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Comprehensive analysis of targetable
mutations and tumormicroenvironment in
urachal cancer
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Urachal cancer, a rare malignancy, generally presents in the clinical setting with advanced stages of
disease. Systemic treatment with chemotherapy is generally utilized in this setting. However, there
remains a paucity of data on the effectiveness of immune checkpoint inhibitors or targeted therapies
for urachal cancer. We analyzed the genomic profile of urachal cancer in order to identify potentially
targetable mutations and evaluate the tumor microenvironment. 42 urachal samples were
retrospectively analyzed. Our results showed that TP53, GNAS and KRASmutationswere common in
urachal cancer with increased prevalence of TP53 mutation in urachal cohorts without MAPK-
alterations. The tumor microenvironment demonstrated increased NK cells in MAPK-altered urachal
cancer. Finally, we show that urachal cancer shares genomic and transcriptomic similarity with
colorectal cancer compared to bladder cancer. This study provides new insights into the molecular
profiles of urachal tumor samples andpossibility of associationwith colorectal cancer thatmight guide
future clinical trial design.

Urachal cancer is a rare genitourinarymalignancy that accounts for less than
1% of bladder cancers1. Urachal cancer originates from the remnant that
connects the fetal bladder and allantois2. Although the urachus generally
obliterates at birth, it may persist in approximately one-third of individuals
and in some cases, lead to malignancy. Individuals with urachal cancer
generally present with advanced stages of disease, with symptoms such as
hematuria, abdominal pain, fatigue and weight loss. Given that adeno-
carcinoma is the most common histology in up to 80% of instances, addi-
tional work-up such as colonoscopy is generally performed to evaluate for a
colorectal origin of malignancy3.

Population-level studies have shown thatmen in the fifth decade of life
account for the majority of cases of this uncommon cancer. Data from the
California Cancer Registry consisting of 315 cases of urachal cancer found
no differences in survival based on demographic factors, such as sex, eth-
nicity or neighborhood socioeconomic status4. Given the rarity of this
malignancy, retrospective data to date has not readily identified risk factors
leading to the development of urachal cancer.

While enbloc surgical resection is thepreferred treatment approach for
localized disease, systemic treatment with chemotherapy is employed for
recurrent or advanced stages of urachal cancer5. Due to a lack of prospective
data, treatment approaches for advanced urachal cancer are based on case

series and small prospective cohort studies, including non-transitional cell
carcinoma subtypes involving 5-fluorouracil (5-FU) and cisplatin2,6,7. A
meta-analysis of 1010 cases of urachal cancer identified that combination
therapies including both cisplatin and 5-fluorouracil achieved improved
survival compared to regimens consisting of only one of the two agents8.
There are only two known reported uses of immune checkpoint inhibitors
in treating advanced urachal cancer, and one report of targeted therapy
tepotinib, amesenchymal-epithelial transition (cMET) inhibitor, beingused
in treating urachal cancer9–11.

Several studies have examined the genomic landscape of urachal
cancers to better understand the malignancy and identify potentially
actionable mutations. The largest study of urachal cancer involving 70
tumors identified mutations in the following genes: TP53 (66%), KRAS
(21%), BRAF (4%), PIK3CA (4%), MET (1%) and NRAS (1%)12. Addi-
tionally, ten tumors were found to have PD-L1 expression including one
with a tumor proportion score (TPS) of greater than or equal to 50% and
nine samples exhibiting TPS of 1–49%. A separate single-center study of 30
tumor specimens revealed that the most common mutations were TP53
(83%), KRAS (30%) and GNAS (27%). Finally, a study by Kardos and
colleagues evaluating 12 urachal cancer specimens demonstrated similar
mutations in TP53 (100%),MTOR (33%), APC (25%) and NF1 (25%)9. In
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addition, transcriptional analysis of the tumors was compared to tissues of
origin inTheCancerGeneAtlas (TCGA), revealing thatfive urachal tumors
closely resembled colon and rectal (COADREAD) tumors and four were
similar to glioblastoma (GBM) tumors. Despite these aforementioned stu-
dies, there remains a paucity of data on the molecular profile of urachal
cancer relative to more common genitourinary malignancies such as
prostate and bladder cancer.

Given the growing role of next-generation sequencing in determining
treatment choices in the clinical setting and in light of genomic alterations
more commonly observed in colorectal cancer rather than bladder cancer,
we performed a retrospective study molecularly profiling urachal cancer
samples from a commercial database of patients treated at various cancer
centers throughout the United States. We characterized the genomic
landscape and tumor microenvironments of these urachal cancers and
performed central pathology review to further examine associations with
histological features that provide new insights to the biology of this rare
disease.

Results
Patient cohorts
Forty-two (42) urachal cases (UrC)were included in this study,withmedian
age of 58.5 years (range: 24–86) and of which 54.8% (n = 23) were female.
Histological review revealed that samples were comprised of 40% (n = 17)
mucinous adenocarcinoma and 24% (n = 10) enteric adenocarcinoma,
while 36% (n = 15) had mixed histologies. Urachal patients were then
subdivided intoMAPK-Altered (n = 22), andMAPK-WT(n = 20) basedon
the presence of MAPK-associated gene alterations. The demographics of
these samples are shown in Table 1.

Genomic landscape of urachal cancer
Globally, alterations in urachal cancer included mutation in TP53 (n = 37,
83.3%),KRAS (n = 18, 42.86%),GNAS (n = 5, 11.9%), SMAD4 (n = 4, 9.5%),
PIK3CA (n = 4, 9.5%) – Fig. 1a. KRAS mutation codon changes includes
G12V (n = 5), G12D (n = 5), G13D (n = 3), G12S (n = 1) andQ61H (n = 1).
TheprevalenceofTP53mutationwas significantlyhigher inMAPK-Altered
vs MAPK-WT tumors (100% vs 68.5%, p = 0.0092). The prevalence of
GNAS (18.2% vs 5.0%, p = 0.346) and PIK3CA (13.6% vs 5.0%, p = 0.598)
had numerical increase in MAPK-Altered while SMAD4 (4.5% vs 15%,
p = 0.433) showed numerical increase in MAPK-WT UrC – Fig. 1b. No
alteration in dMMR/MSI-H was observed across all urachal samples
analyzed.

Immune landscape of urachal cancer
The immune landscape of urachal cancer (UrC) included low programmed
death-ligand 1 [PD-L1] expression across the samples: 11.76% (n = 4) had
CPS score≥10, 55.88% (n = 19) hadCPS score of 1–9, while 32.35%(n = 11)
had a combined positive score (CPS) score of 0 – Fig. 1c. Furthermore,
predictive markers of response to immunotherapy – tumor mutation
burden-high [TMB-H] (4.78% vs 4.87%, p = 1.0) and PD-L1 (11.76% vs
11.76%, p = 1.0) – were similar in both Mitogen activated protein kinase
(MAPK)-Altered and MAPK-wild type (WT) UrC – Fig. 1d. Similarly, no
difference in the distribution of interferon (IFN)-gamma scores (a tran-
scriptomic signature predictive of response to immunotherapy) was
observed betweenMAPK-Altered andMAPK-WTUrC (Median:−0.36 vs
−0.38, p = 0.052) – Fig. 1e. Using quanTIseq to deconvolve transcriptomic
profiles and estimate immune cell fractions, the tumor microenvironment
was similar across the MAPK-Altered and MAPK-WT cohorts, with
exception of NK cells, which were significantly higher in MAPK-Altered
UrC patients (3.5% vs 2.7%, p = 0.022) – Fig. 1f.Meanwhile, overall survival
was similar between MAPK-Altered and -WT urachal cancer (HR: 1.05,
95% CI 0.48–2.31) and no prognostic impact of MAPK-alterations was
observed in these patients (Supplementary Fig. 1a/b) – using surrogates of
time from diagnosis and tissue collection to last contact. Outcome data
shows that 7 urachal patients were treated with IO therapy (Atezolizumab,
Avelumab, Ipilimumab, Nivolumab or Pembrolizumab) but no therapeutic

advantage was observed in these patients as themedian OS from therapy to
last contact was 10 months (95% CI, 2–15 months).

We analyzed the genomic and transcriptomic differences among
urachal histological subtypes—mucinous, enteric, and others. While no
significant differences were observed in mutation prevalence across the
three groups, we noted a non-significant trend toward higher prevalence of
PD-L1 (22c3) expression and TMB-High in the enteric subtype compared
to Fig. 2 mucinous and other subtypes. Analysis of the tumor micro-
environment revealed a significant reduction in M2 macrophages and an
increase in dendritic cells in enteric urachal cancers.However, no significant
differences in overall survival (OS) were observed among these groups.
(Supplementary Fig. 2)

Genomic profile of urachal cancer in comparison to bladder and
colorectal
As the origin of urachal cancer remains an ongoing debate in the geni-
tourinary cancer field, the genomic profile of urachal cancer (n = 42) was
evaluated in comparison to colorectal (n = 21,136) and bladder cancer
(n = 6455). The prevalence of TP53 (83.3% vs 73.7%, 58.8%, p = 0.0019),
GNAS (11.9%vs2.8%vs0.1%,p < 0.0001)andSTK11 (7.1%vs0.4%vs0.5%,
p = 0.002)mutationswas significantly higher in urachal cancer compared to
bladder or CRC. Genomic loss-of-heterozygosity (gLOH) was significantly
higher in UrC (29.0% vs 10.8%, p = 0.0044), while the prevalence of APC
mutation (4.8% vs 75.0%, p < 0.0001) was significantly lower compared to
CRC. Similarly, mutation of SMAD4 (9.5% vs 1.1%, p = 0.0014) and KRAS
(35.7% vs 3.6%, p < 0.0001) was significantly higher in UrC, while the
prevalence of RB1 (5.5% vs 19.9%, p = 0.024), TERT promoter (pTERT)

Table 1 | Demographics of analyzed tumor samples

Characteristic Total MAPK-
Altered

MAPK-WT p-value

Total, N (%) 42 22 20

Age

Median age
[Range, years]

58.5
[24–86]

65 [24–86] 56.5
[31–83]

0.219

Sex

Male, N (%) 19 (45.2%) 11(50%) 8 (40%) 0.516

Female, N (%) 23 (54.8%) 11 (50% 12 (60%)

Histology

Mucinous 17 (40%) 10 (45.5%) 7 (35%) 0.430

Enteric 10 (24%) 5 (22.7%) 5 (25%)

Othersa 15 (36%) 7 (31.8%) 8 (40%)

Specimen sites

Bladder/urachus 23 (54.8%) 10 (45.5%) 13 (65.0%) 0.574

Other sitesb 19 (45.2%) 12 (54.5%) 7 (35%)

Race

White 17 (40.5%) 9 (40.9%) 8 (40.0%) 0.877

Black 4 (9.5%) 3 (13.6%) 1 (5.0%)

Asian 6 (14.3%) 3 (13.6%) 3 (15.0%)

Others 3 (7.1%) 0 (0.0%) 3 (15.0%)

Not reported 12 (28.6%) 7 (31.8%) 5 (25.0%)

Ethnicity

Hispanic 9 (21.4%) 3 (13.6%) 6 (30.0%) 1.000

Non-Hispanic 23 (54.8%) 11 (50.0%) 12 (60.0%)

Not reported 10 (23.8%) 8 (36.4%) 2 (10.0%)
aOthers histology include –Mixed, signet ring cell, adenocarcinoma, non-adeno with plasmacytoid
features.
bOthers include specimen sites such as lungs, pelvic wall, small bowels, fornix of vagina, brain,
abdomen, skin and connective tissues.
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Fig. 1 | Genomic alterations in urachal cancer (UrC). a Oncoprint displaying the
overall genomic landscape of pathogenic/likely pathogenic alterations in UrC.
bMutational changes in selected genes between Mitogen activated protein kinase
(MAPK)-Altered and MAPK-wild type (WT). c Predictive markers of immu-
notherapy response betweenMAPK-Altered andMAPK-WTUrC.dDistribution of

programmed death-ligand 1 [PD-L1] expression by immunohistochemistry.
e Interferon gamma signature compared between MAPK-altered and MAPK-WT
urachal cancer. f Tumor microenvironment compared betweenMAPK-Altered and
MAPK-WT UrC. Asterisks indicates statistical significance, *p < 0.05, **p < 0.01.
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Fig. 2 | Genomic profile of urachal cancer in comparison to bladder cancer and
colorectal cancer. a–cMutational profile of urachal cancer compared to bladder and
colorectal cancer. d Prevalence of immune-related markers and other genomic
changes in urachal cancer in comparison to bladder or colorectal. e Venn diagram

showing unique genes with predominant mutations in urachal cancer, bladder and
colorectal; genes within the intersection are relatively higher in urachal cancer
compared to either bladder or colorectal. Asterisks indicates statistical significance,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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(3.1%vs 70.0%, p < 0.0001)mutation, aswell as decreasedprevalence of PD-
L1+ IHCexpression (11.8%vs38.6%,p < 0.001)andTMB-H(4.9%vs37.4,
p < 0.0001) compared to bladder cancer – Fig. 3a–e.

To explore the similarity ofurachal cancerwithother tumor types, gene
expression profiles were compared to those of bladder and colorectal

cancers. Firstly, differentially expressed genes were obtained between
bladder cancer and colorectal cancer (Fig. 3a, d, e). Genes such as CEA-
CAM5,MUC13, EPCAM, CDH17, andHNF4Awere significantly observed
in colorectal cancer while GATA3, UPK1A, KRT7, TUSC3 and PSCA were
significantly observed inbladder cancer.Gene expressiondata for colorectal,

Fig. 3 | Gene expression profiling of urachal cancer in comparison to bladder and
colorectal cancer. a Differentially expressed genes between bladder and colorectal
cancer. b Uniform Manifold Approximation and Projection (UMAP) of genes
expression data in urachal, bladder and colorectal cancer. c Comparison of top 10

highly differentially expressed genes in colorectal cancer. d Comparison of top 10
highly differentially expressed genes in bladder cancer. Asterisks indicates overall
statistical significance, ****p < 0.0001.
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bladder and urachal samples were projected using UMAP projection
(Fig. 3b) and there was a distinct cluster and separation of most bladder
cancers from colorectal, while urachal cancer samples was observed to be
closely around the colorectal cancer samples. To further explore this simi-
larity, clusters were obtained using unsupervised hierarchical clustering
analysis of the top 10%differentially expressed genes between colorectal and
bladder, most of the urachal cancer samples (39/41, ~95%) was observed to
be clustered closely to the colorectal cancer samples – Fig. 3c. Next, differ-
entially expressed genes were analyzed between bladder cancer and color-
ectal cancer.We observed that genes highly expressed in bladder cancer had
lower expression in urachal cancer while those that were highly expressed
in colorectal cancer were in similar order of magnitude in urachal cancer –
Fig. 3d, e, Supplementary Table 1.

Furthermore, we evaluated differences in the tumor microenviron-
ment across the three genitourinary tumors—UrC, bladder cancer, and
CRC. Our findings reveal notable heterogeneity in the tumor micro-
environment, with distinct immune cell fractions associated with each
tumor type. Specifically, macrophage M1 cell fractions were significantly
higher in CRC and UrC compared to bladder cancer, while CD8+ T cells
were more abundant in CRC and bladder cancer compared to UrC. Con-
versely, neutrophil levels were significantly lower in UrC compared to both
CRC and bladder cancer (Supplementary Table 1).

Antibody drug conjugate gene expression in urachal cancer
Given that antibody-drug conjugates (ADCs) to HER2, TROP2 and NEC-
TIN4 are used in the treatment of bladder cancer, we compared the
expression of these genes in urachal cancer to bladder and colorectal
cohorts13. Our result (Supplementary Fig. 2) demonstrate that bladder
cancer cohort had significantly higher expression levels of HER2, TROP2
andNECTIN4 compared to urachal and colorectal. The expression of these
genes was comparable between urachal and colorectal cancer.

Discussion
In this study, a comprehensive characterization of the genomic landscape
and tumor microenvironments of urachal cancers along with performed
central pathology review was performed to examine associations with his-
tological features that provide new insights to the biology of this rare disease.
Our study found that the molecular profile of urachal cancer was similar to
the findings of prior studies, withTP53 andKRASmutations being themost
frequent12. In addition, we found that more than half of urachal cancer
tumors harbored alterations in the MAPK pathway, with a statistically
significantly increased prevalence of TP53 mutations in MAPK-altered
tumor specimens than those without MAPK aberrations. The observation
of frequent MAPK alterations in urachal cancer warrants further explora-
tion of the use of MAPK-targeted therapy in these patients.

Further analysis, including intra-tumoral microenvironment compo-
sition and predictive markers of response to immune checkpoint inhibitors
was conducted to gainbetter understandingof potential differencesbetween
MAPK-altered and -wild type samples. Analysis of the intra-tumoral
microenvironment found low cell fractions of CD8+T cells andmonocytes
in comparison to neutrophils and macrophages. Of note, the median NK
cell fractionwas slightlyhigher inMAPK-altered tumors. Further research is
warranted to determine immune related biomarkers whichmay correlate to
responsiveness to immunotherapy or cellular therapy.

Predictive markers of responsiveness to immunotherapy, such as
TMB-High and PD-L1 status, were seldomly identified in urachal cancer
tumors. IFN-γhas previously been shown to be associatedwith effectiveness
of immune checkpoint inhibitors in non-small cell lung cancer and
melanoma14. We found no difference in IFN-γ scores and as such, no
differences in responsiveness to immunotherapy between the MAPK-
altered and -wild type groups, suggesting limited IO benefit for urachal
cancer patients. In our study cohort, dMMR/MSI-H, another predictive
marker of IO response, was not observed in urachal cancer samples. This is
somewhat different from previous studies where dMMR by IHC was
observed in about 0–16.7% of urachal cancer samples12,15,16.

The genomic profiles of urachal cancer, colorectal cancer, and bladder
cancer had distinct alterations, with TP53, GNAS and STK11 mutations
found at a statistically higher frequency compared to colorectal cancer and
bladder cancer. While loss of heterozygosity (LOH) was common between
bladder cancer and urachal cancer specimens, TMB-H and PD-L1 status
weremore commonly found in bladder cancer samples. This finding would
explain the responsiveness of immune checkpoint inhibitors in treating
bladder cancer in the clinical setting and reinforces the lack of real-world
data on the efficacy of immunotherapy in treating urachal cancer. Our
transcriptomic analysis reinforces the observed similarity between urachal
cancer and colorectal cancer asmost of the urachal cancer samples distinctly
clustered around colorectal samples. Moreover, given the similarity
observed between urachal and colorectal cancer, future prospective inter-
ventional clinical trials for colorectal cancer may choose to incorporate
urachal cancer cohorts in order to identify new therapeutics in this rare
malignancy.

While this study provides a comprehensivemolecular characterization
of urachal cancer, along with an analysis of its immune landscape and
survival outcomes, it is not without limitations. Although we observed no
difference in overall survival (OS) based on MAPK status, further investi-
gation into additional prognostic factors, such as age, sex, and disease stage,
could offer valuable insights. Our analysis was also constrained by a small
sample size and limited treatment data for these patients. In addition,
another limitation is the retrospective nature of the study. Future studies
could also explore urothelial cancers originating from urachal remnants to
determine whether their molecular profiles align with those of bladder-
derived urothelial cancers.

Overall, this study provides a comprehensive molecular characteriza-
tion of urachal cancer and its associated immune landscape. To our
knowledge, this study is the first to characterize the genomic profile of
urachal cancer using DNA sequencing and RNA sequencing, while also
evaluating the immune landscape of this rare malignancy. Urachal cancer
tumors were rarely found to have markers of responsiveness to immune
checkpoint inhibitors defined by PD-L1 and TMB high status, and thus
suggestive of limited efficacy in this patient population.However, alterations
in the MAPK pathway were common and as such, warrant further inves-
tigation utilizing MAPK-targeted therapies in future clinical therapeutic
trials. We further revealed the broad similarity of urachal cancer to color-
ectal cancer, but this might require additional exploration to understand
which subgroup of colorectal cancer should be considered due to the het-
erogenous nature of CRC. Further understandingmay provide rationale for
potential inclusion of urachal cancer in prospective clinical trials evaluating
investigative therapies for colorectal cancer.

Methods
Study cohort
Formalin-fixed paraffin-embedded (FFPE) samples from patients with
urachal cancer (n = 42) were submitted to a commercial CLIA-certified
laboratory for molecular profiling (Caris Life Sciences, Phoenix, AZ). The
study follows the Declaration of Helsinki guidelines, Belmont Report, and
U.S. Common Rule. In accordance with compliance policy 45 CFR
46.101(b), this study was conducted using retrospective, de-identified
clinical data, patient consentwas not required, and the studywas considered
Institutional Review Board exempt. All cases were centrally reviewed by a
genitourinary pathologist (T.L.) to confirm histological classification.
Additional cohort from bladder (n = 6455) and colorectal (n = 21136)
cancer obtained from Caris Life Science database were evaluated for com-
parison in subset of analysis.

DNA next-generation sequencing (NGS)
In preparation of the samples for molecular testing, tumor enrichment was
performed by harvesting targeted tissues using manual microdissection
techniques. Genomic DNA was extracted from FFPE tissue samples and
subjected to NGS using the NextSeq or NovaSeq 6000 Platforms (Illumina,
Inc. San Diego, CA). A custom SureSelect XT assay (Agilent Technologies,
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Santa Clara, CA) was utilized to enrich exonic regions of 592 whole-gene
targets. For tumor samples sequenced on NovaSeq 6000 platform, more
than 700 clinically relevant genes were assessed. All variants were detected
with >99% confidence based on allele frequency and amplicon coverage,
with an average sequencing depth of coverage of >500 and an analytic
sensitivity threshold established of 5% for variant calling. Certified mole-
cular geneticists examined the identified genomic variants and categorized
them in alignment with the standards set by the American College of
Medical Genetics and Genomics (ACMG). Calculation of mutation fre-
quencies in individual genes included “pathogenic” and “likely pathogenic”
variants, while those labeled as “benign”, “likely benign”, and “variants of
unknown significance” were excluded.

Tumor mutational burden (TMB)
TMB was measured by counting all non-synonymous missense, non-
sense, in-frame insertion/deletion, and frameshift mutations found per
tumor that had not been previously described as germline alterations in
dbSNP151, Genome Aggregation Database (gnomAD) databases, or
benign variants identified by Caris’s geneticists. High TMB (TMB-H)
was defined by a cut-off of ≥10 mutation/megabase (mut/MB) based on
the KEYNOTE-158 pembrolizumab trial, where it was shown that
patients with ≥10 mut/MB had increased response rates compared to
those with <10 mut/MB17.

Whole transcriptomic sequencing
Formalin-fixed paraffin-embedded (FFPE) tissue sections mounted on
glass slides underwent staining with nuclear fast red (NFR). Regions
that contained a minimum of 10% tumor content were delineated for
manual microdissection and subsequent mRNA extraction. Whole
transcriptome sequencing (WTS) was executed using the Illumina
NovaSeq platform (Illumina, Inc., San Diego, CA) along with the
Agilent SureSelect Human All Exon V7 bait panel (Agilent Technolo-
gies, Santa Clara, CA), and the resulting data reported transcripts per
million (TPM).

Tumor microenvironment and gene expression profile
Immune cell fractions were inferred using the quanTIseq pipeline, a com-
putationalmethod for estimating immune cell fractions bydeconvolutionof
bulk transcriptomic data18.WTSdatawere also used to calculate Interferon-
Gamma score, as previously described19. AMAPKpathway activation score
(MPAS), which serves as a transcriptomicmeasure of the activation state of
the MAPK pathway, was calculated as the average z-score of expression
values (in TPM units) for a set of 10 genes (SPRY2, SPRY4, ETV4, ETV5,
DUSP4, DUSP6, CCND1, PHLDA1, EPHA2, and EPHA4), as previously
described20.

Global transcriptomic profiling was performed on urachal cancer
using RNA sequencing data. In an attempt to better understand the rela-
tionship between urachal cancer, bladder (BLCA) and colorectal (CRC), a
two-dimensional Uniform Manifold Approximation and Projection
(UMAP)was utilized on integratedWTSdata from these three tumor types.
Furthermore, differential gene expression analysis betweenBLCA andCRC
was performed using PyDeSeq221. Clustering of CRC, BLCA and urachal
cancer was performed using average linkage clustering with a centered
correlation similarity metrics on the top 10% most differentially expressed
genes between CRC and BLCA.

Immunohistochemistry (IHC)
IHC was conducted on complete sections of formalin-fixed paraffin-
embedded (FFPE) tissues mounted on glass slides. The slides underwent
staining employing automated staining methods as directed by the manu-
facturer. These procedures were meticulously optimized and confirmed to
meet the standards outlined by CLIA/CAO and ISO. PD-L1 expressionwas
determined using primary antibody 22c3 pharmDx (Dako, Agilent Tech-
nologies, Santa Clara, CA, USA), with a positive threshold of ≥10% of cells
stained (CPS ≥10%).

Deficientmismatch repair/microsatellite instability-high (dMMR/
MSI-H)
dMMR/MSI-H was determined by a combination of immunohistochem-
istry (IHC) using antibodies for MLH1 (M1 antibody), MSH2 (G2191129
antibody), MSH6 (44 antibody), and PMS2 (EPR3947 antibody) from
Ventana Medical Systems (Tucson, AZ), and next-generation sequencing
(NGS). The outcomes from these three platforms are mostly in agreement,
as previously described22. In rare instances of conflicting IHC and NGS
results, the IHC results were prioritized for determining the MSI/MMR
status of the tumor.

Outcome data - CODEai
Real-world overall survival (OS) information was obtained from insurance
claims data and calculated from time of biopsy to last contact. Hazard
ratio (HR) was calculated using the Cox proportional hazard models, and
p-values were calculated using the log-rank test with significance deter-
mined as p-value of <0.05.

Statistics
Continuous data were assessed using a Mann–Whitney U test, and cate-
gorical data were evaluated using Chi-square or Fisher’s exact test, where
appropriate. Significance was determined as p-value < 0.05.

Data availability
Data is provided within themanuscript or supplementary information files.

Code availability
Not applicable.
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