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Abstract: Renal medullary carcinoma (RMC) is a rare renal malignancy that has been associated with
sickle hemoglobinopathies. RMC is aggressive, difficult to treat, and occurs primarily in adolescents
and young adults of African ancestry. This cancer is driven by the loss of SMARCB1, a tumor
suppressor seen in a number of primarily rare childhood cancers (e.g., rhabdoid tumor of the kidney
and atypical teratoid rhabdoid tumor). Treatment options remain limited due in part to the limited
knowledge of RMC biology. However, significant advances have been made in unraveling the biology
of RMC, from genomics to therapeutic targets, over the past 5 years. In this review, we will present
these advances and discuss what new questions exist in the field.

Keywords: pediatric renal tumors; renal medullary carcinoma; SWI/SNF complex; SMARCB1;
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1. Introduction

Renal tumors in children account for 7% of all pediatric cancers [1]. In general, this
group of cancers has a 5-year overall survival rate of approximately 70% [2,3]. Pediatric
renal tumors include Wilms tumor (~80%) [3], renal cell carcinoma (RCC, 2–6%) [4], clear-
cell sarcoma of the kidney (CCSK, 2–4%) [5], congenital mesoblastic nephroma (4%) [6],
malignant rhabdoid tumor (MRT, 1.5–4%) [7], and other less common cancers such as cystic
nephroma and metanephric tumors (~2%) [8]. RCC has a global incidence of about 4% [9],
with a 5-year overall survival rate of approximately 78.8% [10]. Approximately 75% of
RCCs are of the clear cell type (ccRCC) and about 25% of the non-clear cell carcinomas
(nccRCC) [11]. nccRCC include papillary RCC (40–50% in nccRCC, 10–15 % of all RCCs),
chromophobe RCC (20–30%), collecting duct carcinoma (CDC, 5–10%), renal medullary
carcinoma (RMC, <5%), translocation RCC (<5%), and other (<5%) [12,13].

As such, RMC accounts for 0.02–0.06% of pediatric renal tumors (Figure 1). However,
there is a question of underestimation due to the age of presentation (adolescence and
young adults) and capture rates within hospital systems [14]. RMC was first reported
as a distinct entity by Davis et al. in 1995 [15]. This cancer mainly occurs in adolescents
and young adults with sickle cell trait (SCT) or sickle cell disease (SCD) with African
ancestry. The most common presenting symptoms are gross hematuria, abdominal or flank
pain, decreased body mass, and abdominal masses [16]. The tumors are predominantly
right-sided, ranging between 4 and 12 cm in size [17]. Most patients have metastasis
at presentation occurring in regional lymph nodes, adrenal glands, lung, liver, and the
peritoneum. Less commonly, metastasis has been reported on the scalp [18], brain [19], or
orbit [20,21].

The prognosis of RMC is generally very poor, with a median survival time of
13 months [14], although longer survival has been occasionally reported [22,23]. One
of the hallmarks of RMC is the loss of SMARCB1 (SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin subfamily B member 1, also known as hSNF5/INI1/BAF47)
protein expression [24]. This review will focus on the recent biological advances shedding
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light on the mechanisms underlying RMC and the causal relationships between SCT/SCD
and RMC. We will also discuss several outstanding questions in RMC, and therapeutic
considerations from a biological point of view.
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2. SMARCB1 Loss as the Primary Driver in RMC

SMARCB1 is a core subunit of the SWItch/Sucrose Non-Fermentable (SWI/SNF)
complex, which is essential for a variety of cellular processes including DNA damage repair,
DNA replication, proliferation, and differentiation [25]. Complete loss of SMARCB1 was
initially identified in difficult-to-treat pediatric tumors such as malignant rhabdoid tumors
(MRT) and atypical teratoid/rhabdoid tumors (AT/RT) [26,27]. In 1999, Stahlschmidt et al.
applied FISH to a sample from an RMC patient and confirmed that RMC may be related
to the translocation between chromosomes 9 and 22 [28]. In 2008, Cheng et al. compared
five samples of RMC with ten samples of high-grade RCC, two urothelial carcinomas,
and two pediatric renal rhabdoid tumors using immunohistochemistry (IHC). They found
that all five cases of RMC showed complete IHC loss of SMARCB1, regardless of the
histopathology [24].

In 2012, Calderaro et al. further studied six cases of RMC and confirmed that all six
cases showed SMARCB1 loss using IHC [29]. Using high-resolution comparative genomic
hybridization (CGH), they further demonstrated that RMC harbors a hemizygous deletion
of SMARCB1: one of the SMARCB1 alleles was completely deleted, whereas no genomic
imbalance or mutation was found on the remaining allele [29]. The result was validated
using multiplex ligation-dependent probe amplification (MLPA), showing hemizygous
deletion of SMARCB1 with the loss of all exons. In all RMC cases studied, they observed
an upregulation of cyclin D1, indicating that the loss of SMARCB1 expression might occur
during the cell cycle progression [29].

Apart from using IHC to confirm the loss of SMARCB1 expression, Liu et al. applied
PCR-based microsatellite analysis in ten RMC cases and revealed a loss of heterozygosity
(LOH) of SMARCB1 [30]. Specifically, DNA of normal and tumor tissues was extracted
and amplified using polymerase chain reaction (PCR). Then, a normalized allele ratio was
calculated based on the following equation: LOH = (T1/T2)/(N1/N2), where T1, T2, N1,
and N2 are peaks from the tumor (T) and normal (N) DNA. LOH was assumed when the
ratio was less than 0.6 or more than 1.6. Nine out of ten RMC cases showed LOH of the
SMARCB1 gene; the rest showed retention of heterozygosity but the absence of SMARCB1
protein expression [30].
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In 2016, SMARCB1 loss was again illustrated by Calderaro et al. using array com-
parative genomic hybridization (array CGH), whole exome sequencing (WES), and RNA
sequencing (RNAseq) [31]. Five frozen samples from RMC patients were included in
this research, in which four cases were associated with SCD. Array CGH suggested that
the four RMC cases with SCD showed hemizygous SMARCB1 deletion, whereas the one
patient with normal hemoglobin genotype (HbAA) showed homozygous deletion. RNAseq
identified SMARCB1 fusion transcripts in all four SCD cases, which was likely a result
of balanced translocation. This result was further confirmed by sequencing of genomic
regions around the translocations [31].

Jia et al. expanded the study group to twenty well-characterized cases to further
clarify the mechanisms of SMARCB1 loss [32]. Here, all cases studied had SCT and all
tumor samples had loss of SMARCB1 based on IHC. Fluorescence in situ hybridization
(FISH) analysis using three-color probes (red-orange-green) revealed that 55% of evaluated
cases were concurrent hemizygous loss (absence of one set of red-orange-green signals)
and translocation of SMARCB1 (split of the remaining signals); 30% of them underwent
homozygous loss of SMARCB1 (complete loss of orange with partial loss of red and green
signals), whereas the remaining 15% showed no structural or copy number alteration
(diploid pattern) of SMARCB1 [32]. A correlation between clinicopathologic and molecular
features was also examined, and results indicated that homozygous deletion was favored
in solid growth pattern, whereas SMARCB1 translocation was enriched in the reticular
and cribriform pattern. These results led the authors to conclude that there are different
molecular mechanisms underlying the loss of SMARCB1 expression in RMC, of which
biallelic inactivation is the major case [32].

The mechanism of SMARCB1 loss was further revealed and elucidated by our lab
in 2019 [33]. We developed faithful RMC cell line models derived from two patients
(CLF_PEDS005 and CLF_PEDS9001, respectively). Despite WES (for CLF_PEDS005) and
whole genome sequencing (WGS, for CLF_PEDS9001) of primary tumor tissues show-
ing SCT, the low purity of tumor (less than 20%) prohibited further identification of
how SMARCB1 was lost due to the desmoplastic stroma. However, primary tumor cell
lines (CLF_PEDS005_T1 and CLF_PEDS9001_T, respectively) and metastatic cell lines
(CLF_PEDS005_T2A which grew as an adherent monolayer and CLF_PEDS005_T2B which
grew in suspension) were generated. We performed FISH, WES, and WGS to compare with
the results of the normal cell lines (CLF_PEDS005_N) or whole blood (CLF_PEDS9001).
Dual-color break apart FISH revealed a loss of the second allele as a result of the fusion
event. WGS further identified a loss-of-function intronic balanced translocation event in
one of the SMARCB1 alleles and a concurrent deletion of the other SMARCB1 allele [33]. By
using doxycycline-inducible cell lines to re-express SMARCB1, we found that re-expression
of SMARCB1 in these patient-derived RMC models led to a significant decrease in cell
viability, demonstrating that RMC cells depend on the loss of SMARCB1 for survival [33].

To further elucidate the molecular events leading to SMARCB1 loss in RMC, in 2020,
Msaouel et al. performed a combination of FISH, WES and targeted sequencing, and MLPA
on 38 untreated primary RMC tumor samples from a multi-institutional patient cohort [34].
Using this comprehensive genomic and transcriptomic profiling approach, they identified
that 84.2% of patients with RMC harbored a genetic SMARCB1 loss. Apart from previously
reported structural alterations such as recurrent loss of chromosome 22 and focal deletions
of the SMARCB1 locus 22q11.23, chromosome 8q gain, where the c-MYC gene is located,
was noted in 46.7% of RMC tumors. Accordingly, gene set enrichment analysis (GSEA)
revealed that RMC tissues showed enrichment for multiple hallmark pathways associated
with cell-cycle progression and DNA replication and repair, including the G2-M checkpoint,
c-MYC, and E2F target genes, and TP53 and DNA repair pathways [34]. These results
indicate that SMARCB1 mutations in RMC lead to high MYC expression and replicative
stress [34].
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3. Connection between RMC and Sickle Hemoglobinopathies

The most noticeable diagnostic feature of RMC is the co-occurrence of SCT, SCD, or
other sickle hemoglobinopathies. Evaluation and elucidation of the correlations between
SCT and RMC provide a promising pathway to bring to light the mechanism driving
RMC and SMARCB1 loss. A model of SMARCB1 loss in relationship with RMC was
proposed by Msaouel et al. [35]. Since the renal medulla is the most hypoxic and hypertonic
environment, DNA double-strand breaks (DSB) occur frequently due to the high NaCl
concentration. The regional ischemia induced by red blood cell sickling can trigger DNA
repair mechanisms and induce deletions and translocations through non-homologous end
joining (NHEJ). This model linked RMC and sickle hemoglobinopathies; however, further
evaluation of each of the components is required to support the proposed model.

Gatalia et al. evaluated three patients with RMC (one with SCD and two without SCD)
for germline and somatic mutations in genes that are commonly involved in RMC using
denaturing high-performance liquid chromatography (HPLC) and direct sequencing [36].
Their results revealed that a common underlying hypoxic cellular environment is favored
by RMC, as all the three cases showed increased expression of hypoxia-inducible factor
(HIF). Although SCD also favors cellular hypoxia, no direct correlation between RMC and
SCD could be identified [36].

In order to uncover the causal relationship between SCT and RMC, we applied linked-
read genome sequencing to characterize the structural variants (SVs) in SMARCB1 of
RMC from 15 unrelated patients through the Children’s Oncology Group [37]. In linked-
read genome sequencing, high-molecular-weight (HMW) genomic DNA is fragmented,
barcoded, and amplified. A library of barcode-tagged DNA molecules then undergoes stan-
dard Illumina short-read sequencing and is computationally aligned to provide haplotype
resolution [38]. This approach has advantages over short-read approaches such as WES
or WGS in providing a more complete picture of the genome at haplotype resolution [39].
RNA sequencing analysis was also performed to confirm our WGS findings [37]. The hap-
lotypes of 15 tumor samples and 12 germline samples were constructed using linked-read
genome sequencing. Despite one tumor sample failing quality control in both linked-read
genome sequencing and RNA-seq, biallelic somatic disruption of SMARCB1 was detected
in both parental haplotypes of all the rest tumor samples. The analysis of microhomology
at DNA breaks suggested that the loss of SMARCB1 was driven by SVs such as deletion
and translocations. The presence of blunt end assembly and 1-bp microhomologies sug-
gested that these variants disrupt SMARCB1 function through non-homologous end joining
(NHEJ) [37]. Fine-mapping of the HBB locus was performed to evaluate the association
between RMC and SCT. Results showed that the sickle cell mutation is the strongest candi-
date in this region; no other allele was significantly associated with RMC [37]. This study
further suggests that the primary germline mutation shared across patients with RMC
remains the sickle cell trait (HbS). Furthermore, reconstruction of the haplotype in the
200 kb region surrounding HBB suggested that the HbS mutations were derived from three
subpopulations within Africa (West, West-Central, and East Africa), indicating that there is
not a founder population for the sickle cell mutation [37]. However, newer technologies
such as PacBio and Oxford Nanopore long-read sequencing along with Hi-C [40], as well
as recent efforts in the Telomere-to-Telomere (T2T) sequencing project and developing a
repository of diverse whole genomes may provide further insights [41].

4. Therapeutic Considerations from Biology

To date, platinum-based chemotherapy is the recommended initial standard of care
for patients diagnosed with RMC, given the rapid progression that can be seen in these
patients [42]. This includes high-dose intensity MVAC (a combination of methotrexate,
vinblastine, doxorubicin, and cisplatin) [28,43] and PCG (paclitaxel, cisplatin or carboplatin,
and gemcitabine) [44–46], which are regimens used in urothelial carcinoma [47]. Following
upfront chemotherapy, surgery is considered—particularly for those who have responded
to chemotherapy. Based on small numbers, response has remained dismal, with a mortality



Int. J. Mol. Sci. 2022, 23, 7097 5 of 12

rate of 95% [48]. One major reason for the poor outcome of chemotherapy is the poor
understanding of the biology. It is urgent to develop novel treatments specific for RMC
based on biological discoveries.

4.1. Role of Proteasome Inhibitors

We previously screened 440 compounds across a patient-derived RMC cell line and
its short-term normal cell line [33]. Through genetic and pharmacologic screens in the
patient-derived RMC cell lines, we identified the ubiquitin-proteasome system (UPS) as a
specific vulnerability in RMC [33]. We found that upon treatment with MLN2238, we saw
a G2/M arrest followed by induction of cell death pathways [49]. indicating that the UPS
was a core druggable vulnerability in RMC and other SMARCB1-deficient cancers. At the
same time, Carugo et al. reported that overexpression of P53 was observed in the majority
of RMC cases [50]. Using embryonic mosaic mouse models of MRT, they showed that
Smarcb1-deficient mouse tumors exhibit activation of the unfolded protein response (UPR)
and autophagy through MYC-p19ARF-p53 axis [51]. Currently, the proteasome inhibitor,
ixazomib, is being tested in combination with gemcitabine and doxorubicin in patients
with RMC (NCT03587662) [34]. Our institution, along with others, has previously treated
several patients using alternating cycles of platinum-based chemotherapy with bortezomib
(a first-generation proteasome inhibitor) with a longer time to progression; however, a
clinical trial is needed to validate these small numbers [52].

4.2. Other Potential Targets

Research in 2013 has demonstrated the antagonistic relationship between the SWI/SNF
complex and EZH2, a catalytic subunit of the polycomb repressor complex 2 (PRC2) [53].
EZH2 was found to be upregulated in SMARCB1-deficient cancers, leading to trimethyla-
tion of lysine 27 of histone H3 (H3K27); as a result, histone and DNA were tightly bound
and polycomb target genes were also broadly repressed [53]. Inhibition of EZH2 activity
induced cell death in malignant rhabdoid tumor (MRT, SMARCB1-deficient cancer) cell
line [54]. A phase II clinical trial is ongoing to test the efficacy of tazemetostat (EZH2 in-
hibitor) in adult subjects with SMARCB1-negative tumors including RMC (NCT02601950).

Beckermann et al. reported a 29-year-old African-American male RMC case with SCT
who showed complete response to PD-1 inhibitor nivolumab. This case report suggested
a potential anti-PD-based therapy in RMC [55]. Sodji et al. later showed that PD-L1
expression was detected in RMC patients (25% and 60% in two patients, respectively),
indicating that PD-L1 is another potential target for RMC [56]. However, only a temporary
response to nivolumab treatment was seen in patients with a 25% PD-L1 expression rate,
with disease progression after 15 months, whereas no response was seen in the patient with
higher PD-L1 expression. These results indicated that the response to nivolumab is not
correlated to the level of PD-L1 expression [56]. Leruste et al. showed efficacy of anti-PD-1
monotherapy in a relevant immune-competent mouse model of ATRT, further suggesting
a role of immunotherapy in SMARCB1-deficient cancers such as RMC [57]. Although
promising, upfront use of immunotherapy remains experimental and should be considered
only in the setting of a clinical trial.

Lipkin et al. found in one patient with RMC that there was decreased expression of
ribonucleotide reductase M1 (RRM1) and phosphatase and tension homolog (PTEN) [58].
Guided by the information that PTEN deletion causes upregulation of the PI3K-AKT
pathway and use of mammalian target of rapamycin (mTOR) inhibitor can block the PI3K-
AKT pathway [59], the patient was treated with everolimus (mTOR inhibitor) after PCG
treatment. He underwent complete remission upon everolimus treatment and remained in
remission for 7 months [58]. However, the clinical trial (NCT01399918), in evaluating an
mTOR inhibitor against nccRCC (two RMC patients involved), failed its primary endpoint
due to both the patients with RMC showing progressive disease [60].

Msaouel et al. described how SMARCB1 loss in RMC can lead to high MYC expression
that further induces high levels of DNA replication stress, and as a result, the DNA-
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damage repair (DDR) pathway is upregulated [34]. A DDR enzymes poly(ADP-ribose)
polymerase (PARP) inhibitor can therefore be used to potentially treat RMC. Moreover,
the cyclic GMP-AMP synthase interferon genes (cGAS-STING) pathway was identified
as a pro-inflammatory signal of RMC [34]. Another ongoing clinical trial (NCT03274258)
was activated to assess the efficacy of the cGAS-STING pathway in the immunotherapy of
RMC [34,61].

Wiele et al. reported the use of combining the epidermal growth factor receptor
(EGFR) inhibitor, erlotinib, with the vascular endothelial growth factor (VEGF) inhibitor,
bevacizumab, in 10 patients with RMC based on prior studies where two patients achieved
a partial response and seven patients had stable disease [34,42]. Of note, these patients
were heavily pretreated and this method had been used in patients who had progressed on
proteasome-inhibitor-based therapy (GDI: gemcitabine, doxorubicin, and ixazomib) [42].

5. Outstanding Questions in RMC Research

There are several outstanding questions. First, there were similar entities of RMC
which were later found to be distinct entities of renal tumors that are not related to RMC.
Secondly, there is an undefined subtype of RMC named “Unclassified renal cell carcinoma
with medullary phenotype”, for patients who meet the IHC profile for RMC but do not
have sickle hemoglobinopathies [62]. Its diagnosis is even harder due to the lack of sickle
hemoglobinopathies. Thirdly, it has been clearly illustrated that CDC and RMC are different
types of neoplasms. However, apart from similar immunobiological and histochemical
properties, CDC and RMC also share typical features including SMARCB1 deficiency [63]
and sickle cell hemoglobinopathies [64]. Last but not least, the generation of the PDX model
and genetically engineered mouse models (GEMM) of RMC is needed to aid in biology and
potential therapeutic strategies.

5.1. Similar Entities of RMC (ALK Rearranged RCC)

Anaplastic lymphoma kinase (ALK) rearrangements had been found in a six-year-old
male RMC patient, harboring a t(2:10)(p23;q22) translocation [65]. ALK fusion-protein
analysis by mass spectrometry revealed that the N-terminal of vinculin (VCL) was fused to
the C-terminal of ALK, forming a VCL-ALK fusion sequence. Sequencing of the VCL-ALK
PCR product confirmed fusion of VCL exon 16 with ALK exon 20. Since ALK rearrangement
was involved in various tumor types, Mariño-Enríquez et al. posited that either direct ALK
inhibitors (e.g., crizotinib) or indirect ALK inhibitors (e.g., HSP90 inhibitors) could be a
potential novel treatment for RMC [65]. Further research identified the ALK-rearranged
RCCs (ALK-RCC) as a distinct entity that is not related to RMC [66,67]. Importantly,
SMARCB1 expression was retained in ALK-RCC, which is one typical feature that is
different from RMC [68].

5.2. Unclassified Renal Cell Carcinoma with Medullary Phenotype

“Unclassified renal cell carcinoma with medullary phenotype” was suggested by Amin
et al. [62] for patients who meet the immunohistochemistry profile for RMC but do not
have SCT. This entity is considerably rarer than typical RMC, occurs in older patients, and
does not appear to favor the right kidney, based on the small number of cases reported so
far [69]. “Unclassified RCC with medullary features” or “RCC unclassified, with medullary
phenotype” (RCCU-MP) [70] mostly tends to happen in non-African ethnicities; as reported
in the literature, within six Chinese patients with RMC, only one was found to have SCT [71].
It is noticeable that these Chinese patients were older than those reported African-American
cases, ranging from 22 to 72 years old [71,72]. These findings are suggestive that this entity,
“Unclassified renal cell carcinoma with medullary phenotype” is a variant of malignant
rhabdoid tumor seen in young children. This is similar to patients with other pediatric renal
tumors (e.g., Wilms tumor), presenting late in life. Future studies are needed to compare
these groups.
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5.3. Limited Mouse Models for RMC

Patient-derived xenografts (PDX) models are a useful tool for studying new anticancer
agents. In 2019, Carugo et al. developed a PDX from a patient with recurrent RMC [50]. In
2020, Wei et al. developed two novel human cell line models, UOK353 and UOK360, which
were derived from primary RMCs, and these had the ability to form tumors in mice [73].
These models provided a valuable tool for research and preclinical drug testing. Initial
analysis of these models confirmed the potential for combination therapy of bortezomib
and cisplatin in RMC and highlighted other potential therapeutic options for patients
with advanced RMC [73]. This study also identified a response in these cell line models
to panobinostat, an HDAC inhibitor, that could affect the gene expression dysregulation
as a result of loss of SMARCB1 [73]. In 2021, Alex et al. developed the first metastatic
pleural effusion (PE)-derived RMC PDX model [74]. Using this PE PDX model, sunitinib
monotherapy was evaluated and demonstrated therapeutic efficacy for RMC [74]. In 2020,
Msaouel et al. generated a subcutaneous RMC PDX model (RMC2X) generated from a
treatment-naive sample where they identified the potential therapeutic value of targeting
the PARP pathway in RMC [34]. Again, due to its rarity, no GEMM of RMC has been
reported to date.

5.4. Distinguishing RMC from CDC

Distinguishing RMC from CDC can be challenging since RMC and CDC share over-
lapping morphologic and immunohistochemical features [75]. The loss of SMARCB1 was
believed to be one of the typical features to distinguish RMC from CDC, yet later 15% of
CDC was found in the absence of SMARCB1 expression [63]. Another typical feature for
identification of RMC is the presence of SCT; however, SCT was also identified in 10%
of CDC patients [64]. A recent study revealed that a notable distinction between RMC
and CDC is that SMARCB1 loss in RMC activates the c-MYC pathway and subsequently
induces high levels of DNA replication stress, resulting in the upregulation of DDR and
cell-cycle checkpoint pathways compared with CDC [34]. Further studies are needed to
better elucidate if patients with CDC with sickle cell trait are similar to patients with RMC.

5.5. Modifiable Risk Factors in RMC

The oncogenic driving force of RMC is believed to be SMARCB1 loss through a
primarily intronic deletion and balanced translocation. However, the identification of
modifiable risk factors of RMC has rarely been reported to guide individuals with SCT to
prevent the development of RMC. Shapiro et al. noticed from clinical observations that
some individuals with RMC were also conducting high-intensity exercise [76]. Using a
mouse model with SCT, they found that high-intensity exercise resulted in intensified renal
hypoxia, especially in the right kidney [76]. Additional work in this field of study is needed.

6. Discussion

RMC is a rare renal tumor that affects mainly adolescents and young adults. The ag-
gressive nature of this cancer have led clinicians to rely upon case reports and conventional
chemotherapies based on therapies for RCC or TCC [77].

Despite various therapies being explored and applied clinically, limited success has
been seen [78]. It is, therefore, necessary to better understand the biology of RMC to help
identify new therapeutic targets. More recently, a number of studies have shed light on
the genomics and biology of RMC (Figure 2). The key biological and diagnostic feature of
RMC is the loss of SMARCB1 protein expression. SMARCB1 is a tumor suppressor that
has been characterized as absent in several pediatric tumors, such as malignant rhabdoid
tumor (MRT) and atypical teratoid/rhabdoid tumor (AT/RT) [79]. The loss of SMARCB1
in MRT was referred to as “remarkably simple” since the biallelic loss of SMARCB1 is the
only mutation that caused MRT [80,81]. AT/RT, on the other hand, experienced a less than
five base-pairs insertion-deletion (InDel) of SMARCB1 [82]. Less frequently, disruption
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of SMARCB1 by transposable element insertion [83] or retention of SMARCB1 but loss of
SMARCA4 in MRTs or AT/RTs can also be detected [84].
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The loss of SMARCB1 in RMC is comparatively more involved. It was first believed
to be hemizygous deletion or LOH [29,30], but recent studies have confirmed that the
majority have a deletion in one allele of SMARCB1 and a balanced translocation in the
other allele [31,33,85]. However, as WGS is unable to identify the cis or trans occurrence
of large stretches of variants, use of linked-read genome sequencing has enabled partial
reconstruction of the genome at haplotype resolution. Data were suggestive that there was
not a founder population for the sickle cell mutation and that the sickle cell trait remained
an important germline risk factor [37].

More recent reports suggest that SMARCB1-deficient cancers are vulnerable to target-
ing the ubiquitin-proteasome system (UPS) [33,50]. Other therapeutic avenues reported
to be used in RMC patients with varying degrees of response include platinum-based
therapy [16,58], topoisomerase II inhibitors [86,87], vascular endothelial growth factor
(VEGF) inhibitors including sunitinib [74,88], mTOR inhibitors such as everolimus [58,89],
and immunotherapies. However, there is a clear need for development of more patient
models and GEMMs to identify better therapies.

7. Conclusions

In summary, RMC is a rare yet lethal type of renal tumor, with loss of SMARCB1
and SCT as diagnostic features. The biological advances from next-generation sequencing
have opened up our understanding of the biology of RMC. The development of several
patient-derived cell lines or PDXs along with functional genomics has enabled the field
to identify several potential targets for further study. These tools need to be expanded
and additional funding and research are needed to identify durable cures for this rare and
deadly cancer.

Author Contributions: Writing of original draft, Y.S.; writing—review and editing, A.L.H.; funding
acquisition, project administration, and supervision, A.L.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded in part by ACS MRSG-18-202-01-TBG (ALH, American Cancer
Society) and by Developmental Funds from the Winship Cancer Institute of Emory University (ALH).

Acknowledgments: We thank members in the Hong lab and Spangle lab for valuable discussions.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2022, 23, 7097 9 of 12

References
1. D’Angio, G.J. The National Wilms Tumor Study: A 40 Year Perspective. Lifetime Data Anal. 2007, 13, 463–470. [CrossRef] [PubMed]
2. Kaatsch, P. Epidemiology of Childhood Cancer. Cancer Treat. Rev. 2010, 36, 277–285. [CrossRef] [PubMed]
3. Jain, J.; Sutton, K.S.; Hong, A.L. Progress Update in Pediatric Renal Tumors. Curr. Oncol. Rep. 2021, 23, 33. [CrossRef]
4. He, M.; Cai, J.; Zhu, K.; Gu, W.; Li, M.; Xiong, J.; Guan, Z.; Wang, J.; Shu, Q. Renal Cell Carcinoma in Children and Adolescents:

Single-Center Experience and Literature Review. Medicine 2021, 100, e23717. [CrossRef]
5. Gao, H.; Cheng, Q.-Y.; Zhao, Q.; Tao, L.-X.; Zhang, C. Childhood Clear Cell Sarcoma of Kidney: Incidence and Survival. Front.

Pediatr. 2021, 9, 448. [CrossRef] [PubMed]
6. MacLennan, G.T.; Cheng, L. Neoplasms of the kidney. In Essentials of Anatomic Pathology; Springer: Berlin/Heidelberg, Germany,

2016; pp. 1645–1679.
7. Li, J.; Zhang, W.; Hu, H.; Zhang, Y.; Wang, Y.; Gu, H.; Huang, D. Case Analysis of 14 Children with Malignant Rhabdoid Tumor of

the Kidney. Cancer Manag. Res. 2021, 13, 4865. [CrossRef] [PubMed]
8. Treece, A.L. Pediatric Renal Tumors: Updates in the Molecular Era. Surg. Pathol. Clin. 2020, 13, 695–718. [CrossRef]
9. Ridge, C.A.; Pua, B.B.; Madoff, D.C. Epidemiology and Staging of Renal Cell Carcinoma, Seminars in Interventional Radiology; Thieme

Medical Publishers: New York, NY, USA, 2014; pp. 003–008.
10. Breen, D.J.; King, A.J.; Patel, N.; Lockyer, R.; Hayes, M. Image-Guided Cryoablation for Sporadic Renal Cell Carcinoma: Three-and

5-Year Outcomes in 220 Patients with Biopsy-Proven Renal Cell Carcinoma. Radiology 2018, 289, 554–561. [CrossRef]
11. Moch, H.; Cubilla, A.L.; Humphrey, P.A.; Reuter, V.E.; Ulbright, T.M. The 2016 WHO Classification of Tumours of the Urinary

System and Male Genital Organs—Part A: Renal, Penile, and Testicular Tumours. Eur. Urol. 2016, 70, 93–105. [CrossRef]
12. Sepe, P.; Ottini, A.; Pircher, C.C.; Franza, A.; Claps, M.; Guadalupi, V.; Verzoni, E.; Procopio, G. Characteristics and Treatment

Challenges of Non-Clear Cell Renal Cell Carcinoma. Cancers 2021, 13, 3807. [CrossRef]
13. Lipworth, L.; Morgans, A.K.; Edwards, T.L.; Barocas, D.A.; Chang, S.S.; Herrell, S.D.; Penson, D.F.; Resnick, M.J.; Smith, J.A.;

Clark, P.E. Renal Cell Cancer Histological Subtype Distribution Differs by Race and Sex. BJU Int. 2016, 117, 260–265. [CrossRef]
[PubMed]

14. Avery, R.A.; Harris, J.E.; Davis Jr, C.J.; Borgaonkar, D.S.; Byrd, J.C.; Weiss, R.B. Renal Medullary Carcinoma: Clinical and
Therapeutic Aspects of a Newly Described Tumor. Cancer 1996, 78, 128–132. [CrossRef]

15. Davis, C.J., Jr.; Mostofi, F.; Sesterhenn, I.A. Renal Medullary Carcinoma. The Seventh Sickle Cell Nephropathy. Am. J. Surg. Pathol.
1995, 19, 1–11. [CrossRef] [PubMed]

16. Maroja Silvino, M.C.; Venchiarutti Moniz, C.M.; Munhoz Piotto, G.H.; Siqueira, S.; Galapo Kann, A.; Dzik, C. Renal medullary
carcinoma response to chemotherapy: A referral center experience in Brazil. Rare Tumors 2013, 5, 149–151. [CrossRef] [PubMed]

17. Ali, A.-D.; Gaashan, M.; Haddad, H. Atypical Presentation of Renal Medullary Carcinoma: A Case Report and Review of the
Literature. Urol. Case Rep. 2019, 22, 8.

18. Johnson, R.P.; Krauland, K.; Owens, N.M.; Peckham, S. Renal Medullary Carcinoma Metastatic to the Scalp. Am. J. Dermatopathol.
2011, 33, 11–13. [CrossRef]

19. Walsh, A.M.; Fiveash, J.B.; Reddy, A.T.; Friedman, G.K. Response to radiation in renal medullary carcinoma. Rare Tumors 2011, 3,
100–103. [CrossRef]

20. Zdinak, L.A.; Nik, N.A.; Hidayat, A.A.; Hargett, N.A. Renal medullary carcinoma metastatic to the orbit: A clinicopathologic
report. Ophthal. Plast. Reconstr. Surg. 2004, 20, 322–325. [CrossRef]

21. Ibilibor, C.; Medway, A.; Nelius, T. Renal Medullary Carcinoma with an Ophthalmic Metastasis. Urol. Ann. 2017, 9, 184. [CrossRef]
22. Heuermann, K.; Romero, J.; Abromowitch, M.; Gordon, B.G.; Gross, T. Fatal Coagulase-Negative Staphylococci Infection after

Bone Marrow Transplantation in a Patient with Persistent Adverse Reactions to Vancomycin. J. Pediatr. Hematol. Oncol. 1999, 21,
80–81. [CrossRef]

23. Watanabe, I.C.; Billis, A.; Guimaraes, M.S.; Alvarenga, M.; Matos, A.C.; Cardinalli, I.A.; Filippi, R.Z.; Castro, M.G.; Suzigan, S.
Renal medullary carcinoma: Report of seven cases from Brazil. Mod. Pathol. 2007, 20, 914–920. [CrossRef] [PubMed]

24. Cheng, J.X.; Tretiakova, M.; Gong, C.; Mandal, S.; Krausz, T.; Taxy, J.B. Renal Medullary Carcinoma: Rhabdoid Features and the
Absence of INI1 Expression as Markers of Aggressive Behavior. Mod. Pathol. 2008, 21, 647–652. [CrossRef] [PubMed]

25. Wilson, B.G.; Roberts, C.W. SWI/SNF Nucleosome Remodellers and Cancer. Nat. Rev. Cancer 2011, 11, 481–492. [CrossRef]
[PubMed]

26. Hollmann, T.J.; Hornick, J.L. INI1-Deficient Tumors: Diagnostic Features and Molecular Genetics. Am. J. Surg. Pathol. 2011, 35,
e47–e63. [CrossRef]

27. Pawel, B.R. SMARCB1-Deficient Tumors of Childhood: A Practical Guide. Pediatr. Dev. Pathol. 2018, 21, 6–28. [CrossRef]
28. Stahlschmidt, J.; Cullinane, C.; Roberts, P.; Picton, S.V. Renal Medullary Carcinoma: Prolonged Remission with Chemotherapy,

Immunohistochemical Characterisation and Evidence of Bcr/Abl Rearrangement. Med. Pediatr. Oncol. 1999, 33, 551–557.
[CrossRef]

29. Calderaro, J.; Moroch, J.; Pierron, G.; Pedeutour, F.; Grison, C.; Maillé, P.; Soyeux, P.; Taille, A.; Couturier, J.; Vieillefond, A.
SMARCB1/INI1 Inactivation in Renal Medullary Carcinoma. Histopothology 2012, 61, 428–435. [CrossRef]

30. Liu, Q.; Galli, S.; Srinivasan, R.; Linehan, W.M.; Tsokos, M.; Merino, M.J. Renal Medullary Carcinoma: Molecular, Immunohisto-
chemistry, and Morphologic Correlation. Am. J. Surg. Pathol. 2013, 37, 368–374. [CrossRef]

http://doi.org/10.1007/s10985-007-9062-0
http://www.ncbi.nlm.nih.gov/pubmed/18027087
http://doi.org/10.1016/j.ctrv.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/20231056
http://doi.org/10.1007/s11912-021-01016-y
http://doi.org/10.1097/MD.0000000000023717
http://doi.org/10.3389/fped.2021.675373
http://www.ncbi.nlm.nih.gov/pubmed/34095035
http://doi.org/10.2147/CMAR.S309274
http://www.ncbi.nlm.nih.gov/pubmed/34188539
http://doi.org/10.1016/j.path.2020.08.003
http://doi.org/10.1148/radiol.2018180249
http://doi.org/10.1016/j.eururo.2016.02.029
http://doi.org/10.3390/cancers13153807
http://doi.org/10.1111/bju.12950
http://www.ncbi.nlm.nih.gov/pubmed/25307281
http://doi.org/10.1002/(SICI)1097-0142(19960701)78:1&lt;128::AID-CNCR18&gt;3.0.CO;2-1
http://doi.org/10.1097/00000478-199501000-00001
http://www.ncbi.nlm.nih.gov/pubmed/7528470
http://doi.org/10.4081/rt.2013.e44
http://www.ncbi.nlm.nih.gov/pubmed/24179656
http://doi.org/10.1097/DAD.0b013e3181e4b4eb
http://doi.org/10.4081/rt.2011.e32
http://doi.org/10.1097/01.IOP.0000129530.75840.49
http://doi.org/10.4103/0974-7796.204184
http://doi.org/10.1097/00043426-199901000-00024
http://doi.org/10.1038/modpathol.3800934
http://www.ncbi.nlm.nih.gov/pubmed/17643096
http://doi.org/10.1038/modpathol.2008.44
http://www.ncbi.nlm.nih.gov/pubmed/18327209
http://doi.org/10.1038/nrc3068
http://www.ncbi.nlm.nih.gov/pubmed/21654818
http://doi.org/10.1097/PAS.0b013e31822b325b
http://doi.org/10.1177/1093526617749671
http://doi.org/10.1002/(SICI)1096-911X(199912)33:6&lt;551::AID-MPO5&gt;3.0.CO;2-5
http://doi.org/10.1111/j.1365-2559.2012.04228.x
http://doi.org/10.1097/PAS.0b013e3182770406


Int. J. Mol. Sci. 2022, 23, 7097 10 of 12

31. Calderaro, J.; Masliah-Planchon, J.; Richer, W.; Maillot, L.; Maille, P.; Mansuy, L.; Bastien, C.; Taille, A.; Boussion, H.; Charpy, C.
Balanced Translocations Disrupting SMARCB1 Are Hallmark Recurrent Genetic Alterations in Renal Medullary Carcinomas. Eur.
Urol. 2016, 69, 1055–1061. [CrossRef]

32. Jia, L.; Carlo, M.I.; Khan, H.; Nanjangud, G.J.; Rana, S.; Cimera, R.; Zhang, Y.; Hakimi, A.A.; Verma, A.K.; Al-Ahmadie, H.A.
Distinctive mechanisms underlie the loss of SMARCB1 protein expression in renal medullary carcinoma: Morphologic and
molecular analysis of 20 cases. Mod. Pathol. 2019, 32, 1329–1343. [CrossRef]

33. Hong, A.L.; Tseng, Y.-Y.; Wala, J.A.; Kim, W.-J.; Kynnap, B.D.; Doshi, M.B.; Kugener, G.; Sandoval, G.J.; Howard, T.P.; Li, J. Renal
Medullary Carcinomas Depend upon SMARCB1 Loss and Are Sensitive to Proteasome Inhibition. Elife 2019, 8, 44161. [CrossRef]
[PubMed]

34. Msaouel, P.; Malouf, G.G.; Su, X.; Yao, H.; Tripathi, D.N.; Soeung, M.; Gao, J.; Rao, P.; Coarfa, C.; Creighton, C.J. Comprehensive
Molecular Characterization Identifies Distinct Genomic and Immune Hallmarks of Renal Medullary Carcinoma. Cancer Cell 2020,
37, 720–734. [CrossRef] [PubMed]

35. Msaouel, P.; Tannir, N.M.; Walker, C.L. A Model Linking Sickle Cell Hemoglobinopathies and SMARCB1 Loss in Renal Medullary
Carcinoma. Clin. Cancer Res. 2018, 24, 2044–2049. [CrossRef] [PubMed]

36. Gatalica, Z.; Lilleberg, S.L.; Monzon, F.A.; Koul, M.S.; Bridge, J.A.; Knezetic, J.; Legendre, B.; Sharma, P.; McCue, P.A. Renal
Medullary Carcinomas: Histopathologic Phenotype Associated with Diverse Genotypes. Hum. Pathol. 2011, 42, 1979–1988.
[CrossRef]

37. Tan, K.-T.; Kim, H.; Carrot-Zhang, J.; Zhang, Y.; Kim, W.J.; Kugener, G.; Wala, J.A.; Howard, T.P.; Chi, Y.-Y.; Beroukhim, R.
Haplotype-Resolved Germline and Somatic Alterations in Renal Medullary Carcinomas. Genome Med. 2021, 13, 1–13. [CrossRef]

38. Zheng, G.X.; Lau, B.T.; Schnall-Levin, M.; Jarosz, M.; Bell, J.M.; Hindson, C.M.; Kyriazopoulou-Panagiotopoulou, S.; Masquelier,
D.A.; Merrill, L.; Terry, J.M. Haplotyping Germline and Cancer Genomes with High-Throughput Linked-Read Sequencing. Nat.
Biotechnol. 2016, 34, 303–311. [CrossRef]

39. Marks, P.; Garcia, S.; Barrio, A.M.; Belhocine, K.; Bernate, J.; Bharadwaj, R.; Bjornson, K.; Catalanotti, C.; Delaney, J.; Fehr, A.
Resolving the Full Spectrum of Human Genome Variation Using Linked-Reads. Genome Res. 2019, 29, 635–645. [CrossRef]

40. Cheng, H.; Jarvis, E.D.; Fedrigo, O.; Koepfli, K.-P.; Urban, L.; Gemmell, N.J.; Li, H. Haplotype-Resolved Assembly of Diploid
Genomes without Parental Data. Nat. Biotechnol. 2022, 1–4. [CrossRef]

41. Nurk, S.; Koren, S.; Rhie, A.; Rautiainen, M.; Bzikadze, A.V.; Mikheenko, A.; Vollger, M.R.; Altemose, N.; Uralsky, L.; Gershman,
A. The Complete Sequence of a Human Genome. Science 2022, 376, 44–53. [CrossRef]

42. Wiele, A.J.; Surasi, D.S.; Rao, P.; Sircar, K.; Su, X.; Bathala, T.K.; Shah, A.Y.; Jonasch, E.; Cataldo, V.D.; Genovese, G. Efficacy and
Safety of Bevacizumab plus Erlotinib in Patients with Renal Medullary Carcinoma. Cancers 2021, 13, 2170. [CrossRef]

43. Rathmell, W.K.; Monk, J.P. High-Dose-Intensity MVAC for Advanced Renal Medullary Carcinoma: Report of Three Cases and
Literature Review. Urology 2008, 72, 659–663. [CrossRef]

44. Anne, M.; Sammartino, D.; Chaudhary, S.; Bhuiya, T.; Mehrotra, B. Renal Medullary Carcinoma Masquerading as Bilateral Breast
Carcinoma Category: Case Report. World J. Oncol. 2013, 4, 169. [CrossRef]

45. Walsh, A.; Kelly, D.R.; Vaid, Y.N.; Hilliard, L.M.; Friedman, G.K. Complete Response to Carboplatin, Gemcitabine, and Paclitaxel
in a Patient with Advanced Metastatic Renal Medullary Carcinoma. Pediatr. Blood Cancer 2010, 55, 1217–1220. [CrossRef]
[PubMed]

46. Strouse, J.J.; Spevak, M.; Mack, A.K.; Arceci, R.J.; Small, D.; Loeb, D.M. Significant Responses to Platinum-based Chemotherapy
in Renal Medullary Carcinoma. Pediatr. Blood Cancer 2005, 44, 407–411. [CrossRef] [PubMed]

47. Goenaga-Vázquez, Y.; Colón, G.; Barrios, N.; Correa, M. Renal Medullary Carcinoma: A Nearly Fatal Malignancy Specifically
Affecting Patients with a so-Called Benign Condition. CEN Case Rep. 2018, 7, 121–126. [CrossRef] [PubMed]

48. Blas, L.; Roberti, J.; Petroni, J.; Reniero, L.; Cicora, F. Renal Medullary Carcinoma: A Report of the Current Literature. Curr. Urol.
Rep. 2019, 20, 4. [CrossRef]

49. Chauhan, D.; Tian, Z.; Zhou, B.; Kuhn, D.; Orlowski, R.; Raje, N.; Richardson, P.; Anderson, K.C. In Vitro and in Vivo Selective
Antitumor Activity of a Novel Orally Bioavailable Proteasome Inhibitor MLN9708 against Multiple Myeloma Cells. Clin. Cancer
2011, 17, 5311–5321. [CrossRef]

50. Seo, A.N.; Yoon, G.; Ro, J.Y. Clinicopathologic and Molecular Pathology of Collecting Duct Carcinoma and Related Renal Cell
Carcinomas. Adv. Anat. Pathol. 2017, 24, 65–77. [CrossRef]

51. Carugo, A.; Minelli, R.; Sapio, L.; Soeung, M.; Carbone, F.; Robinson, F.S.; Tepper, J.; Chen, Z.; Lovisa, S.; Svelto, M. P53 Is a
Master Regulator of Proteostasis in SMARCB1-Deficient Malignant Rhabdoid Tumors. Cancer Cell 2019, 35, 204–220. [CrossRef]

52. Ryan, A.; Tawagi, K.; VanderVeen, N.; Matrana, M.; Vasquez, R. Combination Therapy with Bortezomib in Renal Medullary
Carcinoma: A Case Series. Clin. Genitourin. Cancer 2021, 19, e395–e400. [CrossRef]

53. Knutson, S.K.; Warholic, N.M.; Wigle, T.J.; Klaus, C.R.; Allain, C.J.; Raimondi, A.; Scott, M.P.; Chesworth, R.; Moyer, M.P.;
Copeland, R.A. Durable Tumor Regression in Genetically Altered Malignant Rhabdoid Tumors by Inhibition of Methyltransferase
EZH2. Proc. Natl. Acad. Sci. USA 2013, 110, 7922–7927. [CrossRef] [PubMed]

54. Gall Trošelj, K.; Novak Kujundzic, R.; Ugarkovic, D. Polycomb Repressive Complex’s Evolutionary Conserved Function: The
Role of EZH2 Status and Cellular Background. Clin. Epigenetics 2016, 8, 1–10. [CrossRef] [PubMed]

http://doi.org/10.1016/j.eururo.2015.09.027
http://doi.org/10.1038/s41379-019-0273-1
http://doi.org/10.7554/eLife.44161
http://www.ncbi.nlm.nih.gov/pubmed/30860482
http://doi.org/10.1016/j.ccell.2020.04.002
http://www.ncbi.nlm.nih.gov/pubmed/32359397
http://doi.org/10.1158/1078-0432.CCR-17-3296
http://www.ncbi.nlm.nih.gov/pubmed/29440190
http://doi.org/10.1016/j.humpath.2011.02.026
http://doi.org/10.1186/s13073-021-00929-4
http://doi.org/10.1038/nbt.3432
http://doi.org/10.1101/gr.234443.118
http://doi.org/10.1038/s41587-022-01261-x
http://doi.org/10.1126/science.abj6987
http://doi.org/10.3390/cancers13092170
http://doi.org/10.1016/j.urology.2008.05.009
http://doi.org/10.4021/wjon676w
http://doi.org/10.1002/pbc.22611
http://www.ncbi.nlm.nih.gov/pubmed/20979179
http://doi.org/10.1002/pbc.20292
http://www.ncbi.nlm.nih.gov/pubmed/15602719
http://doi.org/10.1007/s13730-018-0308-3
http://www.ncbi.nlm.nih.gov/pubmed/29396817
http://doi.org/10.1007/s11934-019-0865-9
http://doi.org/10.1158/1078-0432.CCR-11-0476
http://doi.org/10.1097/PAP.0000000000000138
http://doi.org/10.1016/j.ccell.2019.01.006
http://doi.org/10.1016/j.clgc.2021.08.004
http://doi.org/10.1073/pnas.1303800110
http://www.ncbi.nlm.nih.gov/pubmed/23620515
http://doi.org/10.1186/s13148-016-0226-1
http://www.ncbi.nlm.nih.gov/pubmed/27239242


Int. J. Mol. Sci. 2022, 23, 7097 11 of 12

55. Beckermann, K.E.; Jolly, P.C.; Kim, J.Y.; Bordeaux, J.; Puzanov, I.; Rathmell, W.K.; Johnson, D.B. Clinical and Immunologic
Correlates of Response to PD-1 Blockade in a Patient with Metastatic Renal Medullary Carcinoma. J. Immunother. Cancer 2017, 5,
1–5. [CrossRef] [PubMed]

56. Sodji, Q.; Klein, K.; Sravan, K.; Parikh, J. Predictive Role of PD-L1 Expression in the Response of Renal Medullary Carcinoma to
PD-1 Inhibition. J. Immunother. Cancer 2017, 5, 1–6. [CrossRef]

57. Leruste, A.; Tosello, J.; Ramos, R.N.; Tauziède-Espariat, A.; Brohard, S.; Han, Z.-Y.; Beccaria, K.; Andrianteranagna, M.; Caudana,
P.; Nikolic, J. Clonally Expanded T Cells Reveal Immunogenicity of Rhabdoid Tumors. Cancer Cell 2019, 36, 597–612. [CrossRef]

58. Lipkin, J.S.; Rizvi, S.M.; Gatalica, Z.; Sarwani, N.E.; Holder, S.L.; Kaag, M.; Drabick, J.J.; Joshi, M. Therapeutic Approach Guided
by Genetic Alteration: Use of MTOR Inhibitor in Renal Medullary Carcinoma with Loss of PTEN Expression. Cancer Biol. Ther.
2015, 16, 28–33. [CrossRef]

59. Templeton, A.J.; Dutoit, V.; Cathomas, R.; Rothermundt, C.; Bärtschi, D.; Dröge, C.; Gautschi, O.; Borner, M.; Fechter, E.; Stenner, F.
Phase 2 Trial of Single-Agent Everolimus in Chemotherapy-Naive Patients with Castration-Resistant Prostate Cancer (SAKK
08/08). Eur. Urol. 2013, 64, 150–158. [CrossRef]

60. Voss, M.H.; Molina, A.M.; Chen, Y.-B.; Woo, K.M.; Chaim, J.L.; Coskey, D.T.; Redzematovic, A.; Wang, P.; Lee, W.; Selcuklu,
S.D. Phase II Trial and Correlative Genomic Analysis of Everolimus plus Bevacizumab in Advanced Non–Clear Cell Renal Cell
Carcinoma. J. Clin. Oncol. 2016, 34, 3846. [CrossRef]

61. Msaouel, P.; Walker, C.L.; Genovese, G.; Tannir, N.M. Molecular Hallmarks of Renal Medullary Carcinoma: More to c-MYC than
Meets the Eye. Mol. Cell. Oncol. 2020, 7, 1777060. [CrossRef]

62. Amin, M.B.; Smith, S.C.; Agaimy, A.; Argani, P.; Compérat, E.M.; Delahunt, B.; Epstein, J.I.; Eble, J.N.; Grignon, D.J.; Hartmann, A.
Collecting Duct Carcinoma versus Renal Medullary Carcinoma: An Appeal for Nosologic and Biological Clarity. Am. J. Surg.
Pathol. 2014, 38, 871–874. [CrossRef]

63. Elwood, H.; Chaux, A.; Schultz, L.; Illei, P.B.; Baydar, D.E.; Billis, A.; Sharma, R.; Argani, P.; Epstein, J.I.; Netto, G.J. Immuno-
histochemical Analysis of SMARCB1/INI-1 Expression in Collecting Duct Carcinoma. CEN Case Rep. 2011, 78, 474.e1–474.e5.
[CrossRef] [PubMed]

64. Bratslavsky, G.; Gleicher, S.; Jacob, J.M.; Sanford, T.H.; Shapiro, O.; Bourboulia, D.; Gay, L.M.; Elvin, J.A.; Vergilio, J.-A.; Suh, J.
Comprehensive Genomic Profiling of Metastatic Collecting Duct Carcinoma, Renal Medullary Carcinoma, and Clear Cell Renal
Cell Carcinoma. Elsevier 2021, 39, 367.e1–367.e5. [CrossRef] [PubMed]

65. Mariño-Enríquez, A.; Ou, W.; Weldon, C.B.; Fletcher, J.A.; Pérez-Atayde, A.R. ALK Rearrangement in Sickle Cell Trait-associated
Renal Medullary Carcinoma. Genes Chromosom. Cancer 2011, 50, 146–153. [CrossRef] [PubMed]

66. Cajaiba, M.M.; Jennings, L.J.; Rohan, S.M.; Perez-Atayde, A.R.; Marino-Enriquez, A.; Fletcher, J.A.; Geller, J.I.; Leuer, K.M.; Bridge,
J.A.; Perlman, E.J. ALK-rearranged Renal Cell Carcinomas in Children. Genes Chromosom. Cancer 2016, 55, 442–451. [CrossRef]

67. Yu, W.; Wang, Y.; Jiang, Y.; Zhang, W.; Li, Y. Genetic Analysis and Clinicopathological Features of ALK-rearranged Renal Cell
Carcinoma in a Large Series of Resected Chinese Renal Cell Carcinoma Patients and Literature Review. Histopathology 2017, 71,
53–62. [CrossRef] [PubMed]

68. Wangsiricharoen, S.; Zhong, M.; Ranganathan, S.; Matoso, A.; Argani, P. ALK-Rearranged Renal Cell Carcinoma (RCC): A Report
of 2 Cases and Review of the Literature Emphasizing the Distinction between VCL-ALK and Non-VCL-ALK RCC. Int. J. Surg.
Pathol. 2021, 29, 808–814. [CrossRef] [PubMed]

69. Hou, G.; Jiang, Y.; Wang, J.; Li, F.; Cheng, W. Renal Medullary Carcinoma on Dual-Time Point FDG PET/CT Imaging. Clin. Nucl.
2020, 45, 446–447. [CrossRef]

70. Msaouel, P.; Hong, A.L.; Mullen, E.A.; Atkins, M.B.; Walker, C.L.; Lee, C.-H.; Carden, M.A.; Genovese, G.; Linehan, W.M.; Rao,
P. Updated Recommendations on the Diagnosis, Management, and Clinical Trial Eligibility Criteria for Patients with Renal
Medullary Carcinoma. Clin. Genitourin. Cancer 2019, 17, 1–6. [CrossRef]

71. Shi, Z.; Zhuang, Q.; You, R.; Li, Y.; Li, J.; Cao, D. Clinical and computed tomography imaging features of renal medullary
carcinoma: A report of six cases. Oncol. Lett. 2016, 11, 261–266. [CrossRef]

72. Huang, Z.-M.; Wang, H.; Ji, Z.-G. Renal medullary carcinoma masquerading as renal infection: A case report. BMC Nephrol. 2020,
21, 1–4. [CrossRef]

73. Wei, D.; Yang, Y.; Ricketts, C.J.; Vocke, C.D.; Ball, M.W.; Sourbier, C.; Wangsa, D.; Wangsa, D.; Guha, R.; Zhang, X. Novel Renal
Medullary Carcinoma Cell Lines, UOK353 and UOK360, Provide Preclinical Tools to Identify New Therapeutic Treatments. Genes
Chromosom. Cancer 2020, 59, 472–483. [CrossRef] [PubMed]

74. Lee, A.Q.; Ijiri, M.; Rodriguez, R.; Gandour-Edwards, R.; Lee, J.; Tepper, C.G.; Li, Y.; Beckett, L.; Lam, K.; Goodwin, N. Novel
Patient Metastatic Pleural Effusion-Derived Xenograft Model of Renal Medullary Carcinoma Demonstrates Therapeutic Efficacy
of Sunitinib. Front. Oncol. 2021, 11, 928. [CrossRef] [PubMed]

75. Gupta, R.; Billis, A.; Shah, R.B.; Moch, H.; Osunkoya, A.O.; Jochum, W.; Hes, O.; Bacchi, C.E.; De Castro, M.G.; Hansel, D.E.
Carcinoma of the Collecting Ducts of Bellini and Renal Medullary Carcinoma: Clinicopathologic Analysis of 52 Cases of Rare
Aggressive Subtypes of Renal Cell Carcinoma with a Focus on Their Interrelationship. Am. J. Surg. Pathol. 2012, 36, 1265–1278.
[CrossRef] [PubMed]

76. Shapiro, D.D.; Soeung, M.; Perelli, L.; Dondossola, E.; Surasi, D.S.; Tripathi, D.N.; Bertocchio, J.-P.; Carbone, F.; Starbuck, M.W.;
Van Alstine, M.L. Association of High-Intensity Exercise with Renal Medullary Carcinoma in Individuals with Sickle Cell Trait:
Clinical Observations and Experimental Animal Studies. Cancers 2021, 13, 6022. [CrossRef]

http://doi.org/10.1186/s40425-016-0206-1
http://www.ncbi.nlm.nih.gov/pubmed/28105368
http://doi.org/10.1186/s40425-017-0267-9
http://doi.org/10.1016/j.ccell.2019.10.008
http://doi.org/10.4161/15384047.2014.972843
http://doi.org/10.1016/j.eururo.2013.03.040
http://doi.org/10.1200/JCO.2016.67.9084
http://doi.org/10.1080/23723556.2020.1777060
http://doi.org/10.1097/PAS.0000000000000222
http://doi.org/10.1016/j.urology.2011.04.043
http://www.ncbi.nlm.nih.gov/pubmed/21705046
http://doi.org/10.1016/j.urolonc.2020.12.009
http://www.ncbi.nlm.nih.gov/pubmed/33775530
http://doi.org/10.1002/gcc.20839
http://www.ncbi.nlm.nih.gov/pubmed/21213368
http://doi.org/10.1002/gcc.22346
http://doi.org/10.1111/his.13185
http://www.ncbi.nlm.nih.gov/pubmed/28199742
http://doi.org/10.1177/10668969211003660
http://www.ncbi.nlm.nih.gov/pubmed/33729862
http://doi.org/10.1097/RLU.0000000000003033
http://doi.org/10.1016/j.clgc.2018.09.005
http://doi.org/10.3892/ol.2015.3891
http://doi.org/10.1186/s12882-020-01730-y
http://doi.org/10.1002/gcc.22847
http://www.ncbi.nlm.nih.gov/pubmed/32259323
http://doi.org/10.3389/fonc.2021.648097
http://www.ncbi.nlm.nih.gov/pubmed/33842362
http://doi.org/10.1097/PAS.0b013e3182635954
http://www.ncbi.nlm.nih.gov/pubmed/22895263
http://doi.org/10.3390/cancers13236022


Int. J. Mol. Sci. 2022, 23, 7097 12 of 12

77. Ezekian, B.; Englum, B.; Gilmore, B.F.; Nag, U.P.; Kim, J.; Leraas, H.J.; Routh, J.C.; Rice, H.E.; Tracy, E.T. Renal Medullary
Carcinoma: A National Analysis of 159 Patients. Pediatr. Blood Cancer 2017, 64, e26609. [CrossRef]

78. Baniak, N.; Tsai, H.; Hirsch, M.S. The Differential Diagnosis of Medullary-Based Renal Masses. Arch. Pathol. Lab. Med. 2021, 145,
1148–1170. [CrossRef]

79. Beckermann, K.E.; Sharma, D.; Chaturvedi, S.; Msaouel, P.; Abboud, M.R.; Allory, Y.; Bourdeaut, F.; Calderaro, J.; De Cubas, A.A.;
Derebail, V.K. Renal Medullary Carcinoma: Establishing Standards in Practice. J. Oncol. 2017, 13, 414–421. [CrossRef]

80. Lee, R.S.; Stewart, C.; Carter, S.L.; Ambrogio, L.; Cibulskis, K.; Sougnez, C.; Lawrence, M.S.; Auclair, D.; Mora, J.; Golub, T.R. A
Remarkably Simple Genome Underlies Highly Malignant Pediatric Rhabdoid Cancers. J. Clin. Investig. 2012, 122, 2983–2988.
[CrossRef]

81. Hohmann, A.F.; Vakoc, C.R. A Rationale to Target the SWI/SNF Complex for Cancer Therapy. Trends Genet. 2014, 30, 356–363.
[CrossRef]

82. Geller, J.I.; Roth, J.J.; Biegel, J.A. Biology and Treatment of Rhabdoid Tumor. Crit. Rev. Oncog. 2015, 20, 3–4. [CrossRef]
83. Thomas, C.; Oehl-Huber, K.; Bens, S.; Soschinski, P.; Koch, A.; Nemes, K.; Oyen, F.; Kordes, U.; Kool, M.; Frühwald, M.C.

Transposable element insertion as a mechanism of SMARCB1 inactivation in atypical teratoid/rhabdoid tumor. Genes Chromosom.
Cancer 2021, 60, 586–590. [CrossRef] [PubMed]

84. Bookhout, C.; Bouldin, T.W.; Ellison, D.W. Atypical Teratoid/Rhabdoid Tumor with Retained INI 1 (SMARCB1) Expression and
Loss of BRG 1 (SMARCA4). Neuropathology 2018, 38, 305–308. [CrossRef] [PubMed]

85. Carlo, M.I.; Chaim, J.; Patil, S.; Kemel, Y.; Schram, A.M.; Woo, K.; Coskey, D.; Nanjangud, G.J.; Voss, M.H.; Feldman, D.R. Genomic
Characterization of Renal Medullary Carcinoma and Treatment Outcomes. Clin. Genitourin. Cancer 2017, 15, 987–994. [CrossRef]
[PubMed]

86. Schaeffer, E.M.; Guzzo, T.J.; Furge, K.A.; Netto, G.; Westphal, M.; Dykema, K.; Yang, X.; Zhou, M.; Teh, B.T.; Pavlovich, C.P. Renal
Medullary Carcinoma: Molecular, Pathological and Clinical Evidence for Treatment with Topoisomerase-inhibiting Therapy. Br. J.
Urol. 2010, 106, 62–65. [CrossRef]

87. Albadine, R.; Wang, W.; Brownlee, N.A.; Toubaji, A.; Billis, A.; Argani, P.; Epstein, J.I.; Garvin, A.J.; Cousi, R.; Schaeffer, E.M.
Topoisomerase II α Status in Renal Medullary Carcinoma: Immuno-Expression and Gene Copy Alterations of a Potential Target
of Therapy. J. Urol. 2009, 182, 735–740. [CrossRef]

88. Imtiaz, S.; Zekri, J. Metastatic Renal Medullary Carcinoma: Response to Chemotherapy and Unusual Long Survival. J. Unexplored
Med. Data 2017, 2, 105–109. [CrossRef]

89. Tran, J.; Ornstein, M.C. Clinical review on the management of metastatic renal cell carcinoma. J. Oncol. Pract. 2022, 18, 187–196.
[CrossRef]

http://doi.org/10.1002/pbc.26609
http://doi.org/10.5858/arpa.2020-0464-RA
http://doi.org/10.1200/JOP.2017.020909
http://doi.org/10.1172/JCI64400
http://doi.org/10.1016/j.tig.2014.05.001
http://doi.org/10.1615/CritRevOncog.2015013566
http://doi.org/10.1002/gcc.22954
http://www.ncbi.nlm.nih.gov/pubmed/33896072
http://doi.org/10.1111/neup.12452
http://www.ncbi.nlm.nih.gov/pubmed/29271065
http://doi.org/10.1016/j.clgc.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28558987
http://doi.org/10.1111/j.1464-410X.2009.09139.x
http://doi.org/10.1016/j.juro.2009.03.078
http://doi.org/10.20517/2572-8180.2017.23
http://doi.org/10.1200/OP.21.00419

	Introduction 
	SMARCB1 Loss as the Primary Driver in RMC 
	Connection between RMC and Sickle Hemoglobinopathies 
	Therapeutic Considerations from Biology 
	Role of Proteasome Inhibitors 
	Other Potential Targets 

	Outstanding Questions in RMC Research 
	Similar Entities of RMC (ALK Rearranged RCC) 
	Unclassified Renal Cell Carcinoma with Medullary Phenotype 
	Limited Mouse Models for RMC 
	Distinguishing RMC from CDC 
	Modifiable Risk Factors in RMC 

	Discussion 
	Conclusions 
	References

