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ABSTRACThe incessant interactions between susceptible humans and th
respective macro/microenvironmerd registered throughout their lifetime
result in the ultimate manifestation of individual cancers. With the averag
lifespan exceeding 50 years of age in humans since the beginning Bfc2a-
tury, agingc G K S & 0 A Y¢dds pldykedii @véhdcreasingrole alongside
host and environmental factors in cancer incidences. Cancer is a gel
ic/epigenetic disease due to gaiof-function mutations in canceicausing
genes (oncogene; OG) and/or loséfunction mutations in tumor
suppressing genes (tumor suppressgenes; TSG). In addition to their integre
relationship with cancer, a timely deployment of specific OG and/or TSG is
fact needed for higher organisms like human to cope with respective phys
logical and pathological conditions. Over the past decadxtensive human
kidney cancer genomics have been performed and novel mouse models re
pitulating human kidney cancer pathobiology have been generated. With ne
genomic, genetic, mechanistic, clinical and therapeutic insights accumula
from studying clea cell renal cell carcinoma (ccRG®)e most common type
of kidney cancer, we conceived a cancer evolution model built upon the-C
TSG signaling pair analogous to the electrical circuit breaker (CB) that peri
necessary signaling output and at the samiene prevent detrimental signal-
ing overdrive. Hence, this viewpoint aims at providing a stbp-step mecha-
nistic explanation/illustration concerning how inherent OGSG CBs intricate:
fe@ 2LINIGS Ay O2yOSNI FT2NJ GKS 2NE
tions, the essential component for genetic adaptability, inadvertently triggel
a sequential outage of specific sets of CBs that normally function to maint:
and protect and individual tissue homeostasis.
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mccRCG metastatic ccRCC;
RCG, renal cell carcinoma;
TSG; tumor suppressor gene;
VHL¢ VonHippel Lindau.

INTRODUCTND multi-cellular complex organisms can only be nparfect

On average a human adult body encompasses fifty trillion to allow finite replication errors needed for genetic adapta-
cells (~5x18) with a daily turnover of hundred billion cells  tion and thereby evolution. Nevertheless, individual cells
(~10Y) within which each containtvo copies of three are equippedwith intrinsic cell death machineries to as-
billion basepair DNA haploid genome. Approximately, the sure continuous genome integrity, which works alongside
routine maintenance ba healthy human body necessitates ¢ A G K AYYdzyS &aéadsSyQa adaNBSAft I
~1(®'DNA base pairs transaction every day. Remarkably, detected precancer/cancer cellgl-3]. The luman genore
despite this astronomical chemical challenge genome in- encodes ~20,000 protein coding sequences of whi¢d%
tegrity is inherently maintained by sophisticated DNA repli- are cancerelated genes such as oncogenes (OGs) and
cation, proofreading, and repair mechanisms evalvever tumor suppressor genes (TSG3) 4] Notably, these can-
billion years. However, the precision of DNA transaction in cerrelated genes normally participate in keyolmgical
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processes such as embryonic development and tissue ho-
meostasis such as MLL (a-Gxgene) and BML (a PeG
gene]5]. In response to imminent or chronic tissue stress-
Sa adzOK & A&aOKSYAl (GAa&aadzss
are called upon to act appropriately till resolution of re-
spective insult§2, 5-6]. Hence, we evisioned that specific
oncogene and tumor suppressor gene pairs {T8&) could
function as regulatory modules similar to electrical circuit
breakers (CBs)that mitigate power/signal overload5].
Additionally, these OGSG CBs can interconnect to pro-
vide additional layers of regulation and safety that operate
in a tissue contextlependent manner, which helps explain
the tissuetype specific propensity of dysfunction in certain
OG and TS{F]. With these basic principles, heffear we

will begin to explore this hypothetic GQGSG CB cancer
evolution model inspired when we studied clear cell renal
cell carcinoma (ccRC@) human, mouse, and cell line
models.

Kidney cancer

Kidney cancer accounts for ~2% of all cancer diagnoses
(~74,000; ~300,000) and deaths (~15,000; ~134,000) annu-
ally at the United States and the World, respectij@h9].

The Interconnected OGSG Circuit Breaker Cancer Evolution Model in Kidney Cancer

(~80%),PBRM1(29-46%), SETD28-30%), andBAP1(6-
19%j} spanning chromosome 3p23p25(6, 27-28]. Hence,
one genetic event incurred the 3p loss in renal epithelial

célly’ SnuizhtBeoudk Geitds adhaidtffiant $taletof 3 Sy S a

four critical ccRCC TSGs. Remarkably, 3p loss represents
the first somatic driver event in sporadic ccRCC, which
takes place during adolescence that predates the most
common second somatic event by ~20 years, i.e., the ge-
netic/epigenetic inaton of the VHLgene, giving rise to the
most recent common ancestor (MRCA) within a given
ccRCC patient whose ccRCC is eventually diagnosed at 60
years of ag€g29]. Notably, unlike most cancers that are
initiated by gainrof-function mutations in OGs ccRCC re-
sults from sequential losses of T6]s

The shared genetic events dfereditary and sporadic in
humancdRCC

The VorHippel Lindau (VHL) disease, an autosomal domi-
nant hereditary cancer syndrome caused by the Hofss
function germline mutation in th&HLgene[30], is charac-
terized by the development of hemangioblastoma of the
central nervous system and retina, ccRCC, and pheochro-
mocytoma[31-32]. It was later demonstrated tha¥HLis

Renal cell carcinoma (RCC) encompasses a large heteroge-inactivated in ~90% of sporexdccRCC through either ge-

neous group of cancers derived from renal tubular epithe-
lial cells, which encompasses (> molecular and histo-
pathological subtype$lOl® w/ /

netic mutation or promoter methylatior{9, 33] Biallelic
inactivation of theTSGVHLis therefore established as an

YI 22 NJ & dzo {ealySdent inxpife germiing” mutant Viissociated and

clude clear cell RCC (ccRCC) at ~75%, papillary RCC (pRCsporadic ccRCIB].

at ~15%, and chromophobe RCC (chRCC) aftH%Ac-

cordingly, metastatic ccRCC (mccRCC) accounts for most of DISCUSSION

the kidney cancer mortality12]. Although mccRCC is re-
fractory to conventional chemotherapy, marked therapeu-
tic advances have been made over the p&Styears cul-
minating in15 FDAapproved agents fomccRC(9]. These
agents exploisevenmolecular mechanismsi) I-2 anda-
Interferon are cytokines; 2) Sorafenib, Sunitinib, Pazo-
panib, Axitinib and Bevacizumab inhibit VEGHhyal; @)
Cabozantinib inhibits VEGFR2, cMET and AKLLdn-
vatinib inhibits VEGFR2 and FGFH); Everolimus and
Temsirolimus are inhibitors of mMTORC#®) (ivolumab,
Avelumab, and Pembrolizumab are-BMD1 blocking anti-
bodies; and7) Ipilimumab is an airCTLA4 antibody[13].
However, mccRCC remains lethal and treatment response
is highly heterogeneous among patients upon individual
treatments[14], likely due to tumor genomic and host ge-
netic heterogeneities.

The genomics ofdRCC

Modern multtomics of human ccRCC consisting of ge-
nomics, transcriptomics, proteomics and metabolomics not
only highlights its profounéhter-/intra-tumor heterogene-

ity but also showcases underline cancer evolution con-
straints that could be exploit as therapeutic biomarkers
[14-25]. The most conspicuous genomic event in ccRCC
the near universal (>90%) one copy loss of the short arm of
Chromosome 326]. The most striking genomic discovery
in ccRCC is the extreme chromosomal proximity offtlue
most prevalently mutated kidney cancefSGs VHL
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The VHIHIFhypoxiametabolism

Studies on oxygen sensing led to the discovery of Hypoxia
InducibleFactors (HIF$B4]. VHL is a multipurpose adaptor
protein and chiefly effects as the substrate recognition
module of the VCBVHL-ElonginGElonginB)-Cul2 E3 ligase
which ubiquitinates HH 1 and HIF2"1 [35]. Under normal
oxygen conditios, HIF1/21is prolyl hydroxylated by EGLN,
ubiquitinated by VCEul2VHL, and rapidly degraded by
the 26S Proteasomp36]; whereas under low oxygen con-
ditions such as high altitude or ischemia, (Hi§ stabilized

to initiate a myriad of hypoxiapecific transcriptional pro-
grams|[34, 3638]. The pathologic loss of VHLGcRCC re-
sults in persistently elevated HIFs accounting for the ob-
served clear cell morphology and highly vasculdfity, 12,
38-40]. However, the long latency (>30 years) for VHL syn-
drome patients to develop cc®R31] and the insufficiency

of VHL loss alon® induce ccRCC in mi¢él1] argue for

the necessity of cooperative ever{#2].

cdRCC signifies prevalent los$-function mutations in
TSGat the renal epithelium

Unlike many cancers that originate from gaififunction
mutations in OGs such &GFRind RAS ccRCC manifests
with prevalent lossof-function mutations in TSGs, making
the development of predictive biomarkers for individual
targeted therapies and/or immunotirapies extremely
challenging. Nevertheless, new therapeutic modalities,
novel genetically engineered mouse models, clinically rele-
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vant patientderived cell line/xenograft models, and out-  The complete pathologic loss of VHL due to chromosome
comebased biomarker studies altogether have begun to 3p loss, mutations, and/or promoter methylati results in
shed light on bw these seemingly distinct research areas the aberrant abundance of HF protein, resulting in a
are in fact exquisitely interconnectefd3]. Here, we wish hypoxialike molecular response despite normal oxygen
to update essential findigs in ccRCC, and present a novel tension, i.e. pseudohypoxia. Under this scenario, the VHL
02y OSLIi 27 alL-yscSmdiBfeakeared ho$ inactivates the first ccRQBA + H [L Gig. 18 pre-
9p2ftdziAz2y a2RSt Ay OOw// é¢ & sentin the reml cortex.In vivo mouse model studies
demonstrated that the activation of pseudohypoxia pro-

The first oncogenic driver event iodRCC gram is evident when comparing theelve week old nor-
In hereditary VHloss ccRCC, the first genetic event is the mal appearing mouse renal cortex with kidney specific
inheritance of a lossf-function copy of the VHL gene; deletion ofVhlto that of wildtype control[42].

whereas in sporadic ccRCC, the first genetic event is the
loss of chromosome 3p. The ensuing epi/genetic event in The VHL/PBRMassscenario:inactivation oftwo CBs
developing both kinds of ccRCC converges on the complete The singular loss of VHL is insufficient in initiating ccRCC,
inactivation of VHI6]. Hence, generally speaking ccRCC is which is recognized in both mouse and human VHL loss
a VHHoss kidney cancer, and complete VHL inactivation is models[56]. The ensuing complete loss of PBRM1 inacti-
the quintessential first functional/genetic truncal evef. vates the secon€Ba | PERMY ¢! ¢ ¢ Ay (GKS NBYy
(Fig. 1@, leading to the increased transcription output of
The exemplary interconnected VHL/HIF/PBRML1/TSC/ HIF and STAT targef42]. Of nde, the singular loss of
MTORCZXIBsn cdRCC PBRM1 did not activate HIF or STAT tardédy. It is
Among the three newly identified @1 TSGs in ccRCC, known that HIFL and STAT3 cooperate to activate the ex-
PBRMlis best studied in molecular mechanisms, mouse pression of HHL targets [57-58]. Camsequently, the
models, and human clinical outcom§®2, 28, 32, 42, 44 dysregulated interplay between HIF and STAT upon com-
48]. Accordingly, we will further elaborate recent key re-  bined losses of VHL and PBRM1 creates a-fieedrd

search findings on PBRM1 aattempt to reconcile how amplification loop that maximizes downstream gene ex-
and why PBRM1 loss in ccRCC impact the efficacy of selectpression[42]. The role of PBRML1 in reistiing HIF signaling
targeted therapies and immune checkpoint inhibitors. output was independently reported using cbksed assays
[59]. Under this scenario, the subsequent PBRML1 loss inac-
PBRM1 tivates the second ccR@BA | -PERMY ¢! ¢ £ @

The SWI/SNF are macromolecular protein complexes that

utilize ATP to mobilize nucleosome, modulate chromatin  The VHL/PBRM1/TS6ss scenario: inactivation of three
structure, and thereby regulate central cellular, develop- CBs

mental and oncogenic processptd-50]. They come with Despitethe fact that HIF/STAT signaling overdrive was evi-
many flavors due to their interchangeable, dynamic com- dent in thetwelve weekold Vhi/-;Pbrm%/- mouse kidney,
positions in naturef51]. Notably, mutations of individual the long latency ten months) and the incomplete pene-
SWI/SNF subunits are detected and exhibit preferential trance (~50%) to the ultimate development of multifocal
enrichment in ~20% human cancer of various tyfs#]. ccRCC in this model suggested thatitiddal OGTSGCBs
PBRML1 is the defining component of the PBAF complex could be at play{42]. To this end, gene expression and
and is nost commonly mutated in ccRQ&3]. Remarkably, immunohistochemical analyses comparitwelve month-

the in vivotumor suppressor role of PBRM1 in ccRCC was old ccRCC tumors twelve weekold renal cortices o¥hk
confirmed and reported in 2017 by three independent /-:Pbrm%/- mice detected hypractive mTORCL1 signaling
laboratories using three different genetically engineered in tumors in addition to the demonstrated pxisting
mouse models where combined losses of VHL and PBRML1 activation of HIF/STAT and suppression of mitochondrial
lead to multifocal ccRCC in mouse kidney, whereas individ- pathways[42]. Hence, the prevention of aberrant activa-
ual losses did ngé2, 5455]. How PBRM1 loss might have  tion of mTORC1 pathwagrobably constitutes the third

contributed to the ccRCC pathogenesis will hscdssed ccRCCB Of note, mMTORCL1 serves as the central nutrition

hereafter. state integrator of the cell and its main control is conferred
by the TSG TSC1/2 complgs0]. Remarkably, lossf-

Thehypoxiascenario:the normal physiology function mutations in TSC1 or TSC2 (~10%), and-afain

Upon tissue injury, insufficient blood supply incurs, thereby  function mutations in MTOR (~6%) are common in ccRCC
resulting in low oxygen tension, which in turn stabilizes and correlated with rapalog response in therapeutic outlier

HIF1 to act accordinglyRig. 14, i.e. inhibition of mito- studies; andTscland Tsc2expression levels are down

chondria oxilative phosphorylation and promotion of re- regulated inVhH-;Pbrm%/- mouse ccRCC mors[17, 22,
vascularization. Once the tissue repair is complete, normal 42, 6163]. Accordingly, the thirdCBin place to prevent

oxygen tension is restablished, HHE is prolyl hydroxylat- OO0Ow// LI GK23ISySaAra | TGSNI t2aa8$s

ed which is recognized by VHL, ubiquitinated by-ZGHn Y¢ hw/ Mg 1D6 Of note, the inactivation ofthe
2 E3 ligase, and degraded by 268tgasome, and tissue &t ¢ 9 b kG@Blwbich functions uR G NBI'Y 2F (G KS
returns to a normal homeostatic staf84, 36] Y ¢ h w/CRig observed in 7% of ccR{22]. Mechanisti-

The VHlossscenario:inactivation ofone CB
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FIGURE Ifhe interconnected OG'SG CBs operate in renal epithelium to control signaling output and prevent tumorigen@sifepicts
the physiological employment of the inherent VHLF CB to gauge tissue response to low oxygen tension(BaDjiexamine how the se-
quential lossesof aplB S G SN A y SRt {a08 {/ .25F¢ &2nyDOS G KS FTANRG /. A& Ayl OGA@r

Orfttes GKS Ayl OGRWBCE ARYR 2§K $h& BSu@iggWlndrs prane fo immune regulatiof2].

a | PERMY ¢ ! @BSsand the resulting HIF output over- Recent approvals of single agent Nivolumab (@1
drive apparently activateRedd] a known HIF1 target and antibody) as second line and the combination of Ipili-
an activator of TSC742, 64F ¢ KA OK LJ2 & A (imuthgb¥anti@Te A4 Antibody) and Nivolumab as first line
Y¢hw/ MQ I a (KEBatiNIBerIGoebldE RHL( K tkehtiRent options for ccRCC have dramatically altered the

and PBRM156]. therapeutic landscape of metastatic kidney can@8-67].
Intriguingly, a recent paper identified PBRM1 loss as a po-
Ahypotheticalimmunosurveillanc€Bin ccRCC tential genomic biomarker for the treatment response to

As STATs are key transcription factors in cancer inflamma- these immune checkpoint inhibitor§68-69] and others
tion and immunity[65], the activation of STAT pathway  suggested otherwis¢70-71], which needs further valida-
due to the combined loss of VHL and PBRM1 could render tion facing the daunting intratumor heterogeneity of ccRCC.
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