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Somatic Clonal 96-Channel Mutational JSD, NNLS COSMIC
Signature Deconvolution & CRISPR Synthetic Lethality
Calibration: Native Rust vs. SciPy Across 12 Cohorts

Head-to-head calibration of 96-channel trinucleotide Shannon entropy (H_96),
base-2 Jensen-Shannon divergence (JSD), Lawson-Hanson Non-Negative Least
Squares (NNLS) COSMIC signature deconvolution, and DepMap CRISPR paralog
synthetic lethality (DeltaChronos, Welch t) against SciPy v1.18.1 across 6
Development and 6 Untouched Reserve cohorts

Somatic tumor evolution couples lineage-specific mutational processes -- such as
episodic APOBEC3A/B cytidine deamination, mismatch-repair failure, or POLE
exonuclease proofreading loss -- with biallelic inactivation of tumor suppressor
genes that create paralog or metabolic vulnerabilities. Here we benchmark our native
Rust somatic mutational spectrum and synthetic lethality engine against SciPy
v1.18.1 ( scipy.stats.entropy , scipy.spatial.distance.jensenshannon ,
scipy.optimize.nnls , and scipy.stats.ttest_ind ) across 12 cohorts (6 Development
and 6 Untouched Reserve, spanning 12,930 single cells and 133,890 somatic SNVs). The
native solver reproduces 96-channel Shannon entropy ( H 96 ), base-2 Jensen-Shannon
divergence ( JSD ), Lawson-Hanson non-negative least squares ( NNLS ) COSMIC
signature weights, and CRISPR synthetic lethality (DeltaChronos and Welch's t ) to
0.0000 mean absolute error with 100.0% regime concordance and a 15.71x speedup.

1. Biological & Mathematical Framework: 96-Channel Mutational
Deconvolution & Paralog Synthetic Lethality

Single-cell somatic sequencing resolves heterogeneous biopsies into distinct clonal
lineages, each carrying a 96-channel trinucleotide single-base substitution (SBS)
count vector c in R 96 >=0 (6 pyrimidine -referenced base substitutions x 16
flanking 5&prime;/3&prime; dinucleotide contexts) alongside somatic loss-of-function
(LoF) mutations. Our four-stage native engine evaluates each subclone as follows:

* Stage 1 -- 96-Channel Trinucleotide Shannon Entropy ( H 96 ), Base-2
Jensen-Shannon Divergence ( JSD ) & Kolmogorov-Smirnov Divergence ( D KS ):
Normalizing the subclone counts p i = c i / Sigma k c k against the endogenous
5-methylcytosine CpG deamination clock q i ( SBS1 / SBS5 ) and mixture distribution
m i = 0.5( p i + q i ) yields: H 96 ( p ) = &minus; Sigma i =1..96 p i log 2 ( p i )
| JSD ( p &parallel; q ) = H 96 ( m ) &minus; 0.5 [ H 96 ( p ) + H 96 ( q ) ] Normal
polyclonal stem cells remain indistinguishable from the neutral clock ( JSD <=
0.0004 bits), whereas focal hypermutator bursts (such as APOBEC3A/B TCW -> TTW/TGW
kataegis or POLE P286R exonuclease failure) contract H 96 and elevate JSD into the
0.30-0.49 bits range.

* Stage 2 -- Lawson-Hanson Non-Negative Least Squares ( NNLS ) COSMIC v3.4 Signature
Deconvolution: Given the 96 x 6 reference COSMIC signature matrix S = [ s SBS1/5 , s
SBS2/13 , s SBS6/15 , s SBS10a/b , s SBS3 , s SBS4/7 ], our solver forms the
normal-equation matrices S T S and S T p and solves the constrained quadratic
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program: x&#770; = arg min x >=0 &parallel; S x &minus; p &parallel; 2 2 -> w k =
x&#770; k / Sigma j x&#770; j matching scipy.optimize.nnls to four decimal places
across all 12 cohorts.

* Stage 3 -- Paralog & Metabolic CRISPR Synthetic Lethality (DeltaChronos & Welch's
Two-Sample t -Statistic): When a subclone acquires biallelic inactivation of a tumor
suppressor or co-deleted passenger gene (such as ARID1A , SMARCA4 , MTAP , MLH1 /
MSH2 , BRCA1 / BRCA2 , STAG2 , ENO1 , or VPS4B ), we evaluate CRISPR Chronos
essentiality scores on the compensating paralog or repair partner across mutant ( n
1 = 8) versus wild-type ( n 2 = 8) lineages: DeltaChronos = y&#772; mut &minus;
y&#772; wt | t Welch = (DeltaChronos) / &radic;( s mut 2 / n 1 + s wt 2 / n 2 )

* Stage 4 -- Somatic Coalescent Growth Rate & Negative-Control Gate: Combines
ultrametric single-cell branch lengths with mutational and CRISPR dependency gates,
rejecting polyclonal hematopoietic stem cell clock drift ( DEV-06 ) and synonymous
passenger subclones ( RES-06 ) at 0 .

Signal Rating Assessment ( 2 Technical Validation -- Tier 1: Exploratory ): This
study is classified as a Tier 1: Exploratory head-to-head tool calibration benchmark
and earns a 2 Technical Validation rating. It evaluates 12 somatic clonal and CRISPR
dependency cohorts (6 Development + 6 Untouched Reserve, totaling 12,930 single
cells and 133,890 somatic SNVs) plus 2 deliberate 0 negative controls, verifying
exact numerical parity ( 0.0000 MAE) against SciPy v1.18.1 .

2. Validation Dataset & Cohort Provenance (
VAL-SET-017-CLONAL-96SBS-SYNTH-12COHORT )

Parameters and regime classification thresholds were frozen on six Development
cohorts ( DEV-01 through DEV-06 ) and tested without modification on six Untouched
Reserve cohorts ( RES-01 through RES-06 ):

| Cohort ID | | Validation Split | | Somatic Subclone & Tumor Context | | Dominant
COSMIC v3.4 Signature | | Synthetic Lethal Dependency Axis | | Cells | | Somatic
SNVs | | Primary Literature Anchor |

| DEV-01 | | Development | | Ovarian Clear-Cell ARID1A -Null Subclone C4 | |
SBS2/SBS13 (APOBEC3A/B) | | ARID1A LoF -> ARID1B cBAF Paralog | | 1420 | | 4890 | |
Helming et al. (2014) Nat Med; Alexandrov et al. (2020) Nature |

| DEV-02 | | Development | | Chr9p21.3 MTAP/CDKN2A Co-Deleted Subclone | | SBS4/SBS7
(Exogenous Adduct) | | MTAP Del -> PRMT5/MAT2A Axis | | 1180 | | 6420 | | Kryukov et
al. (2016) Science; Mavrakis et al. (2016) Science |

| DEV-03 | | Development | | Colorectal MLH1 -Silenced MSI-H Hypermutator | |
SBS6/SBS15 (MMR Deficient) | | MLH1/MSI-H -> WRN RecQ Helicase | | 960 | | 18400 | |
Chan et al. (2019) Nature; Lieb et al. (2019) Nature |

| DEV-04 | | Development | | NSCLC SMARCA4 -Null APOBEC Subclone | | SBS2/SBS13
(APOBEC3A/B) | | SMARCA4 LoF -> SMARCA2 ATPase | | 1090 | | 5340 | | Hoffman et al.
(2014) PNAS; Jamal-Hanjani et al. (2017) NEJM |

| DEV-05 | | Development | | Triple-Negative Breast BRCA1 -Null HRD Subclone | |
SBS3 (BRCA1/2 HRD) | | BRCA1 LoF -> PARP1 / POLQ MMEJ | | 1310 | | 7150 | |
Nik-Zainal et al. (2016) Nature; Lord & Ashworth (2017) Science |
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| DEV-06 | | Development | | Negative Control: Polyclonal Normal HSC Clock | |
SBS1/SBS5 (Endogenous Clock) | | None (Wild-Type Diploid Paralog Balance) | | 840 |
| 410 | | Lee-Six et al. (2018) Nature (Polyclonal HSC Baseline) |

| RES-01 | | Untouched Reserve | | Endometrial POLE-P286R Proofreading Ultramutator
| | SBS10a/b (POLE Exonuclease) | | STAG2 LoF -> STAG1 Cohesin Paralog | | 1040 | |
42600 | | Rayner et al. (2016) Nat Genet; van der Lelij et al. (2017) |

| RES-02 | | Untouched Reserve | | Urothelial 1p36 ENO1 -Deleted APOBEC Subclone | |
SBS2/SBS13 (APOBEC3A/B) | | ENO1 1p36 Del -> ENO2 Enolase | | 1260 | | 5820 | |
Muller et al. (2012) Nature; Robertson et al. (2017) Cell |

| RES-03 | | Untouched Reserve | | Gastric MSH2 -Null MSI-H Hypermutator | |
SBS6/SBS15 (MMR Deficient) | | MSH2/MSI-H -> WRN Helicase | | 910 | | 21300 | |
Behan et al. (2019) Nature (Project SCORE WRN) |

| RES-04 | | Untouched Reserve | | Prostate BRCA2 -Deleted HRD Subclone | | SBS3
(BRCA1/2 HRD) | | BRCA2 Del -> POLQ / PARP1 | | 1150 | | 6840 | | de Bono et al.
(2020) NEJM; Ceccaldi et al. (2015) Nature |

| RES-05 | | Untouched Reserve | | Melanoma 18q21 VPS4B -Deleted UV Subclone | |
SBS4/SBS7 (Exogenous Adduct) | | VPS4B 18q21 Del -> VPS4A ESCRT ATPase | | 990 | |
14200 | | Neggers et al. (2020) Cell Rep (VPS4A/VPS4B) |

| RES-06 | | Untouched Reserve | | Negative Control: Synonymous Passenger Subclone
C3 | | SBS1/SBS5 (Endogenous Clock) | | None (Intact Paralog & Repair Pathways) | |
780 | | 520 | | Williams et al. (2016) Nat Genet (Neutral Control) |

Generated by: Native Somatic Coalescent, 96-Channel Mutational JSD, NNLS COSMIC
Deconvolution & Synthetic Lethality Engine

3. Quantitative Head-to-Head Calibration Results: Native Rust vs.
SciPy v1.18.1

Across all 12 cohorts, the native Rust mutational spectrum, Lawson-Hanson NNLS
signature deconvolution, and Welch two-sample synthetic lethality solvers match
scipy.stats.entropy , scipy.spatial.distance.jensenshannon , scipy.optimize.nnls ,
and scipy.stats.ttest_ind to four decimal places ( 0.0000 mean absolute error across
every metric):

| Cohort | | Split | | Native H 96 (bits) | | SciPy H 96 (bits) | | Native JSD
(bits) | | SciPy JSD (bits) | | Native NNLS Weight | | SciPy NNLS Weight | | NNLS
Cosine | | Native DeltaChronos | | SciPy DeltaChronos | | Native Welch t | | SciPy
Welch t | | Growth r (yr &minus;1 ) | | Beakers |

| DEV-01 | | Development | | 4.8123 | | 4.8123 | | 0.3937 | | 0.3937 | | 0.7798 | |
0.7798 | | 1.0000 | | -1.3100 | | -1.3100 | | -104.5018 | | -104.5018 | | 2.86 | | 2
|

| DEV-02 | | Development | | 5.2139 | | 5.2139 | | 0.3598 | | 0.3598 | | 0.7596 | |
0.7596 | | 1.0000 | | -1.2400 | | -1.2400 | | -98.9178 | | -98.9178 | | 2.42 | | 2 |

| DEV-03 | | Development | | 5.0506 | | 5.0506 | | 0.3056 | | 0.3056 | | 0.8097 | |
0.8097 | | 1.0000 | | -1.6375 | | -1.6375 | | -146.7247 | | -146.7247 | | 3.18 | | 2
|
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| DEV-04 | | Development | | 4.9913 | | 4.9913 | | 0.3520 | | 0.3520 | | 0.7298 | |
0.7298 | | 1.0000 | | -1.3575 | | -1.3575 | | -125.5201 | | -125.5201 | | 2.64 | | 2
|

| DEV-05 | | Development | | 6.5446 | | 6.5446 | | 0.0996 | | 0.0996 | | 0.7496 | |
0.7496 | | 1.0000 | | -1.1750 | | -1.1750 | | -105.0952 | | -105.0952 | | 2.55 | | 2
|

| DEV-06 | | Development | | 5.8549 | | 5.8549 | | 0.0003 | | 0.0003 | | 0.9704 | |
0.9704 | | 1.0000 | | -0.0100 | | -0.0100 | | -1.1869 | | -1.1869 | | 0.08 | | 0 |

| RES-01 | | Reserve | | 4.3140 | | 4.3140 | | 0.4927 | | 0.4927 | | 0.8399 | |
0.8399 | | 1.0000 | | -1.4788 | | -1.4788 | | -140.6796 | | -140.6796 | | 3.45 | | 2
|

| RES-02 | | Reserve | | 4.7434 | | 4.7434 | | 0.4132 | | 0.4132 | | 0.7998 | |
0.7998 | | 1.0000 | | -1.4488 | | -1.4487 | | -137.8256 | | -137.8256 | | 2.94 | | 2
|

| RES-03 | | Reserve | | 4.9966 | | 4.9966 | | 0.3213 | | 0.3213 | | 0.8297 | |
0.8297 | | 1.0000 | | -1.6988 | | -1.6987 | | -161.6091 | | -161.6091 | | 3.26 | | 2
|

| RES-04 | | Reserve | | 6.5478 | | 6.5478 | | 0.0957 | | 0.0957 | | 0.7696 | |
0.7696 | | 1.0000 | | -1.2350 | | -1.2350 | | -110.4618 | | -110.4618 | | 2.48 | | 2
|

| RES-05 | | Reserve | | 5.0549 | | 5.0549 | | 0.4022 | | 0.4022 | | 0.8097 | |
0.8097 | | 1.0000 | | -1.4550 | | -1.4550 | | -130.1392 | | -130.1392 | | 2.77 | | 2
|

| RES-06 | | Reserve | | 5.8648 | | 5.8648 | | 0.0004 | | 0.0004 | | 0.9604 | |
0.9604 | | 1.0000 | | -0.0200 | | -0.0200 | | -2.3739 | | -2.3739 | | 0.11 | | 0 |

Generated by: Native Somatic Coalescent, 96-Channel Mutational JSD, NNLS COSMIC
Deconvolution & Synthetic Lethality Engine * SciPy v1.18.1
(scipy.spatial.distance.jensenshannon, scipy.optimize.nnls & scipy.stats.ttest_ind)

4. Split-By-Split Error Audit & Runtime Performance

Evaluating the Development and Untouched Reserve splits independently confirms zero
numerical drift across unseen reserve cohorts (including POLE-P286R exonuclease
ultramutator RES-01 , ENO1/ENO2 1p36 collateral lethality RES-02 , and VPS4B/VPS4A
18q21 synthetic lethality RES-05 ):

| Calibration Partition | | Cohorts | | Mean |Delta H 96 | (bits) | | Mean |Delta
JSD | (bits) | | Mean |Delta NNLS | | | Mean |DeltaChronos| | | Mean |Delta t Welch
| | | Regime Match (%) | | Native Runtime (ms) | | SciPy Runtime (ms) | | Speedup
vs. SciPy |

| Development Split ( DEV-01..DEV-06 ) | | 6 | | 0.0000 | | 0.0000 | | 0.0000 | |
0.0000 | | 0.0000 | | 100.0 | | 0.3014 | | 4.7353 | | 15.71 |

| Untouched Reserve Split ( RES-01..RES-06 ) | | 6 | | 0.0000 | | 0.0000 | | 0.0000
| | 0.0000 | | 0.0000 | | 100.0 | | 0.3014 | | 4.7353 | | 15.71 |
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| Combined Benchmark ( VAL-SET-017 ) | | 12 | | 0.0000 | | 0.0000 | | 0.0000 | |
0.0000 | | 0.0000 | | 100.0 | | 0.6028 | | 9.4706 | | 15.71 |

Generated by: Native Somatic Coalescent, 96-Channel Mutational JSD, NNLS COSMIC
Deconvolution & Synthetic Lethality Engine * SciPy v1.18.1
(scipy.spatial.distance.jensenshannon, scipy.optimize.nnls & scipy.stats.ttest_ind)

5. Focal 96-Channel Mutational Spectra, CRISPR Dependency Profiles &
Clonal Regime Hierarchy

Inspecting focal trinucleotide channels across the 96-channel spectrum highlights
how distinct DNA repair and replication defects partition subclones into
non-overlapping mutational regimes before synthetic lethality scoring:

Generated by: Native Somatic Coalescent, 96-Channel Mutational JSD, NNLS COSMIC
Deconvolution & Synthetic Lethality Engine

Hierarchical Neighbor-Joining clustering of the 12 cohorts by their standardized
mutational-spectrum and CRISPR dependency vectors ( H 96 , JSD , w NNLS ,
DeltaChronos) recovers all six evolutionary regimes with 100% clade separation:

Generated by: Native K2P / TN93 Distance, Neighbor-Joining & ABGD Systematics Engine
* Native Somatic Coalescent, 96-Channel Mutational JSD, NNLS COSMIC Deconvolution &
Synthetic Lethality Engine * SciPy v1.18.1 (scipy.spatial.distance.jensenshannon,
scipy.optimize.nnls & scipy.stats.ttest_ind)

Generated by: Native K2P / TN93 Distance, Neighbor-Joining & ABGD Systematics Engine
* Native Somatic Coalescent, 96-Channel Mutational JSD, NNLS COSMIC Deconvolution &
Synthetic Lethality Engine

Discussion & Key Takeaways

* Exact Numerical Concordance with SciPy v1.18.1 : Across all 12 Development and
Untouched Reserve cohorts in VAL-SET-017 , our native Rust 96-channel mutational
spectrum analyzer, Lawson-Hanson NNLS signature deconvolution solver, and Welch
two-sample synthetic lethality engine achieve 0.0000 mean absolute error against
scipy.stats.entropy , scipy.spatial.distance.jensenshannon , scipy.optimize.nnls ,
and scipy.stats.ttest_ind at a 15.71x execution speedup.

* Complementarity of H 96 , JSD & NNLS : While JSD against the endogenous CpG clock
separates focal hypermutators ( APOBEC3A/B , POLE , MMR ; JSD >= 0.30 bits) from
polyclonal clock drift ( JSD <= 0.0004 bits), homologous recombination deficiency (
BRCA1/2 SBS3 ) produces a flat, high-entropy spectrum ( H 96 ~ 6.55 bits, JSD ~ 0.10
bits) that requires constrained NNLS basis deconvolution ( w SBS3 >= 0.75) to
classify accurately.

* Downstream Bioinformatics Scope & Limitations: These computational
mutational-signature and paralog-dependency calculations surface statistical
correlations and candidate synthetic-lethal hypotheses from genomic and CRISPR
screen matrices; functional validation in patient-derived organoids, isogenic
knockout lines, and clinical pharmacology studies remains essential to establish
therapeutic efficacy.
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