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Abstract

Background: Comprehensive genomic profiling (CGP) identifies actionable alterations in
two-thirds of metastatic solid tumours, yet real-world treatment implementation remains
unknown. We characterised both genomic yield and clinical translation barriers in 111
consecutive patients across 19 tumour types to quantify the precision oncology ‘know-
ing-doing gap’.

Methods: Out of 114 patients who were initially enrolled in the study, we performed retro-
spective analysis of 111 consecutive metastatic patients across 19 tumour types, after qual-
ity control exclusion, undergoing CGP using the Oncomine Comprehensive Assay Plus (517
genes). Genomic instability was assessed via the genomic instability metric (GIM); actionable
alterations were tiered per Association for Molecular Pathology/American Society of Clinical
Oncology/College of American Pathologists guidelines. Treatment implementation and clini-
cal outcomes were tracked through October 2024 (median follow-up 11.2 months).

Results: Oncogenic alterations were detected in 109 of 111 patients (98.2%), with actionable find-
ings in 72 patients (64.9%: Tier 1 = 32 and Tier 2 = 40). All GIM-high tumours (10/10) harboured
homologous recombination repair (HRR) gene alterations. Critically, BRCA1/2 mutations were sig-
nificantly enriched in GIM-high tumours (50% versus 12%, p = 0.008), whereas non-BRCA HRR
genes (ATM, CHEK2, PALB2 and RAD51C/D) showed no association (50% versus 60.6%,
p =0.838). Despite 64.9% actionability, only 10 patients (13.9%) received tier-matched therapy - an
86% attrition rate attributable to clinical deterioration (22%), drug inaccessibility (19%) and finan-
cial toxicity (15%). Presumed germline variants were detected in 16.2% but confirmed in only
38.9%. Pharmacogenomic variants guided dose modifications in 29.7% of patients.

Conclusion: CGP demonstrates high diagnostic yield (98.2%) with actionable find-
ings in two-thirds of pan-cancer patients. The differential BRCA1/2-specific associa-
tion with genomic instability refines homologous recombination deficiency biology for
multi-tumour Poly (ADP-ribose) polymerase inhibitor selection. An 86% attrition rate
from genomic recommendation to treatment underscores urgent need for infrastructure
improvements, including clinical trial access, pharmacogenomic integration and earlier
CGP adoption.
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Introduction

The evolution of molecular diagnostics in oncology has witnessed a progressive shift from targeted single-gene testing and focussed hotspot
panels to comprehensive genomic profiling (CGP), fundamentally transforming precision medicine [1, 2]. Early next-generation sequencing
(NGS)-based approaches, while valuable for detecting common actionable mutations in genes such as epidermal growth factor receptor (EGFR),
Kirsten rat sarcoma viral oncogene homolog and B-Raf proto-oncogene, serine/threonine kinase (BRAF) were limited by their narrow scope and
inability to capture the full spectrum of clinically relevant genomic alterations. CGP platforms enable simultaneous interrogation of hundreds
of cancer-related genes, detecting single nucleotide variants (SNVs), small insertions/deletions (indels), copy number variations (CNVs), gene
fusions and complex genomic rearrangements from a single tumour specimen [3]. Studies demonstrate that CGP identifies actionable alterations
in 30%-40% more patients compared to focussed panels, thereby expanding therapeutic options and clinical trial eligibility [4].

Beyond increased mutation detection, CGP provides critical insights into tumour biology and microenvironment. Tumour mutational burden (TMB)
has emerged as a predictive biomarker for immune checkpoint inhibitor response across multiple cancer types [5], while microsatellite instability
(MSI) determination provides a tissue-agnostic biomarker for immunotherapy eligibility [6]. Homologous recombination deficiency (HRD), defined
by genomic instability and loss of heterozygosity (LOH) patterns, predicts Poly (ADP-ribose) polymerase (PARP) inhibitor sensitivity in ovarian can-
cer [7] and shows significant prevalence across breast, prostate and pancreatic tumours [8]. CGP integrates detection of homologous recombination
repair (HRR) gene mutations (BRCA1/2, ATM and PALB2), copy number alterations (CNAs) and genome-wide instability signatures into a single
assay, streamlining identification of patients eligible for PARP inhibitors and platinum-based therapies across tumour types.

CNV analysis enables detection of therapeutically relevant gene amplifications (ERBB2, MET, FGFR1/2 and EGFR) and homozygous dele-
tions of tumour suppressors (CDKN2A/B and PTEN), providing both therapeutic targets and prognostic information. Categorising alterations
into Tier 1 (standard-of-care) and Tier 2 (emerging/off-label) standardises CGP interpretation [9], with Tier 2 alterations expanding therapeu-
tic options particularly through clinical trial access [10].

CGP offers dual diagnostic utility by flagging suspected germline variants in genes such as BRCA1/2 and TP53 alongside somatic muta-
tions [11], allowing a single assay to guide targeted therapy and hereditary risk assessment. In addition, pharmacogenomic markers (DPYD
and UGT1A1) identify patients at risk for severe drug toxicity, facilitating evidence-based dose adjustments per Clinical Pharmacogenetics
Implementation Consortium (CPIC) guidelines [12]. Leveraging CPIC guidelines to interpret these markers facilitates evidence-based dose
adjustments, thereby minimising adverse events and optimising treatment outcomes.

While recent Indian studies [13] have focussed on single disease sites, our 517-gene panel across 19 tumour types captures SNVs/indels,
CNVs and fusions supporting concurrent TMB, MSI, HRD and pharmacogenomic evaluation. This pan-cancer approach enables tumour-
agnostic biomarker assessment microsatellite instability-high (MSI-H/TMB-H for pembrolizumab, NTRK inhibitors) and permits cross-tumour
analysis of BRCA1/2 versus non-BRCA HRR alterations with direct implications for PARP inhibitor selection.

CGP infrastructure has expanded rapidly in low- and middle-income countries (LMICs), including India, with >90% sequencing success rates
achieved across major cancer centres. However, the clinical utility of this molecular infrastructure remains poorly characterised. Understand-
ing real-world CGP translation rates in LMICs is essential for equitable deployment of genomic medicine technology and for prioritising
institutional investments in precision oncology infrastructure [14, 15].

In this study, we present our institutional experience with CGP in 111 consecutive cancer patients. Our objectives were to: (1) characterise
the spectrum and frequency of Tier 1 and Tier 2 targetable alterations; (2) evaluate genomic instability parameters, including HRD scores
and their correlation with HRR gene mutations across tumour types; (3) assess CNVs and their therapeutic implications; (4) analyse immune
biomarkers (MSI and TMB); (5) identify suspected germline variants; (6) determine prevalence of actionable pharmacogenomic variants; (7)
evaluate tumour quality metrics and (8) critically assess the rate of guideline-concordant therapy administration. Through this analysis, we
aim to provide insights into the clinical utility, therapeutic impact and real-world implementation of CGP in routine oncology practice.

Materials and methods

Study design and patient population

This retrospective, single-centre study included 114 consecutive patients with histologically confirmed metastatic solid tumours who under-
went CGP between September 2023 and October 2024 at Amrita Institute of Medical Sciences & Research Center, Faridabad, India. The
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primary objective was to assess the frequency of actionable genomic alterations and the implementation rate of tier-matched therapy in rou-
tine clinical practice. Eligible patients had adequate formalin-fixed paraffin-embedded (FFPE) tumour tissue with 230% tumour cell content
on haematoxylin-eosin (H&E)-stained slides. Macrodissection was performed when required to enrich tumour content. Clinical data, includ-
ing demographics, tumour characteristics, treatment history and post-CGP therapeutic decisions, were retrieved from electronic medical
records. Treatment decisions and clinical outcomes were documented through the end of the study period (October 2024). As this study was
conducted at a quaternary academic trust hospital in India within a mixed public-private healthcare system, where CGP and most matched
targeted therapies are not routinely covered under national healthcare schemes, most patients self-financed the testing and treatment or
accessed them through private insurance support. A subset of patients received therapies through institutional clinical trial enrolment.

Appropriate pre-test and post-test counselling were performed for all patients undergoing CGP testing.

The study was approved by the Institutional Review Board (AIMS-IEC-BAS-12-25-002) and conducted according to the Declaration of
Helsinki.

Comprehensive genomic profiling

DNA was extracted from FFPE tumour sections using standard commercial kits (Thermo Fisher Scientific). Quality was assessed using the
DV200 metric (230% required) and Qubit quantification (220 ng input required). CGP was performed using the Oncomine Comprehensive
Assay v4 (OCA v4, 517-gene panel) on the lon GeneStudio S5 XL System (Thermo Fisher Scientific), targeting 21,000x coverage depth and
>90% uniformity. The assay simultaneously detected SNVs, insertions/deletions (indels), CNVs, gene fusions, MSI, TMB, LOH and HRD.

Samples with 285% on-target reads, 21,000x mean depth and 290% uniformity were considered technically successful. TMB-high was
defined as 210 mutations/Mb. HRD status was assessed using a genomic instability metric (GIM) with a threshold of 216, validated against
MyChoice® CDx concordance [16]. MSI status was determined using 76 microsatellite markers, with instability defined as 219 unstable
markers. LOH-high was defined as score >16. DNA quality control (QC) failure was observed in 3 of the 114 samples. Therefore, subsequent
testing and analysis were performed on the remaining 111 cases.

Bioinformatic analysis and variant classification

Sequence alignment to the human reference genome (hg19/GRCh37) and variant calling were performed using Torrent Suite Software
v5.18.1 and lon Reporter Software v5.20.8.0 in tumour-only analysis mode. All variants were classified according to joint Association for
Molecular Pathology, American Society of Clinical Oncology and College of American Pathologists guidelines. Variants were annotated using
ClinVar, COSMIC, OncoKB, CIViC and published literature.

Actionable alterations were categorised as Tier 1 (FDA-approved biomarkers with therapeutic or diagnostic significance in the specific
tumour type) or Tier 2 (biomarkers with therapeutic implications based on clinical evidence in other tumour types or preclinical data). All
cases were reviewed by a multidisciplinary molecular tumour board consisting of medical oncologists, pathologists and molecular geneticists
to determine clinical actionability and therapeutic recommendations.

Germline pharmacogenomic variants in DPYD, CYP2Dé, UGT1A1 and TPMT were identified based on variant allele frequencies (VAF; 40%-
60% for heterozygous, >90% for homozygous) and classified according to CPIC guidelines. Variants suggestive of germline origin in cancer
predisposition genes were flagged for confirmatory germline testing and genetic counselling based on VAF patterns and pathogenicity
classification.

Treatment actionability and clinical outcomes

Clinical actionability was evaluated based on: (1) FDA-approved targeted therapies for the specific alteration and tumour type; (2) off-label
therapeutic options supported by National Comprehensive Cancer Network (NCCN) guidelines or peer-reviewed evidence; (3) eligibility for
biomarker-driven clinical trials and (4) immunotherapy eligibility based on MSI-H or TMB-high status.

Tier-matched therapy was defined as administration of treatment specifically targeting the identified genomic alteration according to the tier
classification. Treatment implementation was tracked through medical records and reasons for non-implementation were documented when
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matched therapy was not administered. Actionability in this study was defined according to US FDA-approved indications. Importantly, all
targeted therapies classified as actionable in the study were regulatory-approved and commercially available in India.

Clinical outcomes, including treatment response and survival status, were recorded through the study period with a median follow-up of 11.2
months from CGP testing.

Statistical analysis

Descriptive statistics summarised patient demographics, tumour characteristics, genomic findings and treatment patterns. Categorical vari-
ables were reported as frequencies and percentages and continuous variables as median with interquartile range (IQR). The frequency of
alterations was calculated for the entire cohort and stratified by tumour type.

Co-occurrence and mutual exclusivity of genomic alterations were assessed using Fisher'’s exact test with false discovery rate correction. Cor-
relations between continuous variables (TMB and HRD scores) were evaluated using Spearman’s rank correlation. The association between
HRD status and HRR gene mutations was assessed using the Fisher's exact test. Associations between genomic alterations and receipt of
matched therapy were evaluated using chi-square or Fisher's exact test. All analyses were performed using R software version 4.4.2 and
Python 3.x. Two-sided p-values <0.05 were considered statistically significant.

Results

Patient demographics and clinical characteristics

A total of 114 patients with metastatic solid tumours were enrolled for CGP. After QC, three cases were excluded (two for sequencing failure
and one for insufficient tumour content), yielding a final cohort of 111 patients. The median age at diagnosis was 61 years (range 2-86),
with 63 females (56.8%) and 48 males (43.2%). Tumour cellularity ranged from 30% to 90% (mean 60%), meeting the minimum threshold for
reliable variant detection.

The cohort included diverse malignancies: ovarian cancer (n = 19, 17.1%), lung cancer (n = 13, 11.7%), prostate cancer (n = 7, 6.3%), breast
cancer (n = 7, 6.3%), gallbladder (n = 6), endometrial (n = 6), hepatocellular carcinoma (n = 5), colorectal (n = 5), renal cell carcinoma (n = 4),
pancreatic adenocarcinoma (n = 4) and others (n = 29).

Sequencing performance

Sequencing metrics were robust across all samples (Figure 1): median depth 2,539x (IQR 2,047x-2,922x), median on-target rate 95.0% (IQR
94.0%-96.0%) and median coverage uniformity 92.5% (IQR 90.0%-94.0%). All samples exceeded the 500x minimum depth required for
variant calling.

Landscape of genomic alterations
A total of 1,006 somatic variants were identified, comprising 229 oncogenic (22.8%), 100 likely oncogenic (9.9%) and 677 variants of uncer-
tain significance (67.3%). Oncogenic or likely oncogenic alterations were detected in 109 of 111 samples (98.2%).

The most frequently mutated genes were TP53 (n = 47, 42.3%), PIK3CA (n = 16, 14.4%), KRAS (n = 11, 9.9%), ARID1A (n = 10, 9.0%), NF1
(h=7,6.3%),PTEN (n=7,6.3%) and TERT (n = 7, 6.3%) (Figure 2). Common co-mutations included TP53+PIK3CA (n = 7, 6.3%) and TP53+KRAS
(h=6,54%).
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Figure 1. Sequencing QC metrics across samples. Faceted boxplots show the distribution of mean depth, on-target percentage and coverage uniformity
across 114 samples. Individual points represent samples, coloured by DNA QC status and shaped by RNA QC status.

CNAs were identified in 98 samples (88.3%), frequently involving BRCA2 (n = 10), CHEK2 (n = 9), RAD51B (n = 8) and ATM/PTEN (n = 7 each).
High-level amplifications (>6 copies) occurred in 46 samples. Homozygous deletions most commonly affected TP53 (n = 39), HLA-B (n = 27),
and CDKN2A (n = 26). Co-occurring loss of CDKN2A and MTAP was observed in 11 samples (9.9%) across diverse tumour types.

Gene fusions were identified in 29 samples (26.1%), representing 35 unique fusion events. Clinically actionable fusions included EML4-ALK
(n=1)and CD74-R0OS1 (n = 1) in lung cancer, FGFR fusions (n = 6) across multiple tumour types and NTRK fusions (n = 2) in pancreatic cancer
and glioblastoma.

Genomic biomarkers for immunotherapy and targeted therapy

All 111 samples had evaluable TMB (median 5.8 mutations/Mb, range 1.0-56.7). TMB-high (>10 mutations/Mb) status was observed in six
samples (5.4%) including endometrial (n = 2), breast (n = 1), ovarian (n = 1), lung (n = 1) and colorectal (n = 1) cancers.

MSI-H tumours were found in two samples (1.8%): one colorectal cancer carrying a pathogenic MLH1 germline variant and one endometrial
cancer. All MSI-H tumours demonstrated elevated TMB (median 34.2 mutations/Mb).

HRD was quantified using the GIM, with GIM 216 defining GIM-high status. Ten samples (9.0%) were GIM-high. All GIM-high tumours
harboured at least one HRR gene alteration (10/10, 100%), compared to 72/99 (72.7%) of GIM-low tumours (p = 0.050, Fisher's exact test).

Notably, BRCA1/2 alterations showed a strong association with GIM-high status: 5/10 (50%) GIM-high tumours versus 12/99 (12.1%) GIM-
low tumours (p = 0.008, Figure 3). In contrast, non-BRCA HRR gene alterations (ATM, CHEK2, PALB2, RAD51C and others) showed no signifi-
cant association: 5/10 (50%) in GIM-high versus 60/99 (60.6%) in GIM-low tumours (p = 0.838). This distinction suggests that GIM-based
HRD scoring primarily identifies BRCA-associated genomic instability.

Therapeutic actionability and clinical implementation
Actionable genomic alterations were identified in 72 of 111 patients (64.9%), leading to tiered therapeutic recommendations. Tier 1 rec-

ommendations (FDA-approved therapies for the specific alteration and tumour type) were made for 32 patients (28.8%), most commonly
in ovarian (n = 11), lung (n = 6) and breast (n = 4) cancers. Tier 2 recommendations (clinical trial or off-label options) were made for 40
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patients (36.0%). Tier-wise categorisation of biomarkers according to diagnostic, therapeutic and prognostic indications has been detailed in
Supplementary Tables 1 and 2.

Top 50 recurrently altered genes (N =111)
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Figure 2. Genomic landscape of top 50 recurrently altered genes (N = 111). Oncoprint showing somatic alterations across 111 patients and 19 tumour
types. Columns = individual patients (grouped by tumour type); rows = genes (ordered by alteration frequency, shown at right). Alteration types: green
= missense, black = nonsense, orange = frameshift, purple = splice, blue = loss, red = amplification, grey = fusion. Bottom tracks: MSI, microsatellite
instability; TMB, tumour mutational burden; GIM, genomic instability measure; LOH, loss of heterozygosity; PGx, pharmacogenomic variants in DPYD,
UGT1A1, CYP2D6, TPMT. TP53 (47%), HLA-B (41%) and CDKN2A (31%) were most frequently altered.
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Figure 3. Genomic instability associates with BRCA1/2 but not non-BRCA HRR alterations. Proportions of tumours with HRR gene alterations by GIM
status (GIM-high 216 versus GIM-low <16). Points show proportions with Wilson 95% confidence intervals; point size indicates sample size. Fractions
denote alterations/total samples within each GIM stratum. GIM-high: n = 10; GIM-low: n = 99. All GIM-high tumours harboured 21 HRR alteration (10
/10, 100%) versus 72.7% of GIM-low (p = 0.050, Fisher’s exact). BRCA1/2 mutations were significantly enriched in GIM-high (50% versus 12%, p = 0.008),
while non-BRCA HRR genes showed no association (50% versus 60.6%, p = 0.838). p-values by Fisher’s exact test.

Of the 72 patients with actionable recommendations, only ten (13.9% of tier recommended; 9.0% of total cohort) received therapy precisely
matched to their tier recommendation: nine at Tier 1 and one at Tier 2 (Figure 4). Treatment received in the entire actionable cohort included
no systemic therapy (n = 37), chemotherapy only (n = 22), multiple modalities (n = 14), targeted therapy (n = 10), immunotherapy (n = 7) and
hormone therapy (n = 2).

Matched therapy cases occurred in lung (n = 2), gallbladder, liver, head and neck, kidney, tongue, ovarian and Ewing sarcoma. Actionable driv-
ers included TMB-high (n = 4), ERBB2 amplification (n = 2), EML4-ALK fusion with ALK amplification (n = 1), CD74-R0OS1 fusion with ROS1
G2032R resistance mutation (n = 1), IDH1 R132C (n = 1) and BRCA1 E23Vfs*17 (n = 1).

CGP was performed at a median of 11.2 months from diagnosis (range 0.1-23.2 months). At data cut-off, seven of ten matched therapy
patients were alive (70.0%), and three had died (30.0%). Among the 62 patients who did not receive matched therapy, 35 were alive, and
27 had died. Reasons for treatment non-concordance included clinical deterioration, lack of access to targeted agents, patient refusal and
alternate treatment priorities.

Germline findings and pharmacogenomic profiling

Germline testing was recommended in 18 patients (16.2%) based on tumour-only profiling suggestive of germline variants. Testing was
performed in seven (38.9% of those recommended), identifying pathogenic or likely pathogenic germline variants in four patients (3.6% of
total cohort; 42.9% of tested): FANCC, NBN, MLH1 and BRCA2. The 61% gap between recommendation and completion was primarily due to
financial constraints (40% of non-tested), lack of genetic counselling access (35%) and patient anxiety/refusal (25%).

Thirty-three clinically relevant pharmacogenomic variants were detected involving CYP2D6 (n = 19; 15 intermediate (IM) and 4 poor metabo-
lisers (PM)), DPYD (n = 9; all reduced activity), UGT1A1 (n = 4; 1 homozygous and 3 heterozygous) and TPMT (n = 1). These findings guided
individualised dose adjustments for fluoropyrimidines, irinotecan, tamoxifen and thiopurines.
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+ Alive: n=7 (70.0%) Dead: n=27

Dead: n=3 (30.0%)

Only 10 patients (13.9% of tier-recommended; 9.0% of total cohort) received therapy
precisely matched to their tier recommendation: 9 at Tier 1 and 1 act Tier 2.

Treatment implementation Pathway for Actionable Cases (N=72)

Tier 1 Recommended Mo Treatment (n=37) Tier 1 Matched (n=9)
(n=32)

Tier 2 Recommended Chemotherapy (n=22) Tier 2 Matched (n=1)
(n=40)

Multiple Modalities (n=14) Mat Mat

Figure 4. Flow of tier-based therapeutic recommendations to matched treatment and molecular alterations. This Sankey diagram illustrates the clinical and
molecular treatment cascade across the study cohort (N = 111). Of these, 72 samples received tier-based therapeutic recommendations, including 32 Tier
1 and 40 Tier 2 recommendations. Among tier-recommended cases, chemotherapy was the most frequently administered modality (n = 28), followed by
targeted therapy (n = 12), immunotherapy (n = 7) and hormone therapy (n = 2).
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Tumour-type specific highlights

Key tumour-specific findings included: (1) lung cancers with actionable EML4-ALK and CD74-R0OS1 fusions, both receiving matched targeted
therapy; (2) ovarian cancers with frequent HRR pathway mutations (BRCA1/2 and RAD51C) and CCNE1 amplification; (3) breast cancers with
PIK3CA mutations (n = 3), ESR1 D538G (n = 1) and FGFR2 amplification (n = 1); (4) endometrial cancers predominantly copy number-high
(57%) with ARID1A and PPP2R1A mutations; (5) prostate cancers with DNA damage repair alterations (PALB2 and BRCA?2) suitable for PARP
inhibitor therapy and (6) gallbladder carcinomas with ERBB2 amplification.

Discussion

This real-world study of 111 patients with metastatic solid tumours demonstrates that CGP identifies oncogenic or likely oncogenic altera-
tions in 98.2% of cases, with tiered actionable findings in 64.9%. However, only 13.9% of patients with actionable alterations ultimately
received tier-matched therapy, highlighting a profound implementation gap between genomic discovery and therapeutic delivery. A key
biological insight emerges from our HRD analysis: BRCA1/2 mutations showed significant association with genomic instability (50% in GIM-
high versus 12% in GIM-low tumours, p = 0.008), while non-BRCA HRR alterations demonstrated no such correlation (p = 0.838)—a distinc-
tion with implications for PARP inhibitor patient selection and HRD biomarker interpretation. These findings underscore both the diagnostic
power and practical challenges of precision oncology implementation in routine clinical practice.

Genomic landscape and biological insights

The detection of oncogenic alterations in 98.2% of profiled tumours aligns with recent pan-cancer analyses reporting actionable alterations
in 59%-75% of advanced solid tumours [16]. The predominance of TP53 mutations (42.3%), PIK3CA alterations (14.4%) and KRAS variants
(9.9%) reflects established driver biology across epithelial malignancies [17]. However, co-occurring alterations TP53+PIK3CA in 6.3% and
TP53+KRAS in 5.4% suggest converging pathway dysregulation that may influence therapeutic response and resistance mechanisms. In
ovarian cancer, TP53 mutations combined with HRD signatures predict platinum sensitivity and also identify aggressive disease requiring
intensive surveillance [18].

Copy number alterations, detected in 88.3% of samples, included frequent alterations in DNA repair genes (BRCA2, CHEK2, RAD51B, ATM
and PTEN). Notably, co-occurring CDKN2A/MTAP deletions (9.9%) spanned diverse tumour types and represent an emerging therapeutic vul-
nerability, as MTAP loss creates dependence on the methionine salvage pathway, rendering tumours selectively sensitive to PRMT5 inhibi-
tors currently in clinical development [19]. Gene fusions identified in 26.1% of samples underscore the value of DNA-based fusion detection,
though the two RNA QC failures highlight the complementary role of RNA sequencing for optimal sensitivity [20].

Contextualisation within Indian precision oncology landscape

Our oncogenic alteration detection rate (98.2%) exceeds previously reported Indian cohorts, including the Tata Memorial Hospital series
(64.9% in 843 patients with 50-150 gene panels) [21] and the HCG Cancer Center cohort [22], likely attributable to our comprehensive 517-
gene coverage. While our actionable finding rate (64.9%) aligns with international benchmarks, our treatment concordance rate (13.9%) more
closely mirrors global real-world evidence (8%-20%) and the NOCI multicentre registry (23%) than the HCG Cancer Center's 43% rate. This
disparity reflects systematic differences in healthcare infrastructure: the HCG study involved molecular tumour board review in 44% of cases
with institutional clinical trial access, whereas our consecutive cohort represents broader community practice patterns.

Our quantified implementation barriers clinical deterioration (22%), drug inaccessibility (19%) and financial toxicity (15%) validate the ‘know-
ing-doing gap’ identified qualitatively in prior studies and underscore that sequencing success rates exceeding 90% across all Indian studies
have outpaced health system readiness for precision oncology delivery. Our study distinguishes itself through pan-cancer scope and bio-
logical depth, enabling cross-tumour biomarker validation critical for tumour-agnostic applications not captured in disease-specific cohorts.
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HRD biomarker refinement: BRCA1/2 versus non-BRCA HRR alterations

A central finding is the differential association between genomic instability and HRR pathway alterations. While all GIM-high tumours har-
boured HRR gene alterations, BRCA1/2 mutations were significantly enriched in GIM-high cases (50% versus 12%, p = 0.008), whereas non-
BRCA HRR genes (ATM, CHEK2, PALB2 and RAD51C/D) showed no association (50% versus 60.6%, p = 0.838). The differential association
between BRCA1/2 mutations and GIM, but not non-BRCA HRR alterations - reflects fundamental differences in HRR pathway architecture.
BRCA1/2 proteins function as rate-limiting, central coordinators of homologous recombination; biallelic loss produces profound HRD with
large-scale chromosomal rearrangements, extensive LOH and characteristic ‘genomic scars’ (tandem duplications, telomeric allelic imbalance
(TAI)) detectable as high GIM scores. In contrast, upstream or accessory HRR pathway components (ATM, CHEK2, PALB2 and RAD51C/D)
may permit partial functional compensation or incomplete pathway shutdown, generating oncogenic alterations without equivalent genome-
wide scarring patterns [23]. This hierarchy explains variable PARP inhibitor clinical responses: in the PROfound trial, BRCA1/2-mutated
castration-resistant prostate cancer patients achieved superior olaparib response (33% ORR) compared to ATM-altered patients (11% ORR),
despite both being HRR-pathway deficient [24]. The ARIEL3 trial similarly demonstrated that LOH-high status, a GIM surrogate, predicted
rucaparib benefit in ovarian cancer, independent of BRCA mutation status [25].

This finding, unreported in prior Indian pan-cancer studies, has immediate clinical implications for expanding PARP inhibitor consideration
beyond ovarian cancer to prostate, pancreatic and breast cancers, consistent with trial designs such as PROfound and POLO that restricted
enrolment to BRCA1/2-altered patients despite including non-BRCA HRR genes in exploratory analyses.

Three GIM-high ovarian cancers lacked BRCA1/2 mutations, suggesting alternative mechanisms including epigenetic silencing or RAD51C/D
inactivation [26]. HRR alterations were detected in breast (4/7), prostate (6/7) and pancreatic (3/4) cancers, reflecting expanding HRD
assessment beyond ovarian malignancies. However, optimal HRD scoring thresholds for non-ovarian tumours require prospective validation.

Implementation gap: from genomic discovery to clinical delivery

Despite 72 patients (64.9%) receiving tiered therapeutic recommendations, only 10 (13.9%) received tier-matched therapy, an 86% attrition
rate consistent with real-world CGP studies reporting treatment concordance of 8%-16% [27]. Of these, nine patients had Tier 1 alterations
with FDA-approved therapies in the relevant tumour type and one patient had a Tier 2 alteration with therapeutic relevance in an alternative
clinical setting. Literature identifies the commonest causes as: (1) clinical deterioration before treatment initiation (exacerbated by median
CGP turnaround times of 28-63 days); (2) drug inaccessibility outside clinical trials, particularly for off-label or Tier 2 alterations and (3) finan-
cial toxicity and insurance denials [28, 29]. Notably, matched therapy was successfully delivered for alterations with robust FDA approvals:
ERBB2 amplifications (2/2, 100%), TMB-high status (4/6, 67%) and ALK/ROS1 fusions (2/2, 100%), underscoring that clinical utility extends
beyond variant detection to encompass reimbursement infrastructure, drug availability and payer policies. CGP was frequently performed
late in the treatment course (median 11.2 months from diagnosis, range 0.1-23.2); consequently, many patients were ineligible for genomi-
cally matched therapies due to advanced disease or poor performance status at the time of result delivery.

Germline findings and cascade testing gap

Presumed germline pathogenic variants (PGPVs) were flagged in 16.2% of patients, yet confirmatory germline testing was completed in only
38.9%, a 61% gap attributable to cost, insurance barriers and patient anxiety. Among tested patients, pathogenic variants were confirmed in
BRCA2, FANCC, NBN and MLH1 (Lynch syndrome), with implications for hereditary cancer syndrome diagnosis and family cascade screening.
Real-world data from other CGP cohorts mirror this pattern: fewer than 20% of patients with tumour-detected PGPVs undergo genetic coun-
selling, and cascade testing rates remain below 30% [30]. Embedding genetic counsellors within molecular tumour boards and implementing
automated referral pathways for confirmed PGPVs represent actionable strategies to close this care gap.
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Immunotherapy biomarkers and immune evasion

The low prevalence of MSI-H tumours (1.8%) and modest TMB-high rate (8.1%) likely reflect cohort enrichment for ovarian, lung and pros-
tate cancer tumour types with intrinsically low MSI. Both MSI-H cases demonstrated markedly elevated TMB (median 34.2 mut/Mb), validat-
ing the linkage between mismatch repair deficiency and hypermutation [31]. Four of six TMB-high patients received immunotherapy with
documented responses, supporting tumour-agnostic pembrolizumab use for TMB 210 mut/Mb.

Notably, HLA-A/B deletions were detected in 27% of samples - an immune evasion mechanism that may confer checkpoint inhibitor resis-
tance by preventing tumour antigen presentation [32]. While not currently actionable, HLA genomic alterations warrant investigation as
negative predictive biomarkers for immunotherapy response.

Stealth implementation of pharmacogenomics

Pharmacogenomic variants in CYP2D6 (n = 19), DPYD (n = 9) and UGT1A1 (n = 4) informed dose modifications in 29.7% of patients, prevent-
ing potentially life-threatening toxicities. DPYD deficiency (3%-5% prevalence) causes severe fluoropyrimidine toxicity mitigable through
prospective dose reduction, while UGT1A1*28 homozygosity predicts grade 3-4 irinotecan toxicity [33, 34]. Despite robust evidence, phar-
macogenomic testing remains underutilised (<20% implementation rates). Integration of pharmacogenomic markers into CGP workflows
absent from prior Indian CGP reports, despite CPIC guideline recommendations, represents ‘stealth implementation’ that delivers action-
able information without incremental cost or turnaround time. The pan-cancer context proves essential: fluoropyrimidine-based regimens
span colorectal, gastric, pancreatic and breast cancers; irinotecan applies to colorectal, pancreatic and small cell lung cancer and tamoxifen
metabolism affects breast cancer outcomes.

Limitations and future directions

This retrospective, single-institution study’s heterogeneous tumour distribution limits statistical power for rare malignancies. The 13.9%
tier-matched therapy rate likely underestimates CGP’s clinical utility, as it excludes cases where genomic information informed clinical trial
enrolment or treatment sequencing decisions. The absence of longitudinal outcome data (progression-free survival and overall survival)
precludes assessment of whether matched therapy conferred survival benefit. HRD assessment relied on surrogate markers (GIM, LOH)
with thresholds derived from ovarian cancer cohorts; applicability to other tumour types requires validation. Low EGFR mutation rates in
lung cancer and underrepresentation of MSI-H tumours reflect institutional pre-testing algorithms, limiting generalisability. Several subgroup
analyses were performed as exploratory assessments; however, the relatively small sample sizes within certain subgroups limited the statisti-
cal power to detect meaningful differences. The results of exploratory subgroup analyses should be considered hypothesis-generating and
require validation in larger cohorts.

Given the heterogeneity of the cohort and the small sample size of several tumour subgroups, tumour-specific findings should be considered
hypothesis-generating and require validation in larger, disease-specific cohorts.

Priority interventions to close the actionability-to-treatment gap include: accelerating turnaround times through liquid biopsy CGP, expanding
clinical trial access through basket/umbrella designs, innovative reimbursement models including bundled payments for molecular-matched
therapy, systematic germline follow-up through embedded genetic counselling and prospective validation of integrated HRD scoring across
tumour types.

Conclusion

CGP identified clinically relevant alterations in 98.2% of metastatic solid tumours, with actionable findings in 64.9%. The strong associa-
tion between BRCA1/2 mutations but not non-BRCA HRR genes and genomic instability refines HRD biology understanding and supports
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integrated biomarker assessment for PARP inhibitor selection. However, the 86% attrition rate from genomic recommendation to treatment
delivery highlights systemic barriers, including drug access, financial toxicity and clinical deterioration. Addressing these implementation
challenges through improved trial infrastructure, embedded genetic counselling and mainstreamed pharmacogenomics will be essential to
realise precision oncology'’s full clinical potential.
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Supplementary materials and methods

Detailed sample processing protocol

FFPE section preparation

Tumour tissue blocks were reviewed by board-certified pathologists to confirm diagnosis and assess tumour content. H&E-stained slides
were prepared from each block to estimate tumour cellularity. Areas with 230% tumour cell content were marked. When tumour content was
<30%, macrodissection was performed by scraping marked tumour areas from three to five adjacent unstained sections (5-10 um thickness)
to enrich for tumour cells.

DNA extraction and QC

Genomic DNA was extracted using the ReliaPrep™ FFPE gDNA Miniprep System and ReliaPrep™ FFPE Total RNA Miniprep System (Pro-
mega, Madison, WI, USA) according to manufacturer’s instructions. In brief, FFPE sections were deparaffinised with mineral oil, followed by
protein digestion using proteinase K at 56°C for 3 hours. DNA was isolated using spin columns and eluted in 60 pL elution buffer.

DNA quantity was measured using the Qubit dsDNA HS Assay Kit on a Qubit 4 Fluorometer (Thermo Fisher Scientific). DNA quality was
assessed by determining the DV200 metric (percentage of DNA fragments >200 base pairs) using the Agilent 2200 TapeStation system with
Genomic DNA ScreenTape (Agilent Technologies, Santa Clara, CA, USA). Samples with =20 ng total DNA and DV200 =30% were considered
suitable for library preparation. Samples failing quality metrics were re-extracted from additional sections or excluded from analysis.

Detailed NGS protocol

Library preparation

Sequencing libraries were prepared from 20 ng tumour DNA using the lon AmpliSeq Library Kit Plus (Thermo Fisher Scientific, catalog
#4488990) following the manufacturer’s protocol version 2.0. The Oncomine Comprehensive Assay v4 (OCA v4) primer pool covering 517
genes was used for multiplex PCR amplification (catalog #A43931). Amplification consisted of:

e Initial denaturation: 99°C for 2 minutes
e 21 cycles of: 99°C for 15 seconds, 60°C for 16 minutes

Amplicons were treated with FuPa reagent to partially digest primers and phosphorylate amplicons. Adapters containing lon Xpress Barcodes
were ligated to enable sample multiplexing. Libraries were purified using Agencourt AMPure XP beads (Beckman Coulter, Indianapolis, IN,
USA) at 1.2x bead:sample ratio.

Library quality and concentration were assessed using the lon Library TagMan Quantitation Kit (Thermo Fisher Scientific) on a QuantStudio
5 Real-Time PCR System. Libraries were normalised to 100 pM before templating.

Template preparation and sequencing

Template preparation and chip loading were automated on the lon Chef System (Thermo Fisher Scientific) using the lon 550 Kit-Chef (catalog
#A34538). Eight barcoded libraries were pooled per lon 550 Chip. The lon Chef performed:
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e Emulsion PCR to clonally amplify DNA libraries on lon Sphere Particles (ISPs)
e Enrichment of template-positive ISPs
e Loading of enriched ISPs onto lon 550 Chips

Sequencing was performed on the lon GeneStudio S5 XL System (Thermo Fisher Scientific) using lon 540 Chips. Sequencing run parameters
were set to 850 flows targeting read lengths up to 200 base pairs. Target performance metrics included:

e Average coverage depth: 21,000x (range: 500-3,000x)

e Coverage uniformity: 290% (percentage of amplicons covered at >0.2x mean depth)
e On-target reads: 285%

Usable reads: 280%

Polyclonal reads: <30%

Detailed bioinformatic analysis pipeline

Signal processing and base calling

Raw voltage signals were converted to sequence data using Torrent Suite Software v5.18.1 (Thermo Fisher Scientific). The software performed:

e Phase correction to account for signal decay
e Background subtraction

e Normalisation across chip regions

e Base calling using flow-space algorithms

e Quality score assignment

Alignment and variant calling

Base-called sequences were aligned to the human reference genome (hg19/GRCh37) using TMAP (Torrent Mapping Alignment Program)
with default parameters optimised for amplicon sequencing. Variant calling and annotation were performed using lon Reporter Software
v5.20.8.0 with the Oncomine Comprehensive v4 workflow (tumour-only analysis mode).

Variant calling thresholds:

e SNVs: 5% VAF, 210 variant reads, Phred quality score 220

e Insertions/deletions (indels): 25% VAF, >10 variant reads

e CNVs: 24 copies for amplifications, <1.5 copies for deletions, calculated using normalised coverage ratios
e Gene fusions: 220 fusion reads spanning predicted breakpoint, 22 unique start sites

Variant filtering
Variants were filtered to remove:

e Common germline polymorphisms (>1% allele frequency in gnomAD population database)
e Strand-bias artifacts (Fisher Strand Score >80)

e Low-quality variants (Phred quality <20)

e Known sequencing artifacts in homopolymer regions

Hotspot variants in oncogenes were retained at lower VAF thresholds (23%) if recurrently reported in COSMIC database.
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TMB calculation
TMB was calculated as the number of somatic non-synonymous mutations per megabase (mut/Mb) of coding sequence examined. The cal-
culation included:

e SNVs: missense, nonsense, splice site
e Small insertions and deletions (indels) causing frameshift or in-frame changes
e Excluded: Synonymous variants, variants in non-coding regions, known germline variants, recurrent sequencing artefacts

TMB = (Total somatic mutations) / (Coding region size in Mb)
Coding region size: 1.7 Mb (OCA v4 panel)

TMB-high threshold: 210 mut/Mb, based on published data correlating with immunotherapy response across tumour types.

HRD assessment

GIM calculation

HRD was assessed using a GIM derived from three components:
1. LOH score: Number of LOH events 215 Mb in size
2. TAl score: Number of regions with allelic imbalance extending to telomeres
3. Large-scale state transitions (LST) score: Number of chromosomal breaks between adjacent regions 210 Mb
GIM = LOH score + TAl score + LST score
HRD-positive threshold: GIM 216
Validation against MyChoice® CDx

The GIM scoring algorithm was validated using published concordance data with MyChoice® CDx (Myriad Genetics), the FDA-approved
companion diagnostic for HRD assessment. Concordance rate: 92% (16).

MSI analysis

MSI status was determined using 76 microsatellite markers distributed across the genome, including:

Mononucleotide markers (primary panel):

o BAT25, BAT26, CAT25, MON27, NR21, NR22, NR24, NR27

Dinucleotide and other repeat markers:
¢ Additional 68 markers covering chromosomes 1-22, X

For each marker, the number of repeat units in tumour DNA was compared to expected germline lengths. Markers were scored as unstable
if insertions/deletions were detected.
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MSI classification:

e MSI-H: 219 unstable markers (225% of markers tested)
e MSS (Microsatellite Stable): <19 unstable markers

Pharmacogenomic variant interpretation

Germline pharmacogenomic variants were identified in genes affecting drug metabolism:

Genes analysed

e DPYD (dihydropyrimidine dehydrogenase): 5-fluorouracil metabolism

e CYP2Dé (cytochrome P450 2Dé6): tamoxifen, opioid metabolism

e UGT1A1 (UDP glucuronosyltransferase 1A1): irinotecan metabolism

e TPMT (thiopurine S-methyltransferase): 6-mercaptopurine, azathioprine metabolism

Germline variant identification

Variants with VAF patterns consistent with germline origin were flagged:

e Heterozygous: VAF 40%-60%
e Homozygous: VAF >90%

Phenotype prediction

Predicted metaboliser phenotypes based on CPIC guidelines:

e Normal metaboliser: Wild-type or normal function alleles

e |M: One decreased/no function allele

e PM: Two decreased/no function alleles

e Ultrarapid metaboliser: Gene duplication/multiplication (CYP2Dé only)

Clinical recommendations

Dosing recommendations provided according to CPIC guidelines for each metabolizer phenotype.

Germline-suspected variant identification

Variants flagged for potential germline origin in hereditary cancer predisposition genes were identified using a multi-parameter algorithm:

VAF-based criteria

e Heterozygous pattern: VAF 40%-60%
e Homozygous pattern: VAF >90%
e Located in regions with copy-neutral LOH: VAF >70%
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Gene-based criteria

Variants in 59 established hereditary cancer predisposition genes, including:

e DNArepair: BRCA1, BRCA2, PALB2, ATM, CHEK2, RAD51C, RAD51D
e Mismatch repair: MLH1, MSH2, MSHé6, PMS2, EPCAM

e Tumour suppressors: TP53, PTEN, STK11, CDH1, APC, VHL

o Others: CDKN2A, RET, MET, BRIP1, NBN

Pathogenicity criteria

e ClinVar classification: pathogenic or likely pathogenic
e ACMG/AMP criteria: evidence codes supporting pathogenicity (PVS1, PS1-4, PM1-6, PP1-5)

Reporting and follow-up

Patients with germline-suspected pathogenic variants were flagged for:
1. Confirmatory germline testing from blood or saliva
2. Genetic counselling referral
3. Family cascade testing recommendation
4

Risk-reduction and surveillance recommendations per NCCN guidelines

QC metrics and troubleshooting

Sample-level QC thresholds

Metric Pass threshold Action if failed
Tumour content 230% Macrodissection or exclusion
DNA input 220 ng Re-extraction from additional sections
DV200 230% Re-extraction or sample exclusion
On-target reads 285% Repeat library preparation
Mean depth >1,000x Repeat sequencing
Coverage uniformity 290% Repeat sequencing
Usable reads >80% Repeat library preparation

Failed sample management

Samples failing QC at any stage were:
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1. Re-tested once using additional tissue sections
2. Excluded from analysis if repeat testing failed

3. Documented with specific failure reason

Of 114 enrolled patients, 3 were excluded: 2 for sequencing QC failure and 1 for insufficient tumour content.

Software and database versions

Analysis software

Torrent Suite Software: v5.18.1
lon Reporter Software: v5.20.8.0
TMAP aligner: v5.12.3

Variant Caller: v5.18

Annotation databases (versions at time of analysis)

e ClinVar: September 2024 release

o COSMIC: v99

e OncoKB: v4.8 (October 2024)

e CIViC: October 2024 release

e dbSNP: build 156

e gnomAD:v2.1.1

e CPIC: Guidelines current as of October 2024

Statistical software

e R:version 4.4.2 (R Foundation for Statistical Computing, Vienna, Austria)

e Python: version 3.11.5

e R packages: tidyverse (v2.0.0), ggplot2 (v3.4.4), ComplexHeatmap (v2.16.0)
e Python packages: scipy (v1.11.3), statsmodels (v0.14.0), pandas (v2.1.1)

Data availability

Processed variant call files and clinical annotations are available upon reasonable request to the corresponding author, subject to institutional

review board approval and data use agreement to protect patient confidentiality.
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Supplementary Table 1. Tumour subgroups and associated biomarkers with Tier 1 clinical actionability, categorised according to therapeutic, prognos-
tic and diagnostic relevance.

Tumour type

Tier 1

Therapeutic

Prognostic

Diagnostic

Breast

ESR1 D538G;high tumour mutation
burden;PIK3CA E542K

FGFR2 amplification,PIK3CA E542K

PIK3CA E545A

Colon

NRAS G12C

BRCA2 L3061*

Endometrium

PPP2R1AP179R

ARID1AR1721*

PPP2R1AP179R

Gallbladder ERBB2 amplification
Glioblastoma KLHL7-NTRK2 fusion
Head & Neck High tumour mutation burden High tumour mutation burden
Kidney High tumour mutation burden High tumour mutation burden
Liver FGFR2-IMPG1 ERBB2 amplification;
Lung CD74-R0OS1 fusion;EML4-ALK EML4-ALK fusion;High Tumour
fusion;high tumour mutation burden;KRAS Mutation Burden,PIK3CA, PTEN
G12C;PIK3CA; ROS1 G2032R
Ovary BRAF mutation;BRCA2 L1776*;CCNE1 BRAF mutation,CCNE1 amplification
amplification;HRR; PPP2R1A P179R
Pancreas PALB2 E830Sfs21*
Prostate BRCA2 11516Dfs13;PALB2 K49Rfs4 BRCA2 11516Dfs13

Salivary gland

ERBB2 amplification

Soft tissue sarcoma

High tumour mutation burden

Thyroid

BRAF V600E

BRAF V600E

Tongue

High tumour mutation burden
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Supplementary Table 2. Tumour subgroups and associated biomarkers with Tier 2 relevance in diagnostic, prognostic and therapeutic.

Tumour type

TIER 2

Therapeutic

Prognostic

Diagnostic

Astrocytoma

KIAA1549-BRAF fusion

Bone sarcoma

CDKN2A deletion, IDH1 R132C,
POLE E1001%, KRAS G12A

Breast ESR1 D538G; KRAS G12D,FGFR2-CASP7
fusion
Chordoma FANCL
Colon BRCA2 L3061%; BRIP1 A745T;MLH1, ATM R2034*, BRIP1 A745T, NRAS MLH1
NF1 R1968*;PIK3CA H1047R;PTEN G12C, PIK3CA H1047R, PTEN
D268Gfs*30 D268Gfs*30
Eccrine High tumour mutation burden
Endometrium AKT1 E17K; BRCA1 L313*,ESR1 D538G;
FGFR2 P253R;PTEN A39Qfs15; PTEN
D92E,T321Mfs19;SNX19-FGFR2 fusion
Gallbladder ERBB2 S310F; ERBB2 amplification; KRAS Q61H, PIK3CA H1047R;
PIK3CA H1047R; PIK3CA Q546K PIK3CA Q546K
Glioblastoma IDH1 R132H; KLHL7-NTRK2 fusion IDH1 R132H

tumour mutation burden; KRAS G12C;NBN
Y429*, NF1 E19*,PTEN; PTEN deletion

Head & neck High tumour mutation burden High tumour mutation burden

Intrahepatic CCA BRCA2 deletion; IDH1 R132C;KRAS G12D; | KRAS G12D; KRAS G12V
KRAS G12V

Kidney BRCA2 deletion; High tumour mutation High tumour mutation burden, KRAS
burden;|IDH1 R132C; KRAS G12V G12v

Liver BRCA2 deletion; ERBB2 PIK3CA E545K
amplification;PIK3CA E545K

Lung CD74-R0OS1 fusion; EML4-ALK fusion;high | EML4-ALK fusion; High tumour

mutation burden, PTEN; PTEN
deletion, KRAS G12C

Mesothelioma

BRCAZ2 deletion;

SMARCB1 deletion

Ovary BRAF mutation; BRCA2 DEL;BRCA2 CCNE1 amplification
L1776%; ; HRR; NBN S292*; NF1

Pancreas KRAS G12D; KRAS G12V;PALB2
E830Sfs21*; PIK3CA N345K

Prostate AKT1 E17K; AR amplification;BRCA2 PTEN deletion
11516Dfs13; PALB2 K49Rfs4;PIK3CA
E542K

Salivary gland CDK12 E314Kfs*35; ERBB2 amplification CDK12 E314Kfs*35

Soft tissue sarcoma

BRCA2 DEL; BRCA2 deletion;High tumour
mutation burden;NF1 R1968,R2637; NF1
Y235S5fs*7;PTEN DEL;PTEN deletion;
SNX19-FGFR2 fusion

High tumour mutation burden

Thyroid

BRAF V600E

Tongue

High tumour mutation burden

High tumour mutation burden
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