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INTRODUCTION

The minichromosome maintenance (MCM) complex is a well-known
protein family that is involved Iin eukaryotic replication initiation. This
conserved protein complex i1s assembled as a double-hexamer ring
structure by six MCM proteins (MCM[2-7]) that work to unwind DNA
double strands and facilitate replication fork progression?.

Overexpression of proteins of the MCM complex has been
demonstrated as a biomarker for rapid cell proliferation and tumor
progression in multiple cancer types, including prostate, breast, lung
cancers, among others. However, there is little scientific research
regarding the dysregulation of the MCM complex in the context of
hematological oncology, particularly in Multiple Myelomat! (MM).

Here, we demonstrate the first causal link between members of the
MCM complex, specifically MCM2 and MCM4, and overall survival
(OS) of patients with Multiple Myeloma.

METHODS

In this study, an In-silico patient model of Multiple Myeloma
Research Foundation (MMRF) 1A19 CoMMpass Study was
developed using GNS's Causal Al technology, REFS™,
REFS™ has been previously used to analyze MMRF data to identify
the epigenetic regulator PHF19 as a marker of aggressive disease®.

REFS™ |learns an ensemble of the most probable models (n=128)
given the data, where the ensemble of networks Is constructed via
Metropolis-Hastings Markov Chain Monte Carlo algorithm by the
addition and subtraction of scored network fragments based on a
maximum entropy structural priors3 [Figure 1].

Simulated genetic perturbations were performed on the In-silico
model to determine causal effects of changes in the expression of
MCM family genes on OS in MM patients. These targets were
validated using a Cox proportional-hazards model on an out-of-
cohort Dana-Farber Cancer Institute MM dataset (DFCI).

Enumeration Optimization Digital Twins

A globally optimal ensemble
of networks (128) is
generated and scored across

thousands of computing
nodes

Trillions of individual
network fragments are
scored based on the full
distribution of parameter
values

Figurel: Machine Learning Methods (REFS™). Visualization of REFS™ enumeration of model fragments and reverse-
engineering of model ensemble to create in silico digital twins.

RESULTS

Leveraging causal Al, simulations on REFS™
models elucidate a causal Influence between
genes in the MCM complex and overall survival
(OS) In patients with Multiple Myeloma (MM). The
prognostic role of MCM genes on OS in MM has
been previously reported4, however little to no
work has investigated the causal role of the MCM
complex on OS.

We first validated several MCM genes as
prognostic biomarkers by simulating overall
survival and conditioning on sampled values of
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gene expression for MCM2 and MCM4 [Figure 2
(a) and (b), respectively]. Prognostic simulations
on the learned causal model line up well with
Kaplan — Meler estimates of OS [Figure 2].

Furthermore, our model demonstrates that MCM genes
are causal drivers of OS [Table 1]. Simulated interventions
(upregulation) are applied to MCMJ[2-4] which show
significant causal effects on OS for MCM2 and MCM4, but
not for MCM3. These results were validated using Cox
proportional hazards estimates on an out-of-cohort
dataset from DFCI.

Preliminary investigation of the causal network paths from
MCM4 to OS [Figure 3] show that MCM4 drives many
genes related to DNA replication (POLE, DNMT1, HELLS,
CHEK1, etc) on its path to OS. Further studies are
required to understand these causal mechanisms and
their biological context.

CONCLUSIONS

In summary, Al causal modeling on the MMRF |A19 dataset
using REFS™ has identified the first causal link between the
MCM complex and OS in MM patients. We validated these
findings using an out of cohort dataset to confirm the

overexpression of MCM2 and MCM4 as causal predictors

Increased hazard on OS. Preliminary Iinvestigation of the
reveal
Interesting possible causal mechanisms for decreased OS
related to the DNA replication pathway. Our findings suggest
that the MCM complex Is a potential novel drug target for

causal network paths between MCM4 and OS

hematological cancers such as MM.
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Cox Hazard Ratio REFS Median Effect [wks]

DFCI (Cl) 1A19 (Cl) Causal (TP) Prognostic (TP)

MCM4 1.31(1.05-1.64) 1.75 (1.5-2.05) -315.139 (0.137) -317.217 (0.056)

MCM2 1.37 (1.07-1.75) 1.62 (1.41-1.85)-37.857 (0.297) -291.438 (0.069)

MCM3 1.37 (1.07-1.76) 1.72 (1.42-2.1) -11.452 (0.416) -228.913 (0.062)

Table 1. Cox Proportional Hazards Ratio and REFS™ Median Effect. Cox
proportional hazard regression analysis is used to estimate the hazard ratio and
confidence interval (Cl) of three MCM genes on OS using both DFCI and MMRF 1A19
datasets. For each gene, high expression is associated with increased hazard,
significant at the p < 0.05 level. The last two columns detail the causal and prognostic
median effect sizes on overall survival in weeks estimated from intervening or sampling
the genes in the causal networks learned from REFS, respectively. The tail probability
(TP) corresponds to the probability of simulating an effect with an opposite sign
compared to the median effect.
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Figure 3: Consensus causal
paths from MCM4 to OS.
REFS™ learns an ensemble of
128 iIndependent Bayesian
network models that detail causal
relationships between (tens of)
thousands of provided features. In
this graph, millions of edges from
these 128 networks are filtered to
only include all paths between
MCM4 and OS within 6 vertex-
hops (distance between two
vertices) and with a minimum
edge count of 5 networks. Green,
blue, and red vertices denote
MCM genes, other model features
(RNA expression, labs, clinical
outcomes, DNA variants, etc.),
and OS, respectively. Edge labels
and thickness correspond to
counts of networks (out of 128)
which edge exists within the path
between MCM4 and overall
survival. Arrows denote paths of
influence.

Figure 2. Analysis of MCM expression on OS. (a) - (b) Overall
survival probability is estimated by sampling the random variables
In the causal networks learned from REFS™ and conditioning the
simulation results on sampled values of MCM2 and MCM4,
respectively. These simulated survival curves are compared to
Kaplan — Meier (KM) estimates based on stratification of OS data
on MCM2 and MCM4 expression level, respectively. Median
survivals and the 5" — 95 percentiles (confidence intervals) are
reported for REFS™ simulated survival and KM estimates for
MCM2 and MCM4, respectively.
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