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Targeting chromosome 12q amplification in relapsed glioblastoma:
the use of computational biological modeling to identify effective
therapy—a case report
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Background: Relapsed glioblastoma (GBM) is often an imminently fatal condition with limited therapeutic
options. Computation biological modeling, i.e., biosimulation, of comprehensive genomic information
affords the opportunity to create a disease avatar that can be interrogated in silico with various drug
combinations to identify the most effective therapies.

Case Description: We report the outcome of a GBM patient with chromosome 12q amplification who
achieved substantial disease remission from a novel therapy using this approach. Following next generation
sequencing (NGS) was performed on the tumor specimen. Mutation and copy number changes were input
into a computational biologic model to create an avatar of disease behavior and the malignant phenotype.
In silico responses to various drug combinations were biosimulated in the disease network. Efficacy scores
representing the computational effect of treatment for each strategy were generated and compared to each
other to ascertain the differential benefit in drug response from various regimens. Biosimulation identified
CDK4/6 inhibitors, nelfinavir and leflunomide to be effective agents singly and in combination. Upon
receiving this treatment, the patient achieved a prompt and clinically meaningful remission lasting 6 months.
Conclusions: Biosimulation has utility to identify active treatment combinations, stratify treatment
options and identify investigational agents relevant to patients’ comprehensive genomic abnormalities.
Additionally, the combination of abemaciclib and nelfinavir appear promising for GBM and potentially other

cancers harboring chromosome 12q amplification.
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Introduction

Glioblastoma (GBM) is a lethal disease with a median
survival of approximately one year for patients with
MGMT-unmethylated disease and 18 months with
MGMT-methylated cancers. Fewer than 5% survive
5 years. Following conventional therapy with surgery,
chemoradiotherapy, adjuvant temozolomide and tumor
treating fields (T'TF), patients usually relapse with
remarkably short survival. Typically, the relapsed GBM
is marginally responsive to salvage therapies, such as
lomustine, regorafenib, bevacizumab and other cytotoxic
agents. In general, second-line treatments achieve
significant radiographic responses in just 3-5% of cases.
Hence, the discovery of effective therapy for this disease
remains an urgent and unmet need.

Thus far, precision medicine based on next generation
sequencing (NGS) alone has afforded little progress
against GBM compared to other malignancies. Apparently,
single agent oncogene-targeting yields little benefit
against malignancies fueled by multiple signaling
pathway aberrations. Additionally, tumor heterogeneity,
transcriptional plasticity and glioma-mesenchymal transition
constitute significant impediments. The blood brain barrier
(BBB) also poses an obstacle to drug delivery. On the other
hand, computational biological modeling (CBM), i.e.,
biosimulation, of multiple complex signaling pathways has
recently emerged as a technique for integrating genomic
information into effective treatment recommendations.
A virtual avatar of a patient’s cancer generated from
comprehensive genomic inputs permits interrogation of the
disease network with regard to the impact size of various
drug combinations on the hallmark behaviors of cancer. The
feasibility of CBM to identify the likelihood of benefit from
various GBM therapies has recently been demonstrated (1).
Biosimulation of drug response demonstrates high positive
and negative predictive value (~90%) for predicting
clinical outcomes in GBM (2,3) and recently has received
attention for GBM and other treatment-resistant
diseases (4,5). In a population of 100 patients with GBM,
biosimulation of treatment response was found to be
strongly predictive of disease free survival (P=0.0266) and
overall survival (P=0.0125), offering evidence that validates
biosimulation (6). We report here a case of a patient with
relapsed GBM for whom biosimulation led to a novel
therapy which produced dramatic disease regression. We
present the following article in accordance with the CARE
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-2022-62/rc).
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Case presentation

A 52-year-old man came to medical attention with
6 months of worsening mental status and personality
changes. At presentation, MRI revealed a large L. cerebral
tumor with vasogenic edema, local mass effect, and
midline shift (Figure I). Left frontotemporal craniotomy
was performed for radical gross total resection utilizing
a stereotactic computer-assisted, volumetric, intracranial
procedure with frameless stereotaxis employing BrainLab™
(Brainlab AG, Munich, Germany) intraoperative navigation.
Frozen section revealed high-grade glioma. Surgery was
uneventful and the patient had a satisfactory post-operative
MRI. He became more alert over the subsequent days in
hospital and was discharged home without complications.

Pathology revealed GBM (WHO grade 1IV), extensive
necrosis, thrombosis and hemorrhage, unusually
brisk hypervascularity, abundant mitoses, and Ki-67
10-20% (Figure 2). The MGMT was unmethylated.
Immunohistochemistry revealed GFAP positivity, IDH1/2
negativity, p53<10%, absence of 1p/19q co-deletion, or
polysomy 7. Monosomy 10q was present.

Following surgery, the patient received conventional
therapy with chemoradiotherapy (60 Gy + temozolomide
75 mg/m’ daily) and 6 cycles temozolomide (150 mg/m’ d
1-5 q 28 d). He declined TTF therapy. He entered a period
of disease control that lasted for 8 months prior to the
development of tumor relapse in the corpus callosum and
the anterior horn of the contralateral R. ventricle.

The subject of this case report was not a study or clinical
trial of any kind, and thus the application of Helsinki
Declaration was not required. Written informed consent
was obtained from the patient for publication of this case
report and accompanying images. A copy of the written
consent is available for review by the editorial office of this
journal.

NGS

PTEN and TERT promoter mutations, as well as 12q14-
15 amplification with 20x copies of CDK4 and MDM?2 was
demonstrated (Tempus, Inc., Chicago, IL, USA).

Details of CBM and in silico biosimulation

The patient’s genomic abnormalities served as input for a
novel computational biological model of cellular behavior
constructed from a variety of data sources, including
studies on cell receptors, signaling pathways, transcription
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Figure 1 MRI axial images. (A) Pre-operative: enhancing, centrally necrotic 4.9 cm x 3.9 cm x 5.3 ¢cm mass centered in the anterior aspect

of the L. temporal lobe with substantial vasogenic edema nearly complete effacement of the L. Lateral ventricle, subfalcian and L. uncal

herniation, 11 mm leftward shift of the septum pellucidum and trans-ependymal edema of the R. lateral ventricle. (B) Post-operative. (C) T1

+ gadolinium. (D) FLAIR. MRI, magnetic resonance imaging; FLAIR, fluid-attenuation inversion recovery.

factors and enzyme kinetics. The model was developed
and validated using PubMed to generate protein network
maps of patient-specific dysregulated pathways associated
with hallmark behaviors of cancer (7-10). To ensure
accuracy of computational simulation, published data were
aggregated through manual scientific review. Simulation
experiments and analyses using a dynamic representation of
signaling and metabolic pathways were validated in cell line
experiments to develop a predictive tumor model.

CBM includes representations of growth factor signaling,
cell cycle regulation, tumor metabolism, oxidative stress,

© Annals of Translational Medicine. All rights reserved.

epigenetics, protein homeostasis, DNA damage repair,
apoptosis, survival, angiogenesis, invasion and immune
evasion. The current version of the model includes 3,765
genes and 29,181 functional interactions associated with
cancer, including 286 kinases, 379 transcription factors, and
115 pathways which provide comprehensive coverage of the
kinome, transcriptome, proteome and metabolome.

Creation of disease avatar using the CBM platform

Protein-protein interactions are simulated mathematically

Ann Transl Med 2022;10(23):1289 | https://dx.doi.org/10.21037/atm-2022-62



Page 4 of 11

1001130t

100 pm

Castro et al. Biosimulation identifies effective salvage therapy in GBM

50 ym

100 pm

Figure 2 Top and middle panels (A, HE x10): palisading necrosis (arrow) and microvascular proliferation (arrowhead); (B, IDH R132H

immunohistochemistry x20): the tumor shows no reactivity with the antibody to the most common canonical IDH mutation—inset

represent the positive control; (C, HE x40): severe nuclear atypia and mitoses (arrows) were easily noted; (D, Ki67 immunohistochemistry

x10): used as a proliferative marker, a brisk immunoreactivity is noted throughout the tumor. Bottom panels: (E, HE x10): perivascular

lymphocytic cuffing (arrows); (F;G, HE x4 & 20): panels represent advanced vasculopathy with vessels wall hyalinization, necrosis (arrows),

luminal thrombosis (arrowhead) and perivascular hemorrhage. HE, hematoxylin and eosin.

using Michaelis-Menten equations until the system
reaches homeostasis and is considered to be in a control
state. Subsequently, a virtual (i.e. in silico) disease model
based on somatic gene mutations and gene copy number
variations (CNVs) from the patient is used to generate
phenotypic behaviors associated with malignancy.
Specifically, the computational model derives a composite

© Annals of Translational Medicine. All rights reserved.

score of cell number from individual phenotype scores
representing hallmark behaviors of cancer, including
proliferation, survival, apoptotic blockade, genomic
instability, invasion, angiogenesis and immune evasion.
In this fashion, the impact of individual NGS results on
patient-specific protein networks was computationally
modeled.
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Figure 3 Ventura™ biosimulation of drug response (Cellworks Group Inc., S. San Francisco, CA, USA). Therapeutic efficacy for individual

drug combinations is shown by horizontal bars which represent the in siflico computational impact against the composite malignant

phenotype represented by cell number.

Biosimulation of drug response

An agnostic drug library of 250 drugs was employed to
model each drug singly and in 2- and 3-way combinations
to interrogate the signaling network representing the
patient’s disease avatar. The computational impact of drug
simulation on the phenotypic behaviors of malignancy was
assessed and ranked in a histogram representing anticipated
drug efficacy.

Results of biosimulation

Biosimulation ranked the impact of various treatments
against the composite disease phenotype (Figure 3). Efficacy
was identified for nelfinavir, everolimus, palbociclib,
leflunomide and selinexor and combinations of these agents.
No efficacy was demonstrated for standard GBM salvage
agents, including temozolomide, lomustine, bevacizumab
and regorafenib. Theranostic associations from the model
are shown in Tuble 1.

© Annals of Translational Medicine. All rights reserved.

Treatment selection

Combination therapy employing abemaciclib, nelfinavir and
leflunomide was administered based on the biosimulation
results. The mechanistic signaling pathway impact of
genomic aberrations and treatment are shown in Figure 4.
Abemaciclib was selected in preference to palbociclib because
of superior BBB penetrance. The dosage of abemaciclib
150 mg once daily was reduced to half of the usual daily
dosage because of downregulation of CYP3A4 by nelfinavir.
Nelfinavir rather than everolimus was selected because of
potential additive toxicities of everolimus and abemaciclib,
and the absence of combinatorial phase IB experience with
this combination. Nelfinavir dosage of 625 mg bid was
chosen in preference to the usual single agent dosage of
1,250 mg bid because of the anticipated interaction with
abemaciclib. Leflunomide was administered with a standard
loading dose 100 mg daily x3 day, followed by a maintenance
dose 20 mg daily. The patient’s clinical status and blood
counts and chemistries were monitored on a biweekly basis.
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Table 1 Theranostic associations proposed by CBM

Gene Pathway consequences Recommended drug References

PTEN-biallelic Loss causes unrestrained PI3K signaling that generates high Nelfinavir inhibits HSP90 which (11,12)
loss (mutation and levels of PIP3 which activates AKT and triggers multiple drivers  effectively diminishes AKT activation
monosomy 10) of malignant behavior

PTEN Loss upregulates AKT signaling and enhances conversion of Leflunomide, a DHODH inhibitor, (13)
glutamine into pyrimidines through the de novo pyrimidine precipitates cell death
synthesis pathway. As a result, PTEN and DHODH are synthetic
lethal partners

CDK4 amp Amplification enhances phosphorylation of CCND1 which CDK4/6 inhibitors result in tumor (14-19)
in turn phosphorylates RB1 to cause dissociation from its regression and a net reduction in
transcriptional target, E2F1, to promote entry into the cell cycle  tumor burden

MDM2 amp Amplification results in p53 ubiquitination leading to increased Nelfinavir blocks proteasomal (20-22)
proteasomal turnover resulting in genomic instability and degradation of p53 thus enhancing
apoptotic blockade apoptosis by rescuing p53

CBM, computational biological modeling.
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Figure 4 Schematic representation of signaling pathway consequences on proliferation, survival and apoptosis caused by PTEN loss and
CDK+4 and MDM?2 amplification modulated by abemaciclib, nelfinavir and leflunomide.
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Figure 5 Serial MRI T1 + C axial images.

Response and tolerance of treatment

Serial MRI scans demonstrated immediate and substantial
disease regression (Figure 5). Additionally, the patient
noticed an improvement in cognitive functioning and
regained the ability to conduct activities of daily living
without supervision. Disease progression was identified by
MRI at 6 months. Expected abemaciclib toxicities, including
grade 2-3 leukopenia and grade 1-2 thrombocytopenia
were observed. Diarrhea, hyperglycemia and lipodystrophy
from nelfinavir did not occur. Protease inhibitors are known

to suppress GLUT4 and may cause insulin resistance,

© Annals of Translational Medicine. All rights reserved.
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hyperglycemia, dyslipidemia, lipodystrophy, hepatic
steatosis and hepatomegaly by inhibiting the breakdown of
SREBP in adipose and liver tissues (23). These toxicities
could exacerbate the effects of corticosteroids in the neuro-
oncology patient; however they were not observed at the
relatively low dose of nelfinavir employed. Additionally,
no dose limiting toxicities were observed from the use of
leflunomide.

Discussion

The complexity and diversity of molecular aberrations
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in most cancers creates a daunting therapeutic challenge
that has not been adequately addressed by targeting
single oncogenes, nor by randomly combining drugs
with different mechanisms of action and non-overlapping
toxicities. Yet two decades ago, Hanahan and Weinberg
espoused an integrated circuit model of the cell and foresaw
the development of both comprehensive genomic profiling
and computational biology to explain how specific genetic
lesions reprogram the cell and induce the phenotypic
“hallmarks of cancer” (24). The arrival of CBM to create an
in silico disease avatar from comprehensive genomic inputs
that can be interrogated with various drug combinations
fulfills their prediction. As such, biosimulation provides a
practical tool that addresses disease heterogeneity in the
clinic and furthers the mission of making cancer treatment
a “rational science”. In the case presented here, four driver
pathways were simultaneously co-targeted with a novel drug
triplet.

The 12q14-15 amplification constitutes a discreet
chromosomal syndrome in this patient’s cancer as
well as other malignancies across the cancer spectrum
including soft tissue sarcomas (25,26), bladder cancer (27),
neuroblastoma (28) and breast cancer (29). It is present in
at least 10% of patients with GBM (30). After chromosome
7p amplification (18%), 12q13-15 is the second most
frequently amplified genomic segment in GBM, followed
by 4q12 (7%), and 1q32 (4%). These apparently non-
random amplifications represent discreet subtypes of GBM
defined by specific combinations of oncogenes that make
up key driver mechanisms. When amplified, the sequence
of genes on the amplicon defines oncogene neighborhoods
that provide unique drivers of disease behavior.

Given the presence of CDK4 on the 12q14 amplicon,
abemaciclib appears to be especially relevant for this group
of glioma patients. Until a brain-penetrant M/DM?2 inhibitor
can be identified, proteasomal inhibition with nelfinavir
represents a precision medicine strategy to address
the problem of MDM?2 amplification causing p53 loss.
Notably, the effect of nelfinavir on both AKT suppression
and proteasomal degradation accomplishes downstream
targeting of both disease drivers (PTEN and MDM?2)
simultaneously. Given the challenge of disabling concurrent
CDK4 and MDM?2 drivers arising from 12q amplification,
the evaluation of abemaciclib and nelfinavir could be a
useful strategy for controlling this commonly encountered
subtype of GBM with an estimated incidence of 1,400
cases per year in the USA, as well as in other cancers with
12q amplification. Finally, PTEN loss is one of the most

© Annals of Translational Medicine. All rights reserved.
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common abnormalities identified in GBM, suggesting that
a synthetic lethal strategy with leflunomide may have broad
potential against the PTEN-deficient GBM.

In addition to providing novel therapy described,
biosimulation also suggested that selinexor is a potentially
active drug. Given the availability of clinical trials
evaluating selinexor in GBM, biosimulation can assist in
selecting which clinical trials are most likely to demonstrate
a therapeutic benefit for specific patients.

With attention to the administration of drugs that impact
each other’s elimination, the benefits reported in this case
were achieved with half doses of nelfinavir and abemaciclib.
The observed leukopenia and thrombocytopenia
characteristic of abemaciclib toxicity suggest that a
therapeutic threshold concentration was achieved in spite of
dose attenuation. The strategy also demonstrates that drug
interactions can be exploited rather than shunned to derive
substantial cost savings from combinations that rely on a
single metabolic pathway for elimination.

The strength of the biosimulation approach is that it is
able to model the consequences of dozens or hundreds of
aberrant pathways to determine the impact of the patient’s
genomic aberrations of on drug responsiveness. However,
one limitation of the approach is that computational
modeling requires comprehensive genomic information
a large NGS panel with a sequencing depth sufficient
to provide detailed copy number aberrations. As such,
biosimulation awaits an evolution in clinical practice away
from mutation-only analyses and limited gene panels which
fall short of embracing the complexity and heterogeneity
in cancer. Additionally, while initial evidence validating this
artificial intelligence (AI) tool with regard to predicting
disease free and overall survival has begun to emerge,
a great deal more prospective validation will likely be
necessary before this approach gains widespread acceptance.

An ocean of genomic information from the cancer
research enterprise has brought an unprecedented insight
into the mechanisms of malignancy and drug response.
However, the task of accessing, digesting, and integrating
specific knowledge relevant to all the elements of patients’
unique genomic profiles into optimal personalized
treatment programs exceeds the practical limits of busy
oncology practices. On the other hand, biosimulation
of drug response brings Al to the clinic in a point-of-
care tool that bridges the chasm between comprehensive
molecular diagnosis and treatment selection. In the next
chapter of the precision medicine story, the integration of
molecular knowledge relevant to all unique aberrations in
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an individual’s cancer with therapeutic decision-making
heralds a major development in oncology that transcends
the one drug-one gene approach. Nearly three decades
after the phrase was coined, what is meant by “translational
medicine” is not simply a process of dedicating years of
research to bringing a single treatment to bear against a
particular oncogene, but can be a real-time, daily clinical
routine of developing a molecular diagnoses for individual
patients, modeling the consequences and impacts of various
treatments, and then implementing the best options in
the clinic. In this way, biosimulation has the potential to
make precision medicine considerably more precise and in
the process to bring improvements to disease control and
survival.

Conclusions

CBM of multiple genomic abnormalities permits in silico
modeling of a patient’s cancer and the signaling pathway
aberrations responsible for disease behavior and drug
resistance. As such CBM provides a deeper look at the
mechanistic determinants of disease offering engineering-
level insight into complex genomic information. At the
same time, biosimulation of how various drug therapies
interact with the individual patient’s disease network
connects the insights of the molecular oncology with the
relevant therapeutic vulnerabilities and necessities with an
Al tool that provides stratified and actionable treatment
information. As such biosimulation has the potential to
extend the horizon of precision medicine beyond the current
one gene-one drug paradigm to embrace the complexity and
uniqueness of each patient’s cancer. For disease subtypes
like 12q amplification, biosimulation also serves a discovery
process of identifying novel drug combinations that may
merit clinical trials testing and provide new impetus for the
continued incremental advancement of personalized cancer

therapy.
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