1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2022 January 17.

-, HHS Public Access
«

Published in final edited form as:
Cell Rep. 2021 November 23; 37(8): 110055. doi:10.1016/j.celrep.2021.110055.

A renal cell carcinoma tumorgraft platform to advance precision
medicine

Roy Elias1:2:1213 vanina T. Tcheuyapl12, Akash K. Kaushik3, Nirmish Singlal414, Ming
Gaol, Oscar Reig Torras!15, Alana Christiel:>, Aditi Mulgaonkar®, Layton Woolford?,
Christina Stevens?, Kavitha Priya Kettimuthu’, Andrea Pavia-Jimenezl, Lindsey K.
Boroughs?316, Allison Joycel, Marianna Dakanali®, Hollis Notgrass8, Vitaly Margulis:4,
Jeffrey A. Cadeddul4, Ivan Pedrosal®9, Noelle S. Williams119, Xiankai Sunl-6.9, Ralph
J. DeBerardinis!3, Orhan K. 0z1:6, Hua Zhong®19, Somasekar Seshagirill1’, Zora
Modrusanll, Brandi L. Cantarell?, Payal Kapurl48 James Brugarolasl2:18.*

IKidney Cancer Program, Simmons Comprehensive Cancer Center, The University of Texas
Southwestern Medical Center, Dallas, TX, USA

?Department of Internal Medicine, The University of Texas Southwestern Medical Center, Dallas,
TX, USA

SHoward Hughes Medical Institute and Children’s Medical Center Research Institute, University of
Texas Southwestern Medical Center, Dallas, TX, USA

“Department of Urology, The University of Texas Southwestern Medical Center, Dallas, TX, USA

SDivision of Biostatistics, Department of Clinical Sciences, The University of Texas Southwestern
Medical Center, Dallas, TX, USA

6Department of Radiology, The University of Texas Southwestern Medical Center, Dallas, TX,
USA

"Department of Biochemistry, The University of Texas Southwestern Medical Center, Dallas, TX,
USA

8Department of Pathology, The University of Texas Southwestern Medical Center, Dallas, TX,
USA

9Advanced Imaging Research Center, The University of Texas Southwestern Medical Center,
Dallas, TX, USA

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

"Correspondence: james.brugarolas@utsw.edu.

AUTHOR CONTRIBUTIONS

Conceptualization, R.E., P.K., and J.B.; TG model acquisition, V.T.T., LW,, C.S., A.P.-J., AJ., H.N,, P.K,, and J.B.; genomic/
transcriptomic analysis, R.E., O.R.T., H.Z., S.S., Z.M., B.L.C., and J.B.; metabolomics, L.K.B., A.K.K., and R.J.D.; immunoPET,
AM., M.D., X.S., 0.K.O., I.P, and J.B.; pharmacokinetics, V.T.T., K.P.K., N.S.W,, M.G., and J.B.; drug trials: V.T.T., M.G., and J.B.;
data curation, R.E., V.T.T., AK.K, NS, A.C., AM., LW, C.S, AP-J,NSW, X.S.,,RJ.D,0K.O, HZ,SS., ZM., B.LC., PK,
and J.B.; writing — original draft: R.E. and N.S.; writing - review & editing, V.T.T., AK.K,, C.S., I.P, N.S.W,, X.S,,R.J.D., 0.K.0,,
H.Z.,S.S., ZM.,B.LC,PK, andJ.B.; visualization, R.E., A.C., and A.K.K; resources, R.E., V.T.T., LW,, C.S., AP.-J., AJ, V.M,
JAC, LP,NSW, XS, ,RJ.D., 0K.O0., HZ,B.L.C.,S.S, ZM., PK., and J.B.; supervision, I.P., N.S.W,, X.S., RJ.D., 0.K.0.,
H.Z.,B.L.C., PK., and J.B.; funding acquisition, J.B.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2021.110055.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Elias et al.

10Department of Bioinformatics, The University of Texas Southwestern Medical Center, Dallas,
TX, USA

11Department of Microchemistry, Proteomics, Lipidomics and NGS, Genentech, Inc., South San
Francisco, CA, USA

12These authors contributed equally

3present address: Sidney Kimmel Comprehensive Cancer Center, Johns Hopkins University
School of Medicine, 401 N. Broadway, Baltimore, MD 21231, USA

14present address: Departments of Urology and Oncology, The James Buchanan Brady
Urological Institute, Johns Hopkins University School of Medicine, 600 N. Wolfe St., Baltimore,
MD 21287, USA

15Present address: Department of Oncology, Hospital Clinic de Barcelona and Translational
Genomic and Targeted Therapeutics in Solid Tumors, Institut d’Investigacions Biomédiques
August Pi i Sunyer (IDIBAPS), C/ Villarroel 170, Barcelona, Spain

16present address: Bristol-Myers Squibb, 4931 George Rd, Tampa, FL 33634, USA
1’Present address: SciGenom Research Foundation, Bangalore, Karnataka, India

18] ead contact

SUMMARY

Renal cell carcinoma (RCC) encompasses a heterogenous group of tumors, but representative
preclinical models are lacking. We previously showed that patient-derived tumorgraft (TG) models
recapitulate the biology and treatment responsiveness. Through systematic orthotopic implantation
of tumor samples from 926 ethnically diverse individuals into non-obese diabetic (NOD)/severe
combined immunodeficiency (SCID) mice, we generate a resource comprising 172 independently
derived, stably engrafted TG lines from 148 individuals. TG lines are characterized histologically
and genomically (whole-exome [n = 97] and RNA [n = 102] sequencing). The platform features

a variety of histological and oncogenotypes, including TCGA clades further corroborated through
orthogonal metabolomic analyses. We illustrate how it enables a deeper understanding of RCC
biology; enables the development of tissue- and imaging-based molecular probes; and supports
advances in drug development.

In brief

Elias et al. report a renal cell carcinoma (RCC) tumorgraft (TG) resource from 926 ethnically
diverse individuals at the UT Southwestern Kidney Cancer Program whose tumors were implanted
orthotopically into immunodeficient mice and characterized through next-generation sequencing.
Potential applications are discussed, including examples in areas such as molecular imaging and
precision therapy.
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INTRODUCTION

Approximately 430,000 new cases of renal cell carcinoma (RCC) are diagnosed annually,
and ~180,000 deaths occur worldwide (Sung et al., 2021). Current frontline regimens yield
initial responses in up to 70% of individuals (Motzer et al., 2019, 2021; Choueiri et al.,
2020, 2021; Powles et al., 2020). However, the disease ultimately progresses in the majority
of individuals (Motzer et al., 2019; Choueiri et al., 2020; Powles et al., 2020). A major
challenge is disease heterogeneity. The World Health Organization classifies RCC into

16 entities (Moch et al., 2016), but next-generation sequencing has revealed even greater
molecular heterogeneity (Durinck et al., 2015; Chen et al., 2016a; Ricketts et al., 2018;
Motzer et al., 2020a, 2020b).

Tumorgraft (TG) models, which involve implantation of tumor samples from affected
individuals into immunocompromised mice, enable studies in a physiological context
(Sobczuk et al., 2020). RCC TGs reproduce the histology, gene expression, DNA copy
number alterations, and mutations of the corresponding tumors from affected individuals
(Sivanand et al., 2012; Pavia-Jiménez et al., 2014; Grisanzio et al., 2011). In addition,
RCC TGs preserve the drug responsiveness of human RCC (Sivanand et al., 2012; Chen et
al., 2016b; Karam et al., 2011; Ingels et al., 2014; Cho et al., 2016; Zhao et al., 2017;
Elbanna et al., 2020; Moserle et al., 2020). In studies optimizing drug administration
regimens to model human exposures, RCC TGs have been shown to respond to sunitinib
(Motzer et al., 2009; Bukowski et al., 2007), but not to erlotinib, used as a negative
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control (Sivanand et al., 2012). TGs also respond to rapamycin (also called sirolimus),

the dominant active metabolite of temsirolimus, which is largely a sirolimus prodrug (Ingels
et al., 2014; Sivanand et al., 2012; Brugarolas et al., 2008). Thus, based on these results,
RCC TGs appear to respond to the two main classes of RCC targeted therapies: inhibitors
of angiogenesis and rapalogs. More recently, we found that clear cell RCC (ccRCC) TGs
respond to the HIF-2a inhibitor PT2399 (Chen et al., 2016b), and similar results were
subsequently observed in clinical trials (Courtney et al., 2018b; Jonasch et al., 2019).

Building on our previous work (PefiLlopis et al., 2012; Sivaand et al., 2012; Chen et al.,
2016b; Wolff et al., 2015; Wang et al., 2018; Vento et al., 2019; Singla et al., 2020) and
expanding on reports from other groups (Grisanzio et al., 2011; Karam et al., 2011; Varna et
al., 2014; Cho et al., 2016; Zhao et al., 2017; Elbanna et al., 2020; Moserle et al., 2020), we
present a most comprehensive resource in its extent and breadth of applications.

Resource development

Between January 1, 2008 and December 31, 2019, 1,235 samples originating from

926 individuals at UT Southwestern Medical Center (UTSW) and the affiliated county
hospital (Parkland Health and Hospital System) who gave consent for tissue-based research
were implanted into mice, creating the UTSW Kidney Cancer Program (KCP) TG
platform (Figure 1). Individuals with a presumed diagnosis of RCC were eligible. Of

the 1,235 implanted samples, 1,067 were from localized or regionally advanced disease
(primary tumor and regional lymph nodes) and 168 from distant metastases. Primary
tumors were prioritized based on aggressiveness (STAR Methods). Tumor fragments

were implanted orthotopically without disaggregation or additives, into non-obese diabetic
(NOD)/severe combined immunodeficiency (SCID) mice (Pavia-Jimeénez et al., 2014).
Although xenotransplantation tends to select for aggressive tumors (Sivanand et al., 2012),
our updated resource includes 172 stably engrafted (successfully passaged through at least
two cohorts of mice) TG lines corresponding to 148 individuals (Figure 1).

TG lines were derived from an ethnically and racially diverse group of individuals (Figure
2A). The median patient age at implantation was 60 years (ranging from 24-87), and the
male to female ratio was ~2:1 (Table S1). RCC has the ability to directly extend into the
renal vein, forming a “tumor thrombus,” which was the origin for 28 (16.3%) lines. Eight
(4.7%) lines were derived from regional lymph node metastases and 31 (18.0%) from distant
metastatic sites. Common (lung, liver, and bone) as well as less frequent (pancreas, spinal
cord, and testis) sites are represented (Table S2).

RCC exhibits intratumoral and intra-individual heterogeneity (Turajlic et al., 2018a, 2018b;
Gerlinger et al., 2012, 2014). Our library contains 46 lines from 22 individuals, including

34 lines from multiregional sampling of primary tumor, tumor thrombus, and regional lymph
nodes, as well as 12 lines from metachronous primary and metastasis sites (Table S3). A
nomenclature key and detailed clinicopathologic characteristics are shown in Tables S4 and
S5, respectively.
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The KCP TG library captures histologically defined ccRCC and non-ccRCC (nccRCC)

subtypes

Among RCC, ccRCC accounts for ~75% of cases. Accordingly, the majority of TG

lines (n = 136, 79%) are ccRCCs (Figure 2B). ccRCC is further subdivided by nuclear
grade and sarcomatoid and/or rhabdoid dedifferentiation. Table S6 provides comprehensive
histological annotation. Although the majority of ccRCC lines were of high grade, 9 were
of low grade (ISUP 2). Fifteen TG lines represented subclones with varying nuclear grades
(Table S6). ccRCC can be further subdivided on the basis of cytology, architecture, and
stroma (Cai et al., 2020), and engrafted TGs often recapitulated the architecture of parent
tumors (Figure 2C).

nccRCC subtypes (Moch et al., 2016) exhibit unique histological and molecular features
(Durinck et al., 2015; Cancer Genome Atlas Research Network et al., 2016; Linehan et
al., 2016; Davis et al., 2014). Our platform contains 36 (20.9%) nccRCC lines, including 9
papillary RCCs (pRCCs) and 16 unclassified RCCs (URCCs) (Figure 2B). Rarer subtypes,
including MiT family translocation RCC (tRCC) (n = 7), and fumarate hydratase (FH)-
deficient RCC (n = 4), have also been established. Histologic features were preserved in
paired TGs (Figure 2D). However, no chromophobe RCC (chRCC) TG lines could be
generated despite implantation of 54 chRCC tumors. This may reflect the more indolent
biology of chRCC (Vera-Badillo et al., 2012). However, given that aggressive chRCC tumors
(i.e., with sarcomatoid elements) similarly failed to engraft, there may be fundamental
differences between chRCC and other subtypes in their ability to engraft or thrive as TGs.

Sarcomatoid dedifferentiation is prognostic and potentially predictive (Bi et al., 2016;
Bakouny et al., 2021; Tannir et al., 2021), and sarcomatoid features were identified in 16
TG lines. Rhabdoid features were found in 17 lines. Simultaneous sarcomatoid and rhabdoid
dedifferentiation was identified in 6 lines (Table S6). Additionally, there were several lines
in which tumor fragments engrafted with and without sarcomatoid (n =9 TG lines) or
rhabdoid (n = 8 TG lines) features.

Frequent drivers and rare mutations represented in the TG library

Whole-exome sequencing (WES) was performed on 125 fresh-frozen TG specimens derived
from 97 (56.4%) TG lines (Table S7). In comparison with parent tumors (106 TG samples
corresponding to 103 samples from affected individuals), 88% (interquartile range [IQR],
81%-94%) of somatic mutations identified were detected in corresponding TGs (Figure
S1A). Because the stroma is replaced by the mouse (Hahn et al., 1995), TGs offer greater
sensitivity for mutation detection (in humans, DNA from tumor cells is diluted by DNA
from stromal cells) (Pefia-Llopis et al., 2012). The median mutant allele frequency (MAF)
was 0.24 (IQR, 0.18-0.49) in tumors from affected individuals versus 0.44 (0.39-0.47, p =
7.4e-14) in TGs (Figures S1B and S1C). Higher MAFs may also reflect less intratumoral
heterogeneity, and, not unexpectedly, TG analyses enabled detection of a greater number

of mutations. Although the median tumor mutation burden (TMB) in tumors from affected
individuals was 30.3 (IQR, 25.1-38.9), it rose to 49.1 (IQR, 45-56.9, p = 6.5e-13) in TGs.
A possible confounding factor is mutation acquisition with TG passage over time. WES data
from 15 TG lines with at least 2 cohorts of mice (n = 36 samples, ranging from cohort 0
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[c0]-c13) were analyzed (Figure S1D). The biggest differences in mutation numbers were
observed between c0 and c1, which, we speculate, may reflect stroma replacement and
possibly clonal outgrowth. Subsequently, TMB remained fairly constant.

Canonical driver mutations were identified with similar frequencies as in affected
individuals (Cancer Genome Atlas Research Network, 2013; Pefia-Llopis et al., 2012;
Durinck et al., 2015; Linehan et al., 2016; Davis et al., 2014; Chen et al., 2016c), albeit with
increased representation of mutations associated with aggressiveness. Summary statistics are
provided on a per-individual level (n = 84). For ccRCC (n = 65 individuals), they included
mutations in VHL (n =52, 80%), PBRM1 (n = 28, 43.1%), SETDZ2 (n = 21, 32.3%),

BAPI (n = 13, 20%), 7P53(n =8, 12.3%), and PTEN (n =7, 10.8%) (Figure 3A). Other
less frequently mutated drivers included the chromatin remodeling genes KDM5C (n =

8, 12.3%), KMT2C (n =5, 7.7%), ARID1B (n = 4, 6.2%), KMT2D (n = 3, 4.6%), and
ARIDI1A (n =1, 1.5%); the mTOR pathway genes MTOR (n =7, 10.8%), 7TSCI(n =5,
7.7%), and 7SC2(n = 2, 3.1%); as well as NF2 (n = 4, 6.2%), NF1 (n = 3, 4.6%), and
HIFIA (n = 3, 4.6%). One TG line, XP483, had a homozygous nonsense mutation (MAF,
~1) in the mismatch repair gene MLHI (XP483Tc_TGc0 and XP483Td_TGcO; Table S7).
Interestingly, the TMB of these samples far exceeded the median (691 versus 49.1) and may
reflect a unique subtype of ccRCC (Figure 3A).

WES was performed on 24 nccRCC TG lines (34 samples), including 10 uRCC, 6 tRCC, 5
pRCC, and 3 FH-deficient RCC lines (derived from 19 individuals) (Figure 3B). Although
numbers are limited, mutations in key genes included 7P53 (n = 3, 15.8%) and SETDZ2 (n
=3, 15.8%); the Hippo pathway genes FATI, FAT4, and NFZ, the SWI/SNF complex genes
PBRM1, ARID1A, and ARID1B, the mTOR pathway genes PTEN and TSCZ, as well as
regulators of the NRF2/ARE pathway KEAPI and CUL3. FH mutations were identified in 3
tumors, including one TG from an individual with a germline /4 mutation. Fusion analysis
(manuscript in preparation) of RNA sequencing (RNA-seq) data for tRCC samples revealed
translocations involving 7FEB (n = 2, 10.5%) and 7FE3 (n = 4, 21.1%). All putative somatic
mutations are shown in Table S8.

Integrated transcriptomic profiling identifies major molecular subtypes

We performed RNA-seq on 131 TG specimens from 102 lines (Table S7). A comparison
of TG transcriptomes with the corresponding tumors from affected individuals (n = 132
samples) and normal samples (n = 58) using principal-component analysis (PCA) of the
top 25% most variable genes (by coefficient of variation, n = 9,900) revealed three distinct
groups (Figure S2A). This is consistent with the notion that TGs and corresponding tumors
differ by human versus murine stroma and that transcripts from the latter are removed. We
previously leveraged this feature to empirically define a gene set corresponding to the tumor
microenvironment (n = 2,080 genes) (Wang et al., 2018). This empirically defined tumor
microenvironment (eTME) gene set led to identification of two pan-RCC clades: inflamed
and non-inflamed (Wang et al., 2018). We removed eTME genes from the top 25% most
variably expressed genes (n = 430) (Figure S2A) and performed unsupervised hierarchical
clustering of TGs (n = 116) and corresponding tumors from affected individuals (n = 121).
This analysis correctly paired TG samples with the corresponding tumors from affected
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individuals in 82.7% of cases (96 of 116) (Figure S2B). Successfully paired TGs included
tumors from late passages up to cohort 16.

Transcriptomic profiling of RCC has revealed substantial molecular heterogeneity (Chen et
al., 2016a; Brannon et al., 2010; Cancer Genome Atlas Research Network, 2013; Motzer et
al., 2020a). We merged RNA-seq from our TGs (n = 131 samples) with The Cancer Genome
Atlas (TCGA) Pan-Kidney (KIPAN) dataset, consisting of 894 RCC tumors of different
histologies. Chen et al. (2016a) previously defined 9 subgroups through multi-omics analysis
and generated an 800-gene signature that distinguishes these subtypes. Of the 9 defined
subgroups, 3 were enriched for ccRCC (CC-e.1-3), and 4 for pRCC (P-el.a/b, P-e.2, and
P.CIMP-e). The subgroups were biologically distinct and had prognostic implications (worse
survival in CCe.3 and P.CIMP-¢) (Chen et al., 2016a). To explore these transcriptomic
subgroups, we subtracted 124 genes overlapping with the eTME signature (Wang et al.,
2018) from the 800-gene list, leaving 676 genes according to which TCGA and TG samples
were analyzed using Uniform Manifold Approximation and Projection (UMAP) (Figure 4;
STAR Methods). For an interactive and searchable version, see Data S1. These analyses
revealed a good separation between TCGA ccRCC (CC-e.1-3) and pRCC (P-el.a/b, P-e.2,
and P.CIMP-¢), but the distinction among subtypes was less clear. However, TGs could be
identified corresponding to all 7 molecular subgroups. Compared with the corresponding
UTSW cohort, TG samples revealed a relative expansion of the aggressive CC-e.1 clade,

but this was not statistically significant (Figure S3A; Chen et al., 2016a). This is consistent
with the notion that engraftment in mice selects for aggressive tumors (Sivanand et al.,
2012). tRCC TG lines tended to make their own cluster reflecting unique biology. They
were close to pRCC and included a disproportionate number of uURCC. Consistent with

the unsupervised clustering analyses, samples from the same individuals tended to cluster
together.

We assessed the concordance of predicted “KIPAN clusters” between paired parent tumors
(n=121) and corresponding TGs (n = 116) (STAR Methods). Among TG samples that
could be assigned a cluster, 78 of 106 (74%) were predicted to fall within the same

cluster as their corresponding parent tumor (Figure S3B). Samples that failed to cluster
with parent tumors may represent examples of intratumoral heterogeneity. Notably, despite
limited numbers, there was a strong correlation between the predicted tumor clusters from
affected individuals and overall survival (OS). As expected, CC-e.3 and CC-e.1 had shorter
OS relative to the CC-e.2 (Figure S3C).

Application 1: Exploring and probing metabolism

ccRCC is characterized by altered metabolism, which is influenced by underlying driver
mutations. Frequent loss of VAL and subsequent alterations in hypoxia-related genes induce
the Warburg effect (Hakimi et al., 2016; Courtney et al., 2018a; DiNatale et al., 2020), but
other abnormalities likely contribute as well. We generated metabolic profiles of 134 ccRCC
TG samples from 16 TG lines: CC-e.1 (n =7), CC-e.2 (n = 3), and CC-e.3 (h = 6). A total of
119 metabolites were analyzed using liquid-chromatography-mass spectrometry (LC/MS).
Partial least-squares discriminant analysis (PLS-DA) revealed 3 clusters (Figure S4). We
generated a heatmap of the 50 most variable metabolites (Figure 5A; samples arranged by
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unsupervised clustering). Metabolic analyses separated CC-e.3 relative to CC-e.1/2. CC-e.3
was characterized by a significant increase in pyruvate, lactate, and glucose/fructose (which
were indistinguishable) and a relative decrease of aspartate. These data suggest enhanced
glycolysis and reduced oxidative metabolism in CC-e.3 tumors. Additionally, cystathionine,
an intermediate of glutathione (GSH) metabolism, was proportionally enriched in CC-e.3
(Figure 5B). These data suggest that metabolism is rewired to support aggressive tumor
growth (Chen et al., 2016a; Hakimi et al., 2016). Thus, TG models can be used to probe
differences in metabolism and to develop therapeutic interventions aiming at metabolic
pathways.

Application 2: Precision diagnostics

Given the similarities between TGs and corresponding tumors, TGs may be suited to
advance diagnostics (tissue- and imaging-based). Of particular interest to us is development
of molecular imaging probes. The PD-L1/PD-1 axis is the most exploited to date for
immunotherapy (Sharma and Allison, 2020). PD-L1, an immune checkpoint protein
expressed on the surface of tumors and other cells, is predictive of responsiveness to
PD-L1/PD-1 targeting drugs in multiple tumor types but not in RCC (Davis and Patel,
2019). This may be, at least in part, due to RCC heterogeneity, which may influence
assessments based on limited material from tumor biopsies (or the use of archival samples).
We developed a method for comprehensive, realtime, PD-L1 evaluation enabling dynamic
assessment of interventions (i.e., radiotherapy, systemic treatments) and potentially changes
associated with resistance acquisition. TGs were selected with high and low PD-L1
expression (Figures 6A and 6B), implanted in the flanks of mice, and evaluated by

positron emission tomography (PET) using a zirconium-89 (89Zr) conjugated anti-PD-L1
antibody we generated (Vento et al., 2019). The antibody, atezolizumab (ATZ), has a
mutant Fc fragment that increases its specificity. These studies (Figure 6C) provided key
pharmacokinetic (PK) and pharmacodynamic (PD) information supporting an Investigator
New Drug (IND) application (IND143266) and an ongoing clinical trial (ClinicalTrials.gov:
NCT04006522). PET/computed tomography (CT) of a study participant is shown in Figure
6D. Substantial PD-L1 heterogeneity was observed that correlated with responsiveness

to anti-PD-1/CTLA-4 combination therapy. This heterogeneity underscores the challenges
of tissue-based PD-L1 analyses. The same 89Zr conjugation process can be adapted to
other antibodies. In addition, the same platform may be used to evaluate other molecular
probes. As an example, we have developed a probe for HIF-2a by adapting a first-in-class
inhibitor (PT2385). Generated by Peloton Therapeutics in the UTSW BioCenter from
UTSW chemical leads, PT2385 is highly specific for HIF-2a (Scheuermann et al., 2009,
2013; Wallace et al., 2016; Chen et al., 2016b; Courtney et al., 2018b, 2020). By substituting
a native F atom for 18F, we generated [18F]PT2385, which we evaluated using TGs with
variable levels of HIF-2a supporting an IND (IND156933) and a second ongoing clinical
trial (ClinicalTrials.gov: NCT04989959). PT2385 is very similar to PT2977 (also called
belzutifan), which the US Food and Drug Administration (FDA) recently approved for von
Hippel-Lindau-associated tumors, including ccRCC. We speculate that [L8F]PT2385 PET
may help identify tumors most likely to respond to HIF-2a.-directed therapies.
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Application 3: Precision therapy

Mutations in the BAPZ tumor suppressor gene are associated with aggressive ccRCC, and
there is a need for new therapies (Pefia-Llopis et al., 2012; Kapur et al., 2013, 2014).

BAP1 encodes a deubiquitinase (de Cubas and Rathmell, 2018). BAP1 deubiquitinates
H2AK119Ub, regulating chromatin packing and gene expression (Scheuermann et al., 2010;
Foglizzo et al., 2018). BAP1 catalytic activity is required for its tumor suppressor function
(Pefia-Llopis et al., 2012; Forbes et al., 2017; de Cubas and Rathmell, 2018). As a tumor
suppressor protein, BAP1 is not targetable, but we reasoned that BAPI deficiency may
increase sensitivity to drugs targeting the ubiquitin conjugation cascade. In mammals,
ubiquitin conjugation is initiated by the E1 ubiquitin-activating enzyme (UAE), which is
estimated to charge more than 99% of ubiquitin (Jin et al., 2007). Recently, a UAE inhibitor
was reported, TAK-243 (MLN7243) (Hyer et al., 2018). TAK-243 has been shown to
broadly inhibit protein ubiquitination and induce proteotoxic stress (Hyer et al., 2018). We
hypothesized that BAP1-deficient tumors may be particularly sensitive to TAK-243 (Figure
7A).

To optimize TAK-243 administration to NOD/SCID mice, we performed PK analyses.

We evaluated TAK-243 at 25 mg/kg intravenously (i.v.), which was the maximal dose
reported (Hyer et al., 2018). In plasma, peak concentration (Cpax) Was significantly lower
than in humans (NCT02045095), but the area under the curve until last measurement
(AUC55t) Was substantially higher. As in other tumor types (Hyer et al., 2018), TAK-243
accumulated in RCC tumors (Figure 7B; Table S10). TAK-243 suppressed H2AK119Ub in a
BAP1-deficient (by immunohistochemistry [IHC]) RCC TG line (Figure 7C). We evaluated
TAK-243 on mice implanted with two BAPI-deficient TG lines (XP258 and XP373).
Unfortunately, TAK-243 did not affect tumor growth despite its effects on H2AK119Ub
(Figure 7D; data not shown). The lack of activity was particularly troublesome because

the plasma AUC st in mice was ~8 times higher than in humans at the maximal tolerated
dose in the phase 1 clinical trial, where serious adverse events were observed in 50% of
participants (Table S10). In addition, 50 mg/kg i.v. was too toxic in mice. Used as a positive
control, rapamycin, which is the dominant metabolite of temsirolimus, an FDA-approved
drug (Hudes et al., 2007; Brugarolas et al., 2008), suppressed tumor growth.

A resource for the scientific community

We make available our Specialized Program of Research Excellence (SPORE)-funded
UTSW KCP TG library to the scientific community. Cryopreserved TG tissue, which can
be reconstituted as described previously (Pavia-Jiménez et al., 2014), may be obtained by
submitting a request to KCPAdmin@utsouthwestern.edu. TG revival success rates range
from 40%-80%, depending on tumor growth rates and other factors. To assist investigators
with selecting the appropriate TG line(s), extensive clinicopathologic annotation is provided
(Table S5), including mouse-level histological review (Table S6). Genomic data are available
for a subset of TG lines (Table S7) and includes putative somatic mutations (Table S8) and
normalized expression data (Table S9). Finally, an interactive version of Figure 4 is also
available (Data S1). Raw WES and RNA-seq files are provided for individuals, giving their
consent through the European Genome-Phenome Archive EGA: EGAS00001005516.
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DISCUSSION

Here we describe a comprehensive ethnically and demographically diverse RCC TG library.
Over more than a decade, we transplanted tumors from over 900 individuals and generated
over 170 stable TG lines. These lines encompass significant diversity within ccRCC and
nccRCC subtypes. TG lines harbor mutations in common drivers as well as in less common
cancer genes. Compared with tumors from affected individuals from the TCGA (Chen

et al., 2016a), they represent major transcriptomic clusters. We discuss three particular
applications, one probing metabolic pathways and the other two in the areas of precision
diagnostics and therapeutics. However, the potential applications of TGs are extensive.

With respect to molecular genetics, TGs enable a deeper understanding of the mutation
landscape and hold clues regarding tumor evolution. Because the stroma is replaced by the
host, TG analyses enable mutation characterization specifically in tumor cells. Coupled with
the fact that TG lines are generated from small tumor areas, which tend to be uniform,

TGs offer greater sensitivity for mutation detection and greater MAF accuracy (Pefia-Llopis
etal., 2012). Indeed, TG MAFs approximated 0.5, the value expected for heterozygous
mutations. The heightened MAF accuracy facilitated tracing evolution. For instance, a MAF
of 0.3 may indicate a mutation in an area of duplication, which, if found in the amplified
DNA segment, is likely to have occurred after duplication (Pefia-Llopis et al., 2012). Such
approaches can be valuable to infer mutational event sequence (Mitchell et al., 2018).

In addition, TGs can be used to characterize the tumor stroma. They enabled the first
empirically generated RCC TME gene expression signature (Wang et al., 2018). This led
us to discover two pan-RCC TME types: an inflamed and an uninflamed type (Wang et al.,
2018). Inflamed tumors were enriched for BAPI mutations, suggesting that inflammation
is linked to genotype and specifically BAP1. Tumor-induced inflammation appears to
extend beyond the TME, and we discovered an association between inflamed tumors with
thrombocytosis and anemia (Wang et al., 2018), two indicators of systemic inflammatory
conditions (Kawai and Akira, 2010). Thrombocytosis and anemia are used in clinical
practice to evaluate RCC prognosis (Heng et al., 2009), and their link to an inflamed TME
provided a potential explanation for why they may be associated with poor outcomes. The
data suggest that inflamed tumors are more aggressive. It is also interesting that the TME
gene signature can help discriminate among subtypes. Indeed, a significant subset of the
TCGA KIPAN classifier are eTME genes (124 of 800 genes).

Identification of inflamed and uninflamed RCC subtypes may have implications beyond
prognosis. Inflamed tumors may be associated with greater response to immune checkpoint
inhibitors (ICIs). Recent data identified a link between BAPI loss and reactivation of human
endogenous retroviruses, which could contribute to ICI responsiveness (Panda et al., 2018).
Furthermore, sarcomatoid tumors, which exhibit higher sensitivity to ICIs (Tannir et al.,
2021), are enriched in BAPIZ mutations (Bakouny et al., 2021). Conversely, uninflamed
tumors may be characterized by resistance to ICIs (McDermott et al., 2018). Uninflamed
tumors are enriched for angiogenesis markers (Wang et al., 2018) and may be more
responsive to inhibitors of angiogenesis. This is the case for RCCs that metastasize to
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the pancreas, which are enriched for PBRM1 mutations and may be more responsive to
angiogenesis inhibitors (Singla et al., 2020).

RCC TGs may also enable studies of metastasis tropism. RCC is known for a wide

range of metastasis destinations, and several destinations are encompassed in our library.
Furthermore, inasmuch as some TGs grow subcutaneously as well as orthotopically (Table
S5) but others only orthotopically, TGs offer the opportunity to study tissue factors that
influence engraftment. Along these lines, tumors with PBRMI mutations are able to engraft
in the pancreas (Singla et al., 2020). Although the extent to which PBRMI1 mutations
facilitate pancreatic engraftment remains to be determined, our studies across implantation
sites (subcutaneous tissue, kidney, and pancreas) suggest that different organs may support
engraftment to different extents. In-depth studies of tropism, however, may require strains
other than NOD/SCID mice, where metastases do not routinely develop. Others have
reported that TGs metastasize in more immunocompromised strains (Grisanzio et al.,
2011; Moserle et al., 2020). If the pattern of metastases in individuals were reproducible
in these strains, they would offer a relevant model to study metastasis tropism. More
immunocompromised mouse strains (such as Rag2; yc-deficient mice) may also enable
higher engraftment rates, broadening the tumor repertoire.

One of the advantages of our TG program is its being supported by an institutional review
board (IRB) protocol that allows preservation of links to corresponding affected individuals.
Therefore, we were able to determine that TGs also reproduce paraneoplastic syndromes
(Sivanand et al., 2012). Paraneoplastic hypercalcemia (Sivanand et al., 2012) as well as
polycythemia (unpublished data) are preserved in TGs. In addition, inasmuch as some TGs
induce weight loss in their hosts but others do not, TGs may offer an experimental system
to dissect cancer-induced cachexia. Furthermore, species differences between the tumor and
host could be exploited to isolate wasting factors/cytokines and to test interventions such as
neutralizing antibodies.

By selecting for aggressive tumors able to thrive in a different organism, TGs may also
enable studies of determinants of aggressive biology. Our TGs are enriched for alterations
of aggressive disease, such as mutations in BAPZ, mTOR pathway genes, and 7P53.
Comparative studies may be performed of engrafted and non-engrafted tumors to further
elucidate novel biology. This question may be particularly relevant to small renal masses
(SRMs). Most SRMs do not metastasize, justifying active surveillance approaches, but

a small number do. However, how these SRMs differ is not well understood. Because
engraftment selects for particularly aggressive tumors, the analyses of SRMs engrafting in
mice may help identify and probe determinants of aggressiveness. Another setting where
engraftment may prove particularly useful is in the characterization of low-grade tumors.
Although the majority of tumors that engrafted were of high grade, a few low-grade tumors
were identified, which could be used to identify determinants of aggressiveness.

Although distinct driver mutations contribute to the clinical variability observed within
RCC, they do not fully account for it. This variability may be further captured through
gene expression analyses (Ricketts et al., 2018; Clark et al., 2019; Durinck et al., 2015;
Cancer Genome Atlas Research Network, 2013, 2016). We have developed approaches
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enabling successful integration of human RCC subtypes with TGs by focusing on the tumor
cell transcriptome. Merging our TG library transcriptomic signature with the corresponding
signature in the TCGA dataset (Chen et al., 2016a) allowed identification of TG lines
representative of unique human molecular subtypes. Although there was relative enrichment
for aggressive subtypes, representative lines of all 7 pRCC and ccRCC molecular subgroups
were identified.

TGs extend analyses of metabolite abundance (metabolomics) of samples from affected
individuals. Inasmuch as TGs can be readily processed and are not subject to the delays
associated with surgeries or other confounding variables (i.e., ischemia), they may more
faithfully reproduce at least some aspects of RCC metabolism (Neumeister and Juhl, 2018).
TGs also enable study of how tumors utilize particular nutrients. TG-bearing mice can

be infused with stable isotope-labeled nutrients to determine pathway utilization (Jang et
al., 2018). These studies can help prioritize tracers for subsequent analyses in affected
individuals and may serve as fertile ground for testing metabolism-directed interventions in
appropriate tumor clades.

Another application of TGs is in precision diagnosis. Tumors with differential target
expression can be implanted simultaneously in mice, enabling direct assessment of tracer
specificity and reducing confounding from analyses in different mice. TG-bearing mice
enable dynamic analyses of radiotracer accumulation over time as well as comparative
analyses with other organs. TGs therefore assist with identification of appropriate imaging
protocols and optimal readouts for subsequent trials in humans. TGs can also assist with
diagnostics by providing renewable tissue sources for IHC analyses. Today, the workhorse
of pathology is still IHC. IHC studies demand antibodies with no cross-reactivity, and
their validation is a challenge. Tools available in research labs, such as small interfering
RNA (siRNA) or gene editing, have limited application in clinical pathology. Thus,
pathologists often resort to tissues from organs not known to express the particular

target protein. However, utilization of such tissues also undermines the intended goal
because these tissues may similarly not express potentially cross-reactive proteins. Thus,
TG samples with mutations leading to loss of expression of particular proteins can be
instrumental in establishing the specificity of antibodies. In addition, TGs can be used

to expand genomically characterized tumor samples that can replenish stocks and aid in
IHC development or serve as controls for IHC runs. As an example, we leveraged this
platform to validate an IHC test that can distinguish BAP1 mutant and wild-type tumors
with high sensitivity and specificity (Pefia-Llopis et al., 2012; Kapur et al., 2013). This
has been shown to be prognostic and has led to incorporation of the test in our clinical
laboratory improvement amendments (CLIA)-certified clinical pathology lab (Joseph et al.,
2014; Kapur et al., 2014).

Our platform, which contains extensive clinical, histologic, genomic, and transcriptomic
annotation, can be utilized to identify subtypes of interest for preclinical drug trials. We
exemplified this by evaluating the UAE inhibitor TAK-243 in BAPI-deficient ccRCC (Hyer
et al., 2018; Wertz and Wang, 2019). PK and PD testing demonstrated plasma concentrations
in mice greater than in humans (NCT02045095) and intratumoral UAE inhibition. Despite
this, TAK-243 was ineffective. TG lines may also be used to evaluate chemicals or drugs

Cell Rep. Author manuscript; available in PMC 2022 January 17.


https://clinicaltrials.gov/ct2/show/NCT02045095

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Elias et al.

Page 13

emerging from screens (Wolff et al., 2015; Chen et al., 2016b; Ingels et al., 2014; Cho

etal., 2016; Zhao et al., 2017; Elbanna et al., 2020). As an example, following up on a
chemical genetic screen that identified homoharringtonine as synthetic lethal with VHL loss,
the drug was repurposed against ccRCC in TGs (Wolff et al., 2015). We identified several
TGs with potentially actionable mutations. They included a pRCC line with a BRAFV600E
mutation (XP156) as well as several TG lines with BRCA1/BRCAZ mutations (Table S8).
Although these mutations are rare in RCC, they may predict responsiveness to drugs already
approved by the FDA for other indications (Paluch-Shimon and Cardoso, 2021; Zaman et
al., 2019). We also identified a TG line (XP483) with a homozygous ML HI mutation that
had a high tumor mutational burden, suggesting a mismatch repair defect. The TG and

the corresponding parent tumor expressed high levels of PD-L1 consistent with the unique
sensitivity of these tumors to PD-1/PD-L 1-targeted therapies (Mouw et al., 2017). The TG
platform can also be used to identify predictive biomarkers (Chen et al., 2016b). In addition,
because TGs appear to be a more suitable source for efficient generation of tumor cell

lines (Borodovsky et al., 2017), they can be used to expand the number of RCC cell lines
available for /n vitro drug screens or other studies.

TGs can also be used to dissect mechanisms of drug action. In particular, TGs enable
dissecting the effects of drugs on tumor versus stroma and assessing the relative contribution
of each to the drug effect. Inasmuch as the system involves two independent components
—tumors from affected individuals and host mice— and both are amenable to genetic
manipulation, the relative contribution of particular targets in one or another compartment to
drug efficacy can be ascertained (unpublished data).

Another potential application is in the study of mechanisms of resistance. As an example, we
reported that, by subjecting TG-bearing mice to prolonged therapy with a HIF-2a inhibitor,
acquired resistance developed, resulting in acquisition of a gatekeeper mutation in HIF-2a.,
which we later validated in patients (Chen et al., 2016b; Courtney et al., 2020). TGs can also
extend studies of acquired resistance by using tumor samples collected after progression in
affected individuals. Indeed, our library contains 30 TG lines from metastases of individuals
treated previously with a variety of systemic therapies (Table S1).

Limitations of the study

There are noteworthy limitations to using TGs, however. (1) TG models are established

in immunocompromised mice. This limits their utility for evaluating the efficacy of
immunotherapy. However, TGs may be suitable for evaluating adoptive T cell transfer ex
vivo (Kashima et al., 2020), which is an emerging approach (Majzner and Mackall, 2019).
(2) Repeated passaging has the potential to result in genomic drift and development of
mutations over time (Ben-David et al., 2017). Notably, however, among different tumor
types, RCC TGs are among the most stable (Ben-David et al., 2017), and this is consistent
with our previous (Pefia-Llopis et al., 2012; Sivanand et al., 2012; Wang et al., 2018) and
current results. (3) TGs do not capture intratumoral heterogeneity (Turajlic et al., 2018a).
However, this also furnishes the opportunity to dissect tumor heterogeneity by characterizing
TGs derived from different regions of a tumor.
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TG models play an integral role in advancing research in kidney cancer and other tumor
types. By sharing our comprehensive RCC TG platform and extensively discussing potential
applications, we hope to pave the way for further advances to ultimately benefit affected
individuals, who, by gifting their tumors, set the foundation of our UTSW KCP TG
platform.

STAR*METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, James Brugarolas
(James.Brugarolas@UTSouthwestern.edu)

Materials availability—Cryopreserved tumorgraft tissue can be obtained by submitting a
request to (KCP@utsouthwestern.edu).

Data and code availability—Tumorgraft sample raw sequencing data files (WES and
RNaseq) for patients providing consent (n = 121 samples) (see Table S7) have been
deposited to the European Genome-phenome Archive (EGA). Data can be accessed at the
following EGA Study ID: EGAS00001005516. All code used to analyze the data is listed
in the key resources table and is publicly available. Any additional information required to
reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects—Patients enrolled in the study provided written consent allowing the
use of discarded surgical samples for research purposes including genetic studies according
to an Institutional Review Board-approved protocol. Eligible patients were prospectively
enrolled between January 1, 2008 and December 31, 2019. A total of 148 patients were
included in this study. All clinicopathologic characteristics were collected prospectively in a
centralized database, a deidentified version of which is made available in Table S5.

Animal models—Typically, 4- to 6-week-old male or female non-obese diabetic/severe
combined immunodeficient NOD.CB17-Prkdcs¢id (NOD/SCID) mice (obtained originally
from the UTSW Breeding Core) were implanted with tumor samples for TG generation.
Animals were housed in laminar flow cages maintained at 22 °C, under a 12-hour light /
dark cycle. The mice were permitted free access to tap water and commercialized food,
throughout the experiment. Tumorgraft studies were based on our approved protocol by

the University of Texas Southwestern Medical Center Institutional Animal Care and Use
Committee (IACUC) in compliance with the United States Public Health Service Standards
and National Institute of Health guidelines.

METHOD DETAILS

Nomenclature and annotation—Detailed explanations can be found in Table S4. All
TG lines are denoted by an “XPID,” which consists of numeric values following “XP.”
An “XPID” corresponds to a TG line derived from a particular sample from a patient
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(i.e., tumor, thrombus, etc.), and several “XPIDs” may be derived from a single patient. A
unique patient ID “PatientID” is assigned corresponding to all the TGs (XPIDs) derived
from the same patient, and it is typically the first “XPID” established for the particular
patient (this “XPID” generally corresponds to the nephrectomy tumor sample, though there
are exceptions). Samples used for genomic sequencing are labeled with a “SamplelD” which
utilizes the “Root Tree” nomenclature format (see Table S4). This format was designed so
that one could easily identify samples from the same patient, the source of the sample, and
the TG cohort. Accordingly, the “SamplelD” contains information regarding the source of
the tumor (N, Normal; T, Tumor; Thp/d, Thrombus Proximal/Distal; M, Metastasis), the
tissue type (TG, Tumorgraft), the mouse cohort (i.e., c0, c1, c2).

Tissue processing and implantation—Surgical schedules were screened weekly for
RCC patients undergoing tumor excisions or biopsies. Inclusion criteria were largely based
on imaging and included multiple primaries, recurrent tumors, evidence of local invasion,
lymphadenopathy, or distant metastasis. For TLINOMO and T2NOMO primary tumors a size
threshold of = 5¢cm was initially used between 2008-2012, = 7 cm between 2013-2014,
and = 10 cm from 2015 onward. We adopted these criteria to select for tumors with

higher chances of engraftment (Sivanand et al., 2012). Patients were excluded if they

were known to be positive for hepatitis B virus, hepatitis C virus, HIV, or methicillin-
resistant Staphylococcus aureus (MRSA). Tumors having previously undergone radiation
were generally excluded. Luminal metastases in the colon or the airway were also generally
excluded from implantation in mice to avoid bacterial contamination.

Tumors were typically processed within 2-3 hours of surgical removal. Processing was
conducted under sterile conditions to minimize contamination. Tumors were placed in 1%
(vol/vol) penicillin-streptomycin (pen-strep) solution in phosphate-buffered saline, and cut
into 8 to 27 mm? fragments for: (i) implantation into mice (~15 fragments with a diameter
of 2 mm; 2-3 per mouse), (ii) long-term preservation in DMSO (~30 fragments of 2 mm),
(iii) histological staining (Formalin Fixation and Paraffin Embedding, FFPE) (3-5 mm
fragments), and (iv) flash freezing (FF) for molecular studies (1-2 fragments of 5 mm), as
described previously (Pavia-Jiménez et al., 2014) and illustrated in Figure 1.

Tumors were implanted orthotopically under the renal capsule as previously described
(Pavia-Jiménez et al., 2014). Tumor growth was typically assessed once weekly by
physical examination. When tumors reached ~20 mm in greatest diameter or mice

became ill, euthanasia was performed according to IACUC procedures. Alternatively, mice
were euthanized at ~140 days following tumor implantation if no tumor growth was
appreciable. At the time of mouse death or euthanasia, tumors were routinely explanted
and examined histologically by a genitourinary pathologist, and screened for evidence of
lymphoproliferative tissue (P.K.). Tumors were passaged serially into subsequent cohorts
of NOD/SCID mice orthotopically. Biobanking (as described above) with simultaneous
DMSO cryopreservation, as well as FF and FFPE, occurred at the time of tumor passaging
(Pavia-Jiménez et al., 2014).

Stable engraftment was defined as histologically confirmed growth in two subsequent
cohorts of mice (i.e., tumor growth in c0 and c1). TG lines that demonstrated substantial
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growth in c0 but were not implanted into c1 for technical reasons (i.e., infection risk,
colony size, etc.) were included if the collected tumor in cO was > 1cm in diameter.
Information regarding each mouse was maintained in a database and updated in real time
including: tumorgraft number, cohort, and (at the time of mouse death) tumor size, number
of mice passaged, and tissue storage. As NOD/SCID mice develop thymoma as they age
(Pavia-Jiménez et al., 2014), presence of thymic enlargement was also recorded.

Relevant clinicopathological information, including demographics, treatment history, and
path report details (included in Table S5) was inputted at the time of implantation using the
electronic medical record and pathology report. Tumor staging was evaluated according

to the American Joint Committee on Cancer staging guidelines at the time of tumor
extraction. Survival data used in Figure S3C was obtained using Kidney Cancer Explorer,
an Institutional Review Board-approved, i2b2-based queryable database that integrates
clinicopathologic data automatically extracted from the electronic medical record sponsored
by the UTSW Kidney Cancer Program and the Lyda Hill Department of Bioinformatics
Core Facility.

Tissue processing for genomic studies—Flash frozen samples preserved at —80°C
were processed while on dry ice. Tumor content was inferred through pathological analyses
of flanking sections oriented using pathology dyes (StatLab Medical Products). Samples
were selected on the basis of tumor content (> 70% tumor nuclei) and viability (absence

of necrosis). Nucleic acid was extracted and purified from fresh frozen tumorgraft tissue

as previously described (Pefia-Llopis and Brugarolas, 2013). Briefly, DNA and RNA

were simultaneously extracted and purified using AllPrep DNA/RNA Mini Kit (QIAGEN,
80204). Nucleic acid yield and quality were assessed using a NanoDrop ND-1000
spectrophotometer. RNA quality was further evaluated by quantifying the abundance of
ribosomal RNA fractions with Experion (Bio-Rad) and/or Agilent 2100 Bioanalyzer.

Whole exome sequencing (WES)—Extracted DNA from tumorgraft tissue with
adequate quality was submitted to Genentech (n = 122 samples) or the New York Genome
Center (n = 3 samples) for WES. Sequencing was conducted using the HiSeq2500 platform
(Illumina) to generate 2 x 75-bp paired-end data (Durinck et al., 2015). In order to remove
contaminating mouse reads from tumorgraft Exome-seq libraries, reads were aligned to

a concatenated reference by merging human reference (GRCh38) and mouse reference
(GRCh38m) genomes by BWA-MEM (Li and Durbin, 2009; Jo et al., 2019). Reads aligned
to mm210 were removed (Jo et al., 2019), and remaining reads underwent subsequent
processing by Samtools (Danecek et al., 2021) and Picard (https://broadinstitute.github.io/
picard) to ensure proper file formatting and to mark duplicates. Alignments were then
recalibrated and realigned using GATK (DePristo et al., 2011; McKenna et al., 2010; Van
der Auwera et al., 2013). A median coverage post-mouse read filtration of ~85X and
~105X was achieved for exome libraries of tumorgraft and normal samples respectively.
To detect somatic variants, we used MuTect2 (Cibulskis et al., 2013), FreeBayes (Garrison
and Marth, 2012), and Strelka2 (Kim et al., 2018). To further remove contaminating mouse
alleles, we filtered out recurrent human aligning mouse alleles (HAMA) (Jo et al., 2019).
To filter false positive calls in tumorgraft samples, we employed the following filtering
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method: variants were removed if any of the following criteria were met: (1) there were
less than 8 supporting alternative reads; (2) there were less than 10 total reads; (3) minor
allele frequency was less than 0.15; or (4) variant was predicted by only a single variant
calling tool. VCF2MAF (https://github.com/mskcc/vcf2maf) was used to annotate SNV,
indels, and protein sequence changes. Finally, in order to identify possible disease-causing
variants in Table S8, we removed variants in noncoding regions and those in known repeat
regions. A MAF cutoff of 0.05 was used in Figure S1B for a comparison of MAF between
paired TGs and parent tumors. Oncoprints in Figure 3 were generated using the R package
“ComplexHeatmap” (Gu et al., 2016). Samples originating from the same patient with
discrepant mutation calling in driver genes were manually reviewed using the integrated
genome viewer (IGV) (https://software.broadinstitute.org/software/igv/). Mutations detected
in IGV but filtered (typically due to low sequencing depth) were included in the figure and
annotated as such, but are not annotated in Table S8. “Multihit” mutations were defined as
non-adjacent or overlapping indels or SNVs occurring within a single gene per sample.

RNA sequencing—The libraries were multiplexed three per lane and sequenced on a
HiSeq2500 platform to obtain, on average, ~150 million paired-end (2 x 75-bp) reads

per sample (Durinck et al., 2015). In order to remove contaminating mouse reads from
tumorgrafts, reads were aligned to a concatenated reference by merging human reference
(GRCh38) and mouse reference (GRCh38m) genomes by hisat2 (Kim et al., 2019). Reads
aligned to the mouse genome were removed (Jo et al., 2019). Abundance of genes was
determined using FeatureCounts (Liao et al., 2014) and GENOCODE 33 (Frankish et al.,
2019). Transcripts per million (TPM) values were calculated from gene read counts. TPM
values were then log, transformed.

Gene expression analyses—TPM values from TG samples and matching primaries and
normal samples were pooled. Genes with a TPM value of 0 in 80% or more of samples
were removed (n = 17,534 resulting in 39,600). The top 25% most variable genes (by
coefficient of variation) were selected (n = 9,900), and principal component analysis (PCA)
was performed. In order to directly compare tumor and tumorgraft samples, overlapping
eTME genes (Wang et al., 2018) (n = 430) were removed, and PCA was performed on the
expression data of the remaining 9,470 genes. Hierarchical clustering was performed in this
gene space using Pearson Correlation and Ward’s linkage and the resulting dendrogram was
visualized. All analyses were done in R v4.03.

Count data for TCGA tumor samples utilized in generation of the KIPAN gene signature
(Chen et al., 2016a) were accessed through the Genomic Data Commons Data Portal
[https://portal.gdc.cancer.gov]. TPM values were calculated from counts, and expression
data from TCGA samples and UTSW TG and corresponding patient tumor samples were
pooled on the basis of the 800 genes comprising the KIPAN gene signature (Chen et al.,
2016a). Values were then log, transformed and subjected to batch effect removal (i.e.,
TCGA versus UTSW) via the “ComBat”function of the “SVA”R package (Leek et al.,
2012). Sample histology (ccRCC, pRCC, chRCC) was used as the covariate in the model
matrix. In order to compare the tumor specific transcriptome, overlapping eTME (Wang
et al., 2018) genes (n = 124) were removed, and the resulting 676 genes were used in
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downstream analysis. Uniform Manifold Approximation and Projection (Package “umap”;
https://cran.r-project.org/web/packages/umap) algorithm was then used to transform the data
to a 2-dimension map for visualization and analysis. We used the default parameters for
UMAP with the exception of “n_neighbors” which was set to 50 to reduce spurious
clustering. For visualization purposes, TCGA chRCC samples (n = 77/896) were filtered

out from Figure 4 and Data S1. An interactive plot (Data S1) was generated using the
“plotly” package (https://plotly.com/r/). UTSW samples were assigned a predicted “KIPAN
cluster” on the basis of the most frequent cluster within a perimeter of n = 15 neighbors. For
samples where there was a tie for the most frequent neighbor (i.e., equal numbers of the top
two clusters among the 15 nearest neighbor) the sample was coded as indeterminate (Figures
S3 and 5). For survival analysis, a patient was assigned the most aggressive cluster identified
in the corresponding samples. All analyses were done in R v4.03.

Metabolomics—Metabolomic analyses were conducted in multiple TGs and normal
kidney tissues from 16 individual orthotopically-implanted lines. 1-3 biological replicates
were obtained from each TG line, and each biological replicate was further divided into

3 technical replicates for a total of 134 samples. Samples were snap-frozen in liquid
nitrogen within 3 minutes of sacrificing the animal to minimize metabolite alterations.
Subsequently, they were weighted (~30mg) and homogenized in 80% methanol in water.
Supernatants were dried overnight and reconstituted in 100 pL of 0.03% formic acid.
Reconstituted samples were analyzed in AB QTRAP 5500 liquid chromatography/triple
quadrupole mass spectrometer (Applied Biosystems SCIEX, Foster City, CA) (Chong et
al., 2019). Peak integration was performed using the MultiQuant software version 2.1. The
relative abundance of each metabolite was calculated by normalizing the area under the
curve for all metabolites to total ion count (TIC) in each sample as previously described
(Mullen et al., 2014). Raw data were further analyzed using Metaboanalyst 4.0 (Chong

et al., 2019). Log, median normalized TIC values were used for Partial least-squares -
discriminant analysis (PLS-DA) using R v4.03 (A.K.).

Immunohistochemistry (IHC)—IHC was performed on TGs using Dako Autostainer
Link 48 as previously described (Sivanand et al., 2012). Primary antibodies were obtained
from BioCare (PD-L1, 1:300 dilution, ACI 3171A). Standardized positive and negative
controls were utilized for PD-L1 immunostaining.

Synthesis of radiolabeled atezolizumab—The humanized monoclonal antibody
(mAb) Atezolizumab (ATZ; Tecentrig®, 60 mg/mL) was obtained from the UTSW
pharmacy. In house synthesis of zirconium radiolabeled ATZ (89Zr-ATZ) was performed
as previously described (Vosjan et al., 2010). Briefly, the ATZ buffer solution was replaced
with 1X PBS (Sigma Aldrich) using Amicon 50 kDa centrifuge columns (EMD Millipore).
This solution was diluted with 0.1 M sodium carbonate (pH ~9) and conjugated with

the chelator p-SCN-Bn-Deferoxamine (DFO) dissolved in anhydrous dimethyl sulfoxide
by gentle mixing at 300 rpm for 45 min at room temperature. The resultant DFO-ATZ
conjugate was purified using Amicon 50 kDa columns and stored in 0.2 M HEPES pH ~7
at —80°C until use. The radionuclide 89Zr was produced at the UTSW Cyclotron Research
Program by a 89Y(p,n)89Zr reaction upon cyclotron bombardment of a yttrium foil solid
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target (Alfa Aesar), followed by separation, purification and elution of 8Zr in 1 M oxalic
acid. The DFO-ATZ was subsequently radiolabeled with 89Zr by first neutralizing the
897r-oxalate to pH ~7 using 2 M sodium carbonate and 5 M sulfuric acid, then mixing with
DFO-ATZ solution at specific activity of ~5 mCi/mg DFO-ATZ and incubating for 40 min
on a shaker (at 300 rpm at 21°C). This resulted in crude 89Zr-ATZ, which was purified

by Zeba®(Pierce Biotechnology) spin columns and eluted in 0.2 M sodium acetate with 5
mg/mL gentisic acid (pH 5.5). Purified 89Zr-ATZ was subjected to quality control analyses
prior to release for use.

Mouse 89Zr-ATZ PET studies—TGs were selected on the basis of PD-L1 expression by
immunohistochemistry (IHC). Mouse PET imaging was performed using Siemens Inveon
PET/CT Multi-Modality system with an effective spatial resolution of 1.4 mm at the center
of field of view (FOV). The mice received 100 uCi of 89Zr-ATZ intravenously via tail vein
injection. PET imaging was performed ~7 days post injection while mice were sedated with
1.5% isoflurane. PET images were reconstructed into a single frame using the 3D Ordered
Subsets Expectation Maximization (OSEM3D/MAP) algorithm.

Human 89Zr-ATZ PET/CT—Images were acquired on a Siemens Biograph mCT scanner
from participants in the clinical trial “89Zr-DFO-Atezolizumab Immuno-PET/CT in
Patients with Locally Advanced or Metastatic Renal Cell Carcinoma” (NCT04006522;

Pl, Brugarolas). Subjects were scanned from the skull base to mid-thigh, 6—7 days post-
injection. Emission scans were obtained in 3-D mode for 7 minutes per position. CT was
performed for attenuation correction and anatomic localization. A low dose CT scan was
acquired using the manufacturer’s CARE DOSEA4D protocol. Images were reconstructed
with a 500mm field of view into a 128 x 128 matrix using iterative ordered-subset
expectation maximization (8 iterations; 12 subsets).

Pharmacokinetic studies of TAK-243 in NOD/SCID mice—6-week-old NOD/SCID
mice bearing subcutaneous TGs were used for pharmacokinetic (PK) analysis. They were
administered a single 1V dose of 25 mg/kg of TAK-243 formulated in 20% DMSO and 80%
2-Hydroxy-p-cyclodextrin (0.1 ml/mouse). Whole blood, kidney, and tumor samples were
collected at 15 min, 24 hr, 48 hr and 72 hr into acidified citrate dextrose (ACD) treated
tubes. Plasma was processed from whole blood by centrifugation for 10 min at 9,600x g. All
tissues (kidney and tumor) were washed with PBS, then weighed and snap frozen in liquid
nitrogen. Tissues were homogenized in 3x volume of PBS by weight. Aliquots of plasma or
tissue homogenates were cleared of protein by mixing with a two-fold volume of methanol
containing 0.15% formic acid and 18.75 ng/ml n-benzylbenzamide internal standard (IS)
followed by vortexing and centrifugation to pellet precipitated protein. TAK-243 levels in
the resulting supernatant were measured by LC/MS using a Sciex 4000QTRAP coupled to
a Shimdzu LC. Standards, prepared by spiking blank plasma or tissue homogenates from
un-injected mice with varying concentrations of TAK-243, were processed following the
same procedure. Chromatography conditions were as follows. Buffer A consisted of water
+0.1% formic acid and Buffer B consisted of methanol + 0.1% formic acid. The column
flow rate was 1.5 ml/min using an Agilent C18 XDB, 5 micron packing 50 X 4.6 mm size
column. The gradient conditions were: 0.01 — 1.0 min, 3% B; 1.0 — 1.5 min, increase to
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100% B; 1.5 - 3.0, hold 100% B; 3.0 — 3.1 min, gradient decrease 3% B, 3.1 — 4.0 hold
3% B. TAK-243 was detected in MRM mode by following the precursor to fragment ion
transition 520.033 to 242.00. N-benzylbenzamide (transition 212.1 to 91.1) was used as an
internal standard. A value 3-fold above the signal obtained from blank whole blood was
designated as the limit of detection (LOD). The limit of quantitation (LOQ) was defined as
the lowest concentration at which back calculation yielded a concentration within 20% of
theoretical and which was above the LOD. The LOQ for TAK-243 was 1 ng/ml for tissues
and 0.5 ng/ml for plasma. In general, back calculation of points yielded values within 15%
of theoretical over five orders of magnitude (1 ng/ml to 10,000 ng/ml). Pharmacokinetic
parameters were calculated in sparse sampling mode using the noncompartmental analysis
tool of WinNonlin (Pharsight Corporation).

Pharmacodynamic studies by western blot—Western blot was conducted on tumor
derived from vehicle and TAK-243 treated groups using previously described protocols
(Pefia-Llopis et al., 2012). Briefly, excised tumor was mechanically dissociated then washed
with PBS and lysed in lysis buffer [50 mM Tris-HCI (pH 7.4), 250 mM NacCl, 0.5% Igepal]
supplemented with protease inhibitors [0.1 uM aprotinin (USB), 0.02 mM leupeptin (USB),
0.01 mM pepstatin (USB), 0.5 mM benzamidine (Sigma), 0.5 mM PMSF (Sigma), 0.01

M NaF (Sigma)] and phosphatase inhibitors [2 mM imidazole (Sigma), 1.15 mM sodium
molybdate (Sigma), 1 mM sodium orthovanadate (Sigma), 5 nM microcystin (Calbiochem)]
for 10 minutes at 4°C. Lysates were cleared by centrifugation at 16000 g for 10 minutes,
and protein concentration was measured by Bradford’s method (BioRad). Protein lysates
were supplemented with 3x SDS-loading buffer (6.7% SDS, 33.3% glycerol, 300 mM DTT,
bromophenol blue) and denatured by boiling for 10 minutes. Similar amounts of protein
were resolved by SDS-PAGE, transferred to a nitrocellulose membrane (BioRad), blocked
with 5% milk in TBST (10 mM Tris-HCI, 15 mM NacCl, 0.1% Tween-20) and probed for
the desired primary antibodies followed by appropriate secondary antibodies conjugated to
HRP and the signal was detected by chemiluminiscence [mixing 1:1 solution 1 (2.5 mM
luminol, 0.4 mM pCoumaric acid, 0.1 M Tris-HCI) and solution 2 (0.015% H202, 0.1 M
Tris-HCI)]. Primary antibodies were purchased at Cell Signaling: ubiquityl-Histone H2A
(Lys119) antibody (Cat ID: 26498, 1:1000 dilution) and ubiquityl-Histone H2B antibody
(Lys120) (Cat ID: 5546, 1:1000 dilution)

Drug trials—Tumor fragments from stable TG lines were implanted subcutaneously in ~4—
6 week-old NOD/SCID mice. When tumor volumes reached ~300 mm3, mice were allocated
into different treatment groups as previously described (Sivanand et al., 2012; Pavia-Jiménez
et al., 2014). TAK-243 (MLN7243) (Chemietek) was administered 1V every 72 hours at 25
mg/kg in 20% 2-hydroxypropyl-p-cyclodextrin (HPBCD). Rapamycin (positive control) was
administered intraperitoneally at 0.5 mg/kg in 5% ethanol, 5% PEG400, 5% Tween 80, and
85% D5W every 48 hours. Mouse weight and tumor volumes were typically assessed three
times per week. Tumor volume was measured using calipers and calculated as previously
reported (Pavia-Jiménez et al., 2014). Data are reported as tumor means + SD.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Baseline clinicopathologic characteristics were summarized for patients from whom TG
models were successfully generated using descriptive statistics. For most WES and RNAseq
analysis, results were descriptive. WES analyses: Comparative analysis of tumor mutational
burden and median allele frequency was performed using paired Wilcoxon signed rank test
(Figures S2B and S2C). Analysis of tumor mutational burden and cohort was performed
using linear mixed modeling controlling for inter-TG line variability (Figure S2D).
Metabolomics: The most variable metabolites among groups were selected by analysis of
variance (ANOVA) comparing the three groups utilizing a Benjamini-Hochberg adjusted

p value of 0.05. Statistical significance of differences in relative metabolite concentrations
among groups was calculated using a mixed model with a compound symmetric covariance
structure of the log2 transformed metabolites shown in the pathway map (Figure 5B). All
statistical analyses were performed in R v4.03 by a dedicated biostatistician (A.C.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Generation of a large PDX library from a diverse population

The PDX library is characterized by next-generation sequencing (exome and
RNA-seq)

Interactive tool for selecting TG lines representative of RCC molecular
subtypes

Precision diagnostics and therapeutic applications illustrated
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Figure 1. UTSW KCP TG platform
Tumorgraft (TG) lines derived from primary tumors or metastases were generated through

orthotopic implantation of additive-free fragments into the kidney of NOD/SCID mice. As

the TGs grew, they were passaged into subsequent cohorts. Stable engraftment was defined
as histologically confirmed tumor growth following passage through at least two cohorts of
mice (i.e., c0 and c1). Biobanking (formalin fixation and paraffin embedding [FFPE], flash
freezing [FF], and DMSO cryopreservation) occurred at the time of initial tumor collection
and following explantation of TG lines. This resource has broad applications ranging from

exploration of tumor biology to development of novel therapies.
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Figure 2. Clinical and histological RCC diversity of the TG platform
(A) Overview of the UTSW patients from whom the TG library was generated, including

demographics and treatment history (prior to sample acquisition). An entry is included for
each TG line, even when from the same individual (172 TG lines corresponding to 148
individuals). 2Excludes one individual with unknown ethnicity. PRefers to multiple classes of
therapies. ®Includes both immune-checkpoint inhibitors as well as interleukin-2.
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(B) Overview of tumor source, histological subtype, grade, and sarcomatoid/rhabdoid status
(n = 172). 9Includes two TG lines derived from direct invasion into the adrenal gland. €Totals
are greater than 172 because of TG lines where multiple grades were noted.

(C and D) Comparative patient tumor and TG H&E sections demonstrating feature
preservation in ccRCC (C) and nccRCC (D). AlI-AN, American Indian/Alaskan Native;
ccRCC, clear cell RCC; FhdRCC, FH-deficient RCC; 10, immune-oncology therapies; LN,
lymph node; Met, metastasis; mTORi, mTOR inhibitors; pRCC, papillary RCC; Sarc/Rhab,
sarcomatoid/rhabdoid; SBRT, stereotactic body radiotherapy; Th, tumor thrombus; TKI,
tyrosine kinase inhibitor; tRCC, translocation RCC; Tx, treatment; uRCC, unclassified RCC.
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Figure 3. Overview of driver mutations
Integrated somatic mutation detection, germline mutation calling, and gene fusion data of

125 TG samples derived from (A) 65 individuals with ccRCC and (B) 19 with nccRCC.
Samples originating from the same individual are grouped (Table S5). Percentages were
calculated on a per-individual basis. aTMB was calculated as the sum of all putative somatic
mutations for samples processed with a paired normal. A TMB value is not provided for
tumors without a paired normal sample. PAll paired samples with discordant mutational
status were reviewed manually using the integrated genome viewer, and somatic mutations
called via this method are annotated with a black dot.
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Figure 4. Representation of molecularly defined RCC subtypes in the TG platform
2D representation of samples according to log,-normalized gene expression values using

the predefined TCGA gene signature after subtracting eTME genes (676 total genes) by
UMAP. 131 samples from 102 unique TG lines (squares) and 817 reference samples from
the TCGA cohort (circles) are included. chRCC TCGA samples (n = 77) were filtered out.
Reference clusters were predefined by previous TCGA allocation and used to map TGs into
molecular clusters. 8RCC TG lines formed a distinct cluster (gray oval) that also included
some URCCs. A fully interactive version of this figure is also available (Data S1).
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Figure 5. Highlighted application: Exploring and probing metabolism
(A) Unsupervised heatmap of the top 50 metabolites (false discovery rate [FDR]-corrected

p < 0.05, one-way ANOVA) among ccRCC TG lines segregates CC-e.3 from CC-e.1 and
CC-e.2 (clusters defined based on nearest neighbor transcriptomic analysis; Figure 4). Each
line was processed with up to 2 biological replicates and at least 3 technical replicates for a

total of 134 samples.
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(B) Metabolic pathway map with metabolite quantitation showing increased glycolysis
(glucose, lactate, and pyruvate) and cystathionine in the CC-e.3 subgroup relative to CC-e.1
and CC-e.2. Boxplots show relative abundance of metabolites in each cluster (normalized
to the total ion count and log, transformed). Statistical significance was calculated using a
mixed model with a compound symmetric covariance structure. *p < 0.05, **p < 0.01, ***p
< 0.001. Lower and upper limits of box plot represent 25th and 75th percentile, respectively.
Error bars indicate 95% confidence interval.
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Figure 6. Highlighted Capplication:Precision diagnostics
(A) Representative tissue microarray of TG core biopsy samples stained with the PD-L1

antibody by IHC.

(B and C) Comparative H&E and PD-L1 IHC of tumors from affected individuals and
corresponding TGs implanted subcutaneously into mice (white circle) with high (XP955)
and low (XP813) PD-L1 expression with (C) representative 89Zr-ATZ PET images.
(D)89Zr-ATZ PETI/CT coronal images of an individual with metastatic ccRCC enrolled

in the 89Zr-ATZ PET trial (NCT04006522) with accompanying pre- and post-ipilimumab/
nivolumab (3 cycles) CT images showing early response of PD-L1-positive liver metastases
(white lines and arrows) compared with PD-L1-negative primary tumor (yellow arrows) with
minimal uptake (green arrow).
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Figure 7. Highlighted application: Precision therapy
(A) Rationale for targeting UAE in BAPI-deficient RCC. TAK-243 inhibits the ubiquitin-

activating enzyme (UAE), which initiates the ubiquitination cascade. Downstream effects
include histone H2AK119 ubiquitination, which is mediated by polycomb repressive
complex 1 (PRC1) and leads to target gene silencing. BAPL, a histone deubiquitinase, acts
on H2AK119ub.

(B) TAK-243 PK studies. 25 mg/kg of TAK-243 was administered i.v. into subcutaneous
TG-bearing NOD/SCID mice (XP373). TAK-243 concentrations in plasma, kidneys, and TG
were determined by sacrificing mice at 15min (n=3),24h(n=3),48h (n=3),and 72 h (n
= 3). Data are mean * SD.

(C) Western blot analysis of TG from mice treated with TAK-243 or vehicle 48 h after
injection. H2AYP (Lys119) and H2BYP (Lys120) immunoblots were performed on explanted
tumors. 28BAP1 loss in XP258 determined by IHC (Pefia-Llopis et al., 2012).

(D) Tumor volumes from a BAP1-negative TG line (XP258) treated (starting at day 0) with
TAK-243 (25 mg/kg i.v. every 72 h) (n = 3), vehicle (n = 3), or rapamycin (0.5 mg/kg
intraperitoneally every 48 h) (n = 3). Data are means + SD.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal PD-L1
Rabbit monoclonal BAP1 (D7W70)

Rabbit monoclonal Ubiquityl-Histone H2A
(D27C4)

Rabbit monoclonal Ubiquityl-Histone H2B
(D11)

Biocare Medical
Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology

CAT#: ACI3171A; RRID: AB_2747371
CAT#: 13271; RRID:AB_2798168
CAT#: 8240; RRID:AB_10891618

CAT#: 5546; RRID:AB_10693452

Biological samples

Human kidney cancer tissues

Patient-derived xenografts (PDXs)

UT Southwestern Kidney Cancer
Program

This publication

https://www.utsouthwestern.edu/departments/
kidney-cancer/

N/A

Chemicals, peptides, and recombinant proteins

TAK-243 (MLN7243) UAE inhibitor
Rapamycin

Yitrium foil

Chelex-100 Chelating Resin

Accell PLUS CM Resin

Oxalic acid, anhydrous

Hydroxylamine hydrochloride, trace metals
basis

2,3,5,6-Tetrafluorophenol, 98%
Atezolizumab (ATZ)
p-SCN-Bn-Deferoxamine

Amicon Ultra-4 Centrifugal filters, 50K
MWCO

Chemietek

LC Laboratories
Alfa Aesar

Bio-Rad Laboratories
Waters
Sigma-Aldrich
Sigma-Aldrich

Acros Organics
Genentech/Roche
Macrocyclics
EMD Millipore

CAT#: 1450833-55-2
CAT#: R5000

CAT#: 00616

CAT#: 1422832
CAT#: WAT010740
CAT#: 75688

CAT#: 431362

CAT#: 188390050
N/A

CAT#: B-705
CAT#: UFC805024

Zeba™ Spin Desalting Columns, 40K Pierce Biotechnology CAT#: 87771
MWCO

Critical commercial assays

AllPrep DNA/RNA Micro Kit QIAGEN CAT#: 80204

Deposited data

WES and RNaseq raw data

This publication. EGA:

https://ega-archive.org/studies/

EGAS00001005516 EGAS00001005516
eFIG4 This publication N/A
Experimental models: Organisms/strains
NOD.CB17-Prkdcscid (NOD/SCID) mice UTSW Breeding Core N/A

Software and algorithms
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REAGENT or RESOURCE
BWA-MEM
Samtools
Picard
GATK

Mouse read filtration and human aligned
mouse alleles

MuTect2

FreeBayes
Strelka2
VCF2MAF
hisat2

ComplexHeatmap

SOURCE
Li and Durbin, 2009
Danecek et al., 2021
Broad Institute
Broad Institute

Joetal., 2019

Cibulskis et al., 2013

Garrison and Marth, 2012
Kim et al., 2018

MSKCC

Kim et al., 2019
Guetal., 2016

IDENTIFIER
https://github.com/In3/bwa
http://www.htslib.org/
https://broadinstitute.github.io/picard
https://gatk.broadinstitute.org/hc/en-us

https://github.com/Yonsei-TGIL/
BestPractice_for_PDMseq

https://gatk.broadinstitute.org/hc/en us/articles/
360037593851-Mutect2

https://github.com/freebayes/freebayes
https://github.com/Illumina/strelka
https://github.com/mskcc/vcf2maf
http://daehwankimlab.github.io/hisat2/
https://github.com/jokergoo/ComplexHeatmap

SVA BioconductoR https://bioconductor.org/packages/release/bioc/
html/sva.html

umap R-project.org https://cran.r-project.org/web/packages/umap

MultiQuant v2.1 SCIEX

MetaboAnalyst v4.0 Chong et al., 2019 https://www.metaboanalyst.ca/MetaboAnalyst/
home.xhtml

Other

eTME Gene Signature
TCGA KIPAN gene signature

Wang et al., 2018
Chen et al., 2016a

https://Ice.biohpc.swmed.edu/dishet/
Table S2
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