vitro and in vivo. 
These findings elucidate the selective evolutionary pressure to lose SMARCB1 during 
RMC pathogenesis and identify a role for SMARCB1 as a critical regulator of cellular 
response to hypoxic stress in epithelial renal cells.

Results

Red Blood Cell Sickling Induces Chronic Renal Medullary Hypoxia in Mice with SCT. 
We previously demonstrated that mice with SCT experience significantly increased renal 
hypoxia after external perturbations, such as high-intensity exercise, when compared to 
wild-type counterparts, suggesting that sickled red blood cells aggravate renal ischemia 
under stress (7). To elucidate the association between renal ischemia and SCT, we 
generated a genetically engineered mouse model (GEMM) of SCT that leverages a 
fluorescence reporter for the identification of epithelial structures in vivo. Specifically, 
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the CDH16Cre strain was crossed with conditional Rosa26LSL-TdT 
mice and hα/hα::βS/βS mice to generate a GEMM of SCT (hα/hα::βA/
βS) that enabled tissue-specific activation of the TdTomato (TdT) 
fluorescence reporter in the kidney epithelium (Fig. 1A). Both 
SCT and control GEMM mice expressed human hemoglobin A 
(HbA), but SCT mice harbored the sickle cell mutation in one 
allele of the HbA beta-subunit (hα/hα::βA/βS), whereas control 
GEMM mice harbored wild-type alleles (hα/hα::βA/βA). By 
leveraging the TdT fluorescence reporter and injected dextran 
conjugated with fluorescein isothiocyanate (FITC), our GEMM 
models enabled the evaluation of microvasculature integrity and 
blood flow in the renal inner medulla.

We found that the renal inner medulla of adult mice with SCT 
harbored discontinuous and disorganized blood vessels, including 
significantly shorter diameters (P-value < 0.0001) and lengths 
(P-value < 0.0001) of blood vessels, when compared to those 
observed in control mice (Fig. 1 B–D). To assess whether 
SCT-associated blood vessel changes could elevate hypoxia in the 
renal inner medulla, we injected intraperitoneal (IP) pimonidazole 
hydrochloride (Hypoxyprobe), a chemical probe that binds to 
tissue with oxygen tension less than 10 mm Hg, into our SCT 
and control models. Our findings confirmed hypoxia in the renal 
inner medulla of SCT mice, where SCT-associated microvascular 
changes were previously observed (Fig. 1 B–D), but not in 

wild-type controls (P-value < 0.0001) suggesting that the medul-
lary parenchyma is chronically exposed to a hypoxic environment 
in SCT mice (Fig. 1 E and F). These results demonstrate that 
chronic hypoxia is present in the renal inner medulla of SCT mice.

SMARCB1 Is Degraded via the Ubiquitin–Proteasome System 
during Hypoxia. We next investigated the effect of hypoxia on 
SMARCB1 expression in the epithelial cells of the renal medullary 
collecting ducts. First, we assessed SMARCB1 protein levels in an 
in vitro epithelial model derived from the renal inner medullary 
collecting ducts (mIMCD-3) of a mouse model (8). Because the 
oxygen level of the renal medulla is approximately 2%, cells were 
placed in a hypoxia chamber set at 1% oxygen to mimic an extreme 
hypoxic state of the kidney for periods of 24, 48, and 72 h. We 
additionally found that SMARCB1 protein levels were inversely 
associated with oxygen levels, with the most severe degradation 
of SMARCB1 observed at 0.5% and 1% oxygen over 24 h, while 
degradation decreased at 2% oxygen, which is representative of 
physiological normoxia, and higher (SI Appendix, Fig. S1 A and B). 
Hypoxia chambers set at 21% oxygen were used as the normoxia 
control (9). Western blotting analysis showed that SMARCB1 
protein levels in mIMCD-3 cells gradually decreased after 
prolonged periods of exposure to hypoxia (1%) over 72 h, with the 
strongest SMARCB1 depletion occurring at 72 h (Fig. 2A). Parallel 
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Fig. 1. Renal ischemia is associated with chronic hypoxia in sickle cell trait mouse model. (A) Schematic of genetically engineered mouse model (GEMM) of SCT.  
(B) 3D image reconstruction of renal epithelia (RFP) and FITC-dextran (GFP) in adult mice (n = 4 to 5) with kidney-specific CDH16Cre and conditional R26LSL-Tom 
(C and D) Quantification of the diameter (C) and length (D) of the renal blood vessels (10 vessels/image, 3 locations/vessel). (E) IHC of mouse kidneys after injection 
with Hypoxyprobe. (F) Quantification of the optical density of horseradish peroxidase (HRP) staining for 20× images was done using ImageJ. Data are expressed 
as mean value ±SD, with the P value calculated by Student’s t test.

http://www.pnas.org/lookup/doi/10.1073/pnas.2209639120#supplementary-materials
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immunoblotting analysis of HIF-1α, a cellular marker of acute 
hypoxia, showed increasing levels up to 48 h and a strong reduction 
at the more chronically hypoxic 72 h timepoint (Fig. 2A). These 
results are consistent with previous studies that have shown a 
reduction of HIF-1α at 72 h of hypoxia (10).

To determine whether depletion of SMARCB1 under hypoxic 
conditions was driven by ubiquitin-proteasome-mediated degra-
dation, we treated mIMCD-3 cells with 20 μM cycloheximide 
(CHX), an inhibitor of protein translation, for 0, 3, 6, and 12 h 
coupled with 25 μM proteasome inhibitor MG-132 for 3 h. Our 
findings showed a significant reduction in SMARCB1 protein 
levels after 12 h of treatment with CHX treatment in mIMCD-3 
cells exposed to 24 h of hypoxia compared to an equivalent time 
in normoxia (Fig. 2 B–D). Notably, the addition of MG-132, a 

proteasome inhibitor, rescued SMARCB1 protein levels to >85% 
of pre-CHX treatment levels in mIMCD-3 cells under either nor-
moxia or hypoxia (Fig. 2 B and C), thus indicating that the deple-
tion of SMARCB1 protein levels in mIMCD-3 cells is mediated 
by ubiquitin-proteasome degradation. Altogether, our data indi-
cated that hypoxia accelerates the ubiquitin-proteasome-mediated 
degradation of SMARCB1 in mIMCD-3 cells.

To better understand how hypoxia accelerates SMARCB1 deg-
radation, we investigated whether SMARCB1 ubiquitination was 
upregulated under hypoxic conditions. We first used CRISPR-Cas9 
gene editing technology to generate MSRT1, a SMARCB1-deficient 
(SMARCB1Null) mouse renal tumor cell line (SI Appendix, Figs. S2 
and S3). To characterize on- and off-target sgRNA effects, we per-
formed whole-exome sequencing (WES) analysis on the MSRT1 cell 
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Fig. 2. SMARCB1 is degraded via ubiquitin-proteasome-mediated degradation. (A) Immunoblotting analysis of mIMCD-3 cells after increasing time exposure to 
hypoxia (1% oxygen). (B) Cycloheximide chase assay of mIMCD-3 cells in 24 h of normoxia and (C) 24 h of hypoxia. Cells were treated with 20 μM cycloheximide for 
0, 3, 6, and 12 h. (D) Quantification of SMARCB1 protein expression in mIMCD-3 after cycloheximide (CHX) chase experiment in 24 h of growth in normoxia and 
hypoxia. (E) Immunoprecipitation (IP) analysis of SMARCB1 ubiquitination after 6 h of hypoxia treatment. (F) MSRT1 cells ectopically overexpressing SMARCB1WT and 
SMARCB1K62R were cultured in 6 h of normoxia (21% oxygen) and hypoxia (1% oxygen) coupled with 3 h of treatment with 50 μM MG-132 to prevent proteasome 
degradation for subsequent immunoprecipitation assay. Protein analysis was then used to detect ubiquitin levels on SMARCB1. Data are expressed as mean 
value ±SD, with the P value calculated by Student’s t test. (G) Crystal structure of SMARCB1 (purple) in the SWI/SNF complex (white) bound to DNA (blue) using 
cryoelectron microscopy. Lysine residue 62 is indicated in red. The crystal structure was obtained from He et al. and UCSF Chimera software (https://www.cgl.
ucsf.edu/chimera/download.html) was used to visualize crystal structure.
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line in comparison to corresponding normal mouse kidney cells. 
Using Integrative Genomics Viewer, our WES analysis showed that 
there is efficient sgRNA-targeted cutting of Smarcb1 (exons 1 and 2) 
and Cdkn2a/b (SI Appendix, Fig. S3 A–D). WES analysis also indi-
cated that sgRNA for Trp53 did not result in CRISPR/Cas9 cutting 
of Trp53 (SI Appendix, Fig. S3E), but there was a spontaneous focal 
alteration at both exon 3 and 4 (SI Appendix, Fig. S3F), explaining 
the observed loss of p53 protein in immunoblotting analysis after 
subjecting cells to 10 s of exposure to ultraviolet light to induce the 
expression of p53 (SI Appendix, Fig. S2H).

Ectopic expression of SMARCB1 was then induced in wild-type 
SMARCB1 (SMARCB1WT) MSRT1 cells. SMARCB1Null and 
SMARCB1WT MSRT1 cells were cultured in normoxia and 
hypoxia conditions for six hours and subsequently treated with 
25 μM MG-132 for four hours prior to lysing cells for further 
immunoprecipitation (IP) analysis. Our findings demonstrated 
that ubiquitination was observed upon proteasome inhibition in 
both normoxic and hypoxic conditions but was significantly 
higher in hypoxia compared to normoxia (Fig. 2E). Together, our 
data further suggested an increase in SMARCB1 degradation via 
the ubiquitin-proteasome system under hypoxic conditions.

Therefore, we hypothesized that SMARCB1 is being ubiquiti-
nated and subsequently degraded at the protein level. To investigate 
this question, we used site-directed mutagenesis (SDM) to mutate 
to arginine the lysine residues that have been shown in prior studies 
to be ubiquitinated in SMARCB1 (SI Appendix, Table S1) (11–20). 
SDM was also used to induce known hotspot and missense muta-
tions that occur in human cancers (R377H, K363*, K364R) based 
on the Catalogue of Somatic Mutations in Cancer database (21). 
Mutant and wild-type SMARCB1 protein expression were recon-
stituted in MSRT1 cells. Cells were then cultured for 48 h under 
hypoxia and normoxia, and immunoblot analysis was used to com-
pare the expression of SMARCB1 mutants and SMARCB1WT 
under hypoxia to that under normoxia. Consistently, SMARCB1WT 
protein levels were degraded to less than half of those observed under 
normoxic conditions (SI Appendix, Fig. S4). Our results showed 
that the K62R mutant is the most efficient at impairing the degra-
dation of SMARCB1 after 48 h of exposure to 1% oxygen in com-
parison to their normoxia control (SI Appendix, Fig. S4 B–D). We, 
therefore, chose to use SMARCB1K62R as our low-degradation 
SMARCB1 mutant for further characterization studies.

We hypothesized that the K62R mutant was preventing the 
degradation of SMARCB1 protein by disrupting ubiquitination. 
To investigate this, we performed an IP assay for SMARCB1 after 
6 h of exposure to normoxia and hypoxia coupled with 3 h of 
treatment with 50 μM MG-132 to prevent proteasome degrada-
tion for sequential protein analysis of ubiquitin protein on 
SMARCB1WT and SMARCB1K62R. Our results in Fig. 2F showed 
that SMARCB1K62R has consistently less ubiquitination compared 
to SMARCB1WT, supporting the notion that lysine residue 62 is 
a major site of ubiquitination on SMARCB1 for ubiquitin-mediated 
proteasome degradation.

To interrogate whether the K62R mutation is adversely affect-
ing SMARCB1 integrity, we examined the 3.7-angstrom-resolution 
cryoelectron microscopy structure of the human SWItch/Sucrose 
Non-Fermentable (SWI/SNF) complex bound to the nucleosome 
that was previously published by He et al. (22). Using the UCSF 
Chimera software (https://www.cgl.ucsf.edu/chimera/download.
html), we visualized SMARCB1 protein shown in purple in 
Fig. 2G. The structure analysis showed that lysine residue 62 is in 
a region of SMARCB1 that does not interact with other subunits 
of the SWI/SNF complex or the bound nucleosome. The posi-
tioning of lysine residue 62 suggests that it is a readily accessible 
region of the protein that enables rapid modulation at the protein 

level, such as ubiquitination, in response to environmental 
changes. Therefore, its mutation most likely only disrupts ubiq-
uitination and sequential degradation.

SMARCB1 Protein Expression Is Significantly Lower in the Renal 
Medullary Tubule Cells of RMC Patient Nephrectomy Samples and 
Mouse Models with SCT. Because oxygen tension is a critical factor 
for SMARCB1 protein stability and since kidneys of mice with SCT 
are hypoperfused (Fig. 1), we assessed SMARCB1 protein levels 
in renal tissues harvested from our SCT models. Immunoblotting 
analysis revealed a decrease in SMARCB1 protein levels specifically 
in kidneys from SCT mice when compared to those from WT 
controls (Fig.  3 A  and  B). To further corroborate the relevance 
of these observations, we performed an IHC analysis to compare 
SMARCB1 protein levels between normal adjacent renal medullary 
tissue from nephrectomy samples of patients with RMC (n = 5), the 
most common SMARCB1-deficient renal cell carcinoma, with that 
of clear cell renal cell carcinoma (ccRCC) (n = 5) and papillary renal 
cell carcinoma (pRCC) (n = 5), the two most common SMARCB1-
positive renal cell carcinomas. Our findings revealed a significantly 
higher number of tubule cells that displayed lower or no positivity 
for SMARCB1 nuclear signal in morphologically normal renal 
medullary tissue from RMC patients with SCT when compared 
to those from ccRCC or pRCC patients who do not have SCT 
(Fig. 3 C and D). In addition, we utilized IHC analysis to compare 
the protein expression levels of SMARCB1 in the cortical and 
medullary regions of normal adjacent renal tissue from nephrectomy 
samples of two patients with RMC, both of whom had SCT. We 
found that, compared with the cortex, the inner medulla had 
significantly higher numbers of tubules with negative SMARCB1 
protein expression by IHC (Fig. 3 E and F). Altogether, these data 
indicate that there is a selective pressure to decrease SMARCB1 
protein levels under hypoxic conditions, leading to decreased renal 
medullary SMARCB1 in the setting of SCT.

Inhibiting the Degradation of SMARCB1 Is Detrimental to Renal 
Tumor Cell Growth under Hypoxic Stress. To investigate the 
benefit conferred by SMARCB1 degradation during hypoxia, we 
used a clonogenic assay to assess the effect of impairing SMARCB1 
degradation on renal tumor cell survival under normoxia and 
hypoxia. MSRT1 cells were reconstituted with SMARCB1WT 
or SMARCB1K62R and the parental MSRT1 (SMARCB1null) 
cells were used as the control. Exposure to hypoxia significantly 
decreased SMARCB1WT protein levels expressed by MSRT1 
cells whereas SMARCB1K62R levels were unaffected by hypoxia 
(Fig. 4A). There were no significant growth differences between 
SMARCB1Null, SMARCB1WT, and SMARCB1K62R MSRT1 cells 
grown in normoxia, whereas all cells had decreased growth in 
hypoxia (Fig.  4B). SMARCB1K62R reconstitution significantly 
decreased the growth of MSRT1 cells under hypoxia when 
compared to the growth of MSRT1 cells harboring either 
SMARCB1Null or SMARCB1WT (Fig. 4 B–F). These results suggest 
that SMARCB1 degradation confers a proliferative advantage to 
renal tumor cells specifically under the context of hypoxia.

To further investigate the mechanism underlying the growth inhi-
bition observed in our clonogenic assay, we used a beta-galactosides 
(β-gal) assay to evaluate cellular senescence in MSRT1 cells harboring 
reconstituted SMARCB1WT or SMARCB1K62R with SMARCB1Null 
as the control. Our results showed that under hypoxic conditions, 
significantly elevated β-galactoside positivity was detected in both 
SMARCB1K62R and SMARCB1WT cells, with significantly higher 
levels of senescence observed in SMARCB1K62R cells, after 6 d of 
growth (Fig. 4 C and E). In addition, cell viability of SMARCB1K62R 
cells cultured under hypoxia for 24 h was significantly lower than 
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those of SMARCB1Null and SMARCB1WT cells (Fig. 4F). Together, 
these data suggest that SMARCB1 degradation may enable the sur-
vival and proliferation of renal cells under hypoxic conditions.

SMARCB1 Loss Confers a Survival Advantage for Renal Tumor 
Cells under Hypoxic Stress In  Vivo. To evaluate the growth 
advantage in vivo of SMARCB1 deficiency in renal tumor cells, 
we used MSRT1 cells and performed a competition assay with 
SMARCB1Null cells endogenously expressing green fluorescent 
reporter (GFP) and SMARCB1WT cells labeled ectopically 
with red fluorescent reporter (RFP) (Fig. 5A). A 1:1 mixture of 
SMARCB1Null (GFP only) and SMARCB1WT cells (GFP + RFP) 
was then subcutaneously transplanted into immune-compromised 
NOD scid gamma (NSG) mice. Tumors were harvested for flow 
cytometry analysis upon reaching approximately 100 mm3 in size. 
Analysis of GFP (SMARCB1Null) versus GFP/RFP (SMARCB1WT) 
showed that SMARCB1Null cells were significantly enriched 
compared to SMARCB1WT cells in renal tumors (Fig.  5B), 
supporting that SMARCB1Null cells have a growth advantage in 
a hypoxic tumor environment.

To investigate the effect of SMARCB1K62R, SMARCB1WT, and 
SMARCB1Null on tumor growth in vivo, we generated RMC 
patient-derived xenograft (PDX) models by using RMC219 cells 
(23). Specifically, RMC219 cells were transduced with either 
tetracycline-inducible pIND20-fSNF5-HA vector encoding for 
SMARCB1WT or SMARCB1K62R, or an empty vector (EV) as the 
negative control. Cells were grown in vitro on doxycycline (DOX) 
for 7 d to induce the expression of SMARCB1WT or SMARCB1K62R 
before 50,000 cells were transplanted subcutaneously into NSG mice 
(Fig. 5 C and D). Our findings demonstrated that SMARCB1Null 
tumors grew faster than SMARCB1WT and SMARCB1K62R tumors 
over the 7 d post-transplantation, with SMARCB1K62R tumors show-
ing almost no growth (Fig. 5E). Accordingly, Kaplan–Meier survival 
analysis showed that survival of SMARCB1Null PDX models was 
significantly lower than that of SMARCB1WT and SMARCB1K62R 
PDX models (Fig. 5F). Moreover, all SMARCB1K62R PDX models 
survived until day 100, whereas only 4 out of 6 SMARCB1WT PDX 
models survived until day 75 (Fig. 5F). These remaining four 
SMARCB1WT PDX models were euthanized at day 75 for tissue 
harvesting. SMARCB1K62R PDX models were monitored until day 
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Fig. 3. SMARCB1 protein expression is significantly lower in the renal medullary tubule cells of RMC patient nephrectomy samples and mouse models with sickle 
cell trait. (A) Representative image of immunoblotting analysis of kidney lysates from wild-type mice and mice with SCT. (B) Quantification of immunoblotting 
analysis of SMARCB1 protein in mouse kidney lysates. (C) RMC adjacent kidneys with SMARCB1 loss characterized using IHC analysis. SMARCB1 is indicated in blue 
(Alkaline phosphatase) staining and eIF2-alpha is indicated in HRP 3,3′-Diaminobenzidine (DAB) staining. The arrows indicate SMARCB1 loss. (D) Quantification of 
SMARCB1 protein in IHC experiment comparing normal adjacent kidney tissue in different renal tumors. Five 40X images were taken per patient and quantified. 
The average of five images is shown per patient and represented as a single dot in the plot. (E) IHC analysis of SMARCB1 protein expression in normal adjacent 
renal tissue from nephrectomy samples of two patients with RMC. Yellow arrows indicate SMARCB1-deficient tubule cells. (F) Quantification of SMARCB1-deficient 
tubule cells. The number of SMARCB1-deficient tubule cells was expressed as a percentage of total tubule cells in the 40X images. Data are expressed as mean 
value ±SD, with the P value calculated by Student’s t test.
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100, at which point small lesions were still barely palpable. Final 
tumor weight showed that tumor masses in SMARCB1Null PDX 
models were significantly greater than those from the two PDX mod-
els with reconstituted SMARCB1 (Fig. 5G). These data suggest that 
disruption of ubiquitin-mediated degradation of SMARCB1 confers 
a growth disadvantage to RMC tumor cells in vivo.

SCT Promotes Tumor Cell Expansion in SMARCB1-Deficient Renal 
Tumors. We next sought to investigate the effect of SCT on renal 
tumor cell expansion using a syngeneic mouse model generated by 
crossing the Townes SCT mouse with the Rosa26-Cas9 knock-in 

mouse strain that had been kept on a C57BL/6J pure background. To 
recapitulate the human phenotype, we orthotopically transplanted 
MSRT1 reconstituted with SMARCB1Null or SMARCB1WT into 
the right kidneys of adult mice with SCT and wild-type mice 
(Fig. 6E). The right kidney was chosen for tumor cell transplantation 
because RMC predominantly affects the right kidneys in patients 
(2, 6, 24), and the right renal medulla is more hypoxic than the 
left in the setting of SCT (7). Tumor burden in all mice were 
monitored with MRI every 2 to 3 wk. SMARCB1Null renal tumors 
developed rapidly, and all wild-type (n = 5) and SCT (n = 5) mice 
harboring SMARCB1Null renal tumors became moribund and 

A

B C

D E F

Fig.  4. SMARCB1-deficient tumors are resistant to hypoxic stress, while SMARCB1-proficient tumors are sensitive to hypoxic stress. (A) Western blotting 
analysis of MSRT1 cells overexpressed with either SMARCB1WT or SMARCB1K62R. (B) Clonogenic assay of MSRT1 tumors overexpressed with either SMARCB1Null, 
SMARCB1WT, and SMARCB1K62R grown in either normoxia or hypoxia. (C) Representative images of β-galactosidase staining of MSRT1 cells overexpressed with 
SMARCB1Null, SMARCB1WT, and SMARCB1K62R. (D) Quantification of clonogenic assay. Crystal violet was dissolved from cells using 10% acetic acid. (E) Quantification 
of β-galactosidase using FIJI ImageJ software. (F) Luminescent (RLU) activity indicating cell viability in MSRT1 with SMARCB1Null, SMARCB1WT, and SMARCB1K62R after 
prolonged exposure to normoxia and hypoxia. For all quantification experiments shown in D–F, the cell viability of cells in hypoxic condition was normalized to 
its corresponding normoxic condition. Data are expressed as mean value ±SD, with the P value calculated by Student’s t test.
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were euthanized within 40 d after initial transplantation (Fig. 6C). 
Conversely, SMARCB1WT tumors grew at a much slower rate 
than that of SMARCB1Null renal tumors in both wild-type and 
SCT background mice posttransplantation (Fig.  6 A  and  B). 
Notably, SMARCB1WT tumors were detected earlier in SCT mice 
than in wild-type mice (Fig. 6A). While two of the five wild-type 
mice harboring SMARCB1WT tumors became moribund from 
complications related to their tumor burden, the remaining three 
wild-type mice harboring SMARCB1WT tumors continued to show 
no indications of tumor growth up to 80 d post-transplantation 
(Fig.  6C). Conversely, all SCT mice harboring SMARCB1WT 
tumors became moribund by day 70 post-transplantation and were 
euthanized due to complications from tumor burden (Fig. 6C).

There was no significant difference in final tumor mass between 
wild-type and SCT mice harboring SMARCB1Null renal tumors 
(Fig. 6D). Interestingly, the final mass of SMARCB1WT tumors in 
SCT mice was comparable to SMARCB1Null tumors in wild-type or 
SCT mice, while the mass of SMARCB1WT tumors in wild-type 
mice was significantly lower than the mass of SMARCB1Null tumors 
in wild-type or SCT mice (Fig. 6D). To investigate whether renal 
hypoxia in the SCT mice was promoting the growth of SMARCB1WT 
cells transplanted into the SCT background mice, using HIF-1a as 
a marker of hypoxia we compared the protein levels of SMARCB1 
in the MSRT1 kidney tumor transplants to hypoxia levels based on 
HIF-1a expression (Fig. 6G). We found that the levels of SMARCB1 

protein were lower in the SMARCB1WT tumors transplanted in mice 
with SCT background where there was greater HIF-1a protein 
expression, further supporting our hypothesis that SMARCB1 is 
degraded in the highly hypoxic conditions created by red blood cell 
sickling (Fig. 6G). However, contrary to the results of the in vitro 
clonogenic assay in which SMARCB1Null and SMARCB1WT cells 
had equivalent growth in normoxia (Fig. 4 B–D), SMARCB1WT 
tumor cells failed to grow in the wild-type background mice but grew 
in the SCT background mice (Fig. 6C). This result can be explained 
by the fact that SMARCB1WT tumors from the wild-type back-
ground are less hypoxic than the SCT background based on HIF-1α 
expression (Fig. 6G). Therefore, the wild-type hypoxic microenvi-
ronment conferred a selective pressure against tumors reconstituted 
with SMARCB1WT, causing less growth. In contrast, in vitro exper-
iments were performed in highly oxygenated conditions of 21% 
oxygen in which there is no HIF-1α expression (Fig. 2A). Together, 
our findings demonstrated that SMARCB1 degradation promotes 
renal tumor cell expansion in the hypoxic microenvironment of the 
kidney under the setting of SCT, thus elucidating the connection 
between SMARCB1 loss and SCT that has been observed in patients 
with RMC.

SMARCB1Null Renal Tumors Are Insensitive to Angiogenesis 
Inhibition. Unlike other renal cell carcinomas, RMC is refractory 
to TKIs that target angiogenesis (24). We hypothesized that this 

B C

E

G
F

D

A

Fig. 5. SMARCB1-deficient tumor cells are more resistant to hypoxia and expand under hypoxic conditions. Preventing the degradation of SMARCB1 significantly 
impairs tumor expansion. (A) Microscopic images of SMARCB1Null mouse renal tumors (GFP) and SMARCB1WT cells (GFP/RFP) prior to subcutaneous injection into 
NSG mice. (B) Flow cytometry evaluation of SMARCB1Null and SMARCB1WT tumor cells that were mixed in a 1:1 ratio and injected subcutaneously into NSG mice. 
(C) Immunoblotting analysis of SMARCB1 protein expression in RMC219-tet-empty vector (SMARCB1Null) and RMC219-tet-inducible SMARCB1WT and RMC219-
tet-inducible SMARCB1K62R after 7 d of treatment with 2 μg of Doxycycline (DOX). (D) Corresponding microscopic images of RMC219-tet-inducible cells showing 
that cells are healthy prior to subcutaneous injection in NSG mice. (E) Growth curve of subcutaneous tumors in NSG mice. (F) Kaplan–Meier survival curve of 
RMC219 subcutaneous tumors. For time-to-event event-free survival analysis, 200 mm3 was set as the endpoint. (G) Final tumor mass of RMC219 subcutaneous 
tumors. Data are expressed as mean value ±SD, with the P value calculated by Student’s t test.
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unique resistance to the hypoxic conditions induced by angiogenesis 
inhibitors is due to the protective effect of SMARCB1 loss. To test 
this hypothesis, we used in vivo RMC219 xenografts transduced 
with tetracycline-inducible pIND20-fSNF5-HA (OE) vector for 
SMARCB1WT re-expression or with a corresponding EV as the 
control, because SMARCB1WT reconstitution can potentially 
decrease the proliferation of RMC219 in vivo. Transplanted RMC219 
cells were allowed to grow to equal volumes of approximately 
100 mm3 for 14 d before mice were then placed on DOX water 
for three days to activate SMARCB1WT (Fig. 7A). Mice were kept 
on DOX water for the entire duration of the experiment. On day 
17, RMC219 xenograft mice were orally treated with 30 mg/kg of 
axitinib (Selleckchem), a selective anti-angiogenic TKI, or vehicle 
(control) for 2 wk (5 d treated and 2 d off), and tumor growth was 
monitored every 3 to 4 d throughout treatment (Fig. 7A). Our 

findings showed that the final tumor mass between SMARCB1Null 
tumors in RMC219 xenograft mice and those in vehicle controls 
were similar, indicating that SMARCB1Null RMC219 tumors were 
resistant to axitinib (Fig.  7B). However, SMARCB1WT tumors 
in RMC219 xenograft mice treated with axitinib demonstrated 
significantly reduced growth compared to those treated with vehicle 
control (Fig. 7B). All tumors were harvested for IHC analysis on 
day 31. Our findings showed that tumors treated with axitinib 
harbored significantly less CD31 (cluster of differentiation 31), a 
marker of endothelial cells, thus confirming the on-target effect 
of axitinib on angiogenesis (Fig. 7 C and D). We also performed 
an immunoblot analysis of the tumors harvested on day 31 and 
confirmed that SMARCB1 protein expression remained relatively 
stable for untreated tumors. Expectantly, there was a reduction in 
SMARCB1 protein expression after axitinib treatment as result of 

A B
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Fig. 6. Sickle cell trait promotes tumor growth and aggressiveness in SMARCB1-deficient tumors. (A and B) Representative coronal T2-weighted MRI sections of 
tumor-bearing mice after orthotopic injection of MSRT1-SMARCB1Null and MSRT1-SMARCB1WT tumor cells into right kidney of wild-type mice (n = 5) and mice with 
sickle cell trait (n = 5). (C) Growth curve of primary kidney tumors. Tumor volume was quantified using coronal T2-weighted MRI sections at various timepoints 
after initial orthotopic injection of cells. ImageJ was used to calculate the tumor volume from T2-weighted MRI sections. (D) Final tumor mass of primary kidney 
tumors. (E) Schematic of orthotopic right kidney injections of MSRT1 tumor cell line. (F) Gross images of right primary kidney tumor compared to normal left 
kidney. Ruler increments are in cm. (G) Immunoblotting analysis of SMARCB1 and HIF-1α protein expression in orthotopic kidney tumors. β-ACTIN was used as 
the internal control for the immunoblotting analysis. Data are expressed as mean value ±SD, with the P value calculated by Student’s t test.
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increased hypoxia (Fig. 7E). Altogether, these results suggest that 
SMARCB1 loss confers a selective survival advantage under the 
context of therapeutic angiogenesis inhibition.

Discussion

Elucidation into the mechanisms driving RMC is urgently needed 
to improve the therapeutic options against this aggressive cancer. 
Here, we have assessed the survival advantage enabled by SMARCB1 
loss, which occurs in all RMC cases, under the setting of SCT, 
which is strongly associated with the development of RMC. Our 
findings demonstrated that SMARCB1 is ubiquitinated and 
degraded in hypoxia in mouse cell lines and suggest that the deg-
radation of SMARCB1 in inner renal medullary cells is a physio-
logical response to the extreme hypoxic conditions of the inner 
medulla of the kidney. Although the reduction of SMARCB1 
protein levels may physiologically protect renal cells from the 
hypoxic conditions of the renal medulla, our findings demon-
strated that the sickling of red blood cells could exacerbate and 
prolong this hypoxia in the renal medulla (Fig. 1). This prolonged 

hypoxia thus broadens the window of opportunity for advanta-
geous somatic mutations to arise and expand (25). Consequentially, 
the complete loss of a powerful tumor suppressor like SMARCB1 
can contribute to driving tumorigenesis. Indeed, we found that 
the loss of SMARCB1 conferred a survival advantage to renal cell 
carcinoma cells under hypoxic conditions. To further support this 
notion, our study demonstrated that, compared to control mice, 
SCT mice develop relatively more aggressive renal tumors as a 
consequence of SMARCB1 degradation in response to the extreme 
hypoxia caused by sickling red blood cells (Fig. 6). Our findings 
may help explain why SMARCB1 loss is a consistent hallmark of 
all RMC cases that occur under the setting of SCT (1, 26).

These findings suggest that the protective effect of SMARCB1 loss 
under hypoxia enables the resistance of RMC to the antiangiogenic 
therapies used for treating other renal cell carcinomas (1, 5). In sub-
cutaneous transplant mouse models with RMC219-tet-inducible 
SMARCB1, the reconstitution of SMARCB1WT, but not 
SMARCB1Null, increased the sensitivity of RMC219 tumors to the 
anti-angiogenic TKI, axitinib (Fig. 7). Additionally, we demonstrated 
both in vitro and in vivo that the tumorigenicity of renal tumor cells 
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Fig. 7. SMARCB1Null renal tumors are insensitive to angiogenesis inhibition. (A) Axitinib treatment schedule. (B) Final tumor mass of RMC219-tet-inducible cell 
lines that were injected subcutaneously (SQ) into NSG mice. Each dot represents one mouse. (C) and corresponding quantification of the optical density of 
CD31 IHC analysis. (D) Representative IHC image of CD31 staining of subcutaneous tumors treated with axitinib. Data are expressed as mean value ±SD, with 
the P value calculated by Student’s t test. (E) Representative immunoblotting analysis of final tumors after axitinib treatment. Data are expressed as mean value 
±SD, with the P value calculated by Student’s t test.
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significantly increases with SMARCB1 protein loss in a 
dose-dependent manner (Figs. 4 and 5). These insights into the dis-
tinctly protective effects of SMARCB1 loss under hypoxia can guide 
the development of therapeutic strategies that prioritize targeting of 
other pathways in RMC (27).

SMARCB1 is a core subunit of the SWI/SNF chromatin 
remodeling complex and our results are consistent with an emerg-
ing body of literature describing the role of the SWI/SNF complex 
in cellular hypoxia response (28–31). The SWI/SNF complex can 
directly regulate the expression of HIF1 and HIF2 target genes 
(27, 28), and its nuclear localization is subjected to oxygen regu-
lation which may influence the expression of SWI/SNF target 
gene pathways (29). Furthermore, SMARCB1 can promote the 
ubiquitination and degradation of the nuclear receptor subfamily 
4 group A member 3 (NR4A3), which is a mediator of pro-survival 
pathways under hypoxic conditions (30), suggesting that 
SMARCB1 loss is prosurvival in hypoxia. Further research is 
needed to elucidate the mechanisms via which SMARCB1 deg-
radation, and its subsequent effect on pathways regulated by the 
SWI/SNF complex, can protect cells from hypoxic stress.

In conclusion, our findings demonstrate a delicately balanced 
scenario in which SMARCB1 degradation lends a protective func-
tion in renal cells under the hypoxic microenvironment of the inner 
renal medulla, but the absence of this tumor suppressor within the 
prolonged extreme hypoxic environment induced by sickling red 
blood cells enables the tumorigenesis of RMC. Our study, therefore, 
offers some clarity into the strong association between SCT and 
developing RMC as well as the widespread prevalence of SMARCB1 
loss in RMC tumors. Further, our data suggest that the protective 
effect of SMARCB1 degradation on the survival of renal medullary 
cells under hypoxia may explain the resistance of SMARCB1-deficient 
tumors, such as RMC, to therapeutic agents targeting hypoxia path-
ways, and can thus provide some insight into developing more 
effective therapeutics against RMC.

Materials and Methods

Animal Model Studies.
Mouse strains. The Townes model of SCT (hα/hα::βA/βS) was generated by Tim 
Townes’s laboratory and obtained through Jackson Laboratory (Stock No. 013071) 
(32). The Cdh16-Cre strain was generated by Peter Igarashi’s laboratory and 
obtained through Jackson Laboratory (Stock No. 012237). The Rosa26LSL-TdT 
was generated by Hongkui Zeng’s laboratory and obtained through the Jackson 
Laboratory (Stock No: 007908) (33). Strains were kept in a mixed C57BL/6J and 
129Sv/Jae background. The Rosa26-Cas9 knockin mouse was generated by Feng 
Zhang and purchased from Jackson Laboratory (Stock No. 026179) (34). The strain 
was kept in a C57BL/6J pure background. NSG (NOD.Cg-Prkdcscid  Il2rgtm1Wjl/
SzJ) were purchased from Jackson Laboratory. All animal studies and procedures 
were approved by the UTMDACC Institutional Animal Care and Use Committee.

In Vitro Studies.
Cell lines. mIMCD-3 (mouse inner medulla collecting duct) mouse cell lines were 
purchased from ATCC.

RMC219-Tet-inducible SMARCB1 cell line: The tetracycline-inducible pIND20-
fSNF5-HA vector (35) was kindly donated by Bernard E. Weissman. The pInducer20 
empty backbone (36) was a gift from Stephen Elledge (Addgene plasmid # 
44012). Lentivirus was generated in HEK-293T cells and used to generate sta-
ble tet-inducible cell lines as previously described (37). RMC219 (also called 
JHRCC219), a human tumor cell line that was established in a previous study 
(23), was infected with tetracycline-inducible pIND20-fSNF5-HA vector. Cells were 
treated with 2 μg DOX for 3 d to reconstitute SMARCB1 (SNF5).

MSRT1 (Melinda Soeung renal tumor 1) was generated using CRISPR-Cas9 
gene editing technology as described in SI  Appendix, Figs.  S2 and S3 and 
Supporting methods.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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