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ABSTRACT

EXPLORING THE MECHANISM OF INCREASED SURVIVAL IN RB1-MUTANT
GLIOBLASTOMA MULTIFORME

Lucia J. Wesemann
Department of Biology
Bachelor of Science

Glioblastoma Multiforme (GBM) is an incredibly invasive and particularly lethal central
nervous system cancer. Recent work has shown that GBM patients with mutated RB1 have
greater overall survival. A proposed mechanism for the improved prognosis of this molecular
subgroup is mainly supported by previous research that is not specific to GBM. | utilize the
Clinical Proteomic Tumor Analysis Consortium (CPTAC) dataset to interrogate this mechanism
using GBM-specific data. The mechanism is largely not supported by the CPTAC GBM dataset,
and the trend of significantly improved overall survival in RB1-mutant GBM patients is not
validated here. This study highlights the need for additional experimentation and offers

suggestions for future research.
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INTRODUCTION

Glioblastoma Multiforme (GBM) is the most aggressive and most common cancer
of the central nervous system. The prognosis of this disease is dismal, with a 5-year
survival of 5.3% (Brennan et al., 2013) and a median overall survival of around 14
months in patients undergoing treatment (Delgado-L6pez et al., 2016). Over the last three
decades, there has been minimal progress made in improving the survival rate, despite the
fact that this disease was the highest funded intracranial malignancy by the American
National Institutes of Health during the same time period (Delgado-Lopez et al., 2016).
Most ongoing clinical trials have not shown potential to augment current treatment
strategies (Schaff and Mellinghoff, 2023), emphasizing the need for an even deeper
understanding of disease etiology and progression.

GBM has been classified into distinct morphologic, mutation-based,
transcriptional, proteogenomic, metabolomic, and immune subtypes, though no specific
treatment program has yet been found to impact survival in any one subtype over another
(Verhaak et al., 2010; Rutledge et al., 2013; Wang et al., 2021). That said,
hypermethylation of the MGMT promoter is a predictive biomarker of sensitivity to
temozolomide, the standard-of-care alkylating agent, as well as response to radiotherapy
(Stupp et al., 2005; Rivera et al., 2010). Though no novel therapy has yielded an
improvement in subtype-specific prognosis, certain molecular abnormalities have been
demonstrated to correlate with disease progression and patient survival. Mutation of the
RB1 gene is one such abnormality that is significantly associated with improved

progression-free and overall survival (Dono et al., 2021).



RB1 was the first tumor suppressor described and is best known for its role as a
negative regulator of the cell cycle (Chinnam and Goodrich, 2011). In its active state,
PRB, the protein product of the RB1 gene, sequesters the E2F transcription factor family,
which controls a genetic program necessary to drive the cell cycle forward from G1
through S-phase. In response to growth signals, pRB is phosphorylated and thereby
inactivated by cyclin-dependent kinase complexes, ultimately allowing for the
transcription of a myriad of genes required for cell cycle progression. This canonical “RB
pathway” has been well-characterized. It has become increasingly apparent that pRB has
a massive range of functions independent of this pathway. With an estimated 100-300
biologically relevant binding partners, pRB is incredibly versatile and likely exerts its
tumor suppressive effects through multiple avenues (Dyson, 2016). For example, pRB is
capable of regulating a wide variety of protein complexes that participate in DNA
replication, DNA repair, and mitosis, in addition to transcription of cell cycle genes
(Chinnam and Goodrich, 2011).

The effects of pRB loss on patient outcomes are diverse. RB1 alteration is
associated with significantly worse overall survival in several cancers, including high-
grade neuroendocrine cervical carcinoma, non-small cell lung cancer, and advanced
prostate cancer (Flores Legarreta et al., 2023; Bhateja et al., 2019; Abida et al., 2019). On
the other hand, pRB loss—coupled with disruption in the homologous recombination
DNA repair pathway—is associated with improved response to treatment and overall
survival in high-grade serous ovarian cancer (Garsed et al., 2018). This highlights the
need for cancer type-specific investigation into the mechanisms of pRB-mediated tumor

suppression.



The reason for increased survival in GBM patients with mutated RB1 is unknown,
but hints of a possible mechanism exist in the literature. The 2021 study that revealed the
increased overall survival in RB1-mutant patients also outlined a potential mechanism
that might explain this phenomenon. GBM tumors harboring an RB1 mutation are
correlated with an enrichment in tumor-infiltrating lymphocytes, agents of the immune
system that are capable of recognizing and killing cancer cells (Rutledge et al., 2013). In
addition, expression of CD3G, a gene that encodes the T-cell surface marker CD3, is
significantly higher in RB1-mutated tumors than RB1-WT tumors (Rutledge et al., 2013).
However, although TILs are correlated with improved prognosis in other cancer types,
the abundance of TILs in GBM tumors has no significant impact on overall survival
(Rutledge et al., 2013).

Additionally, pRB loss has been demonstrated to elicit the DNA damage response
in human cell lines and in mice (Tort et al., 2006). The DNA damage response represents
a complex network that serves to repair DNA lesions, stall the progression of the cell
cycle, and, if necessary, trigger apoptosis (Giglia-Mari et al., 2011). p53 is a crucial
mediator of this response, particularly in cell-cycle arrest, and is frequently mutated in
RB1-mutant GBM tumors (Giglia-Maria et al., 2011; Dono et al., 2021). Taken together,
these data suggest that RB1 loss leads to DNA damage, which is less likely to be resolved
in tumors that also lack p53 function. An accumulation of DNA damage, coupled with
DNA repair inability, presents a higher probability of generating neoantigens—mutant
tumor proteins that the immune system recognizes as foreign—and eliciting an immune
response that may neutralize the malignancy (Fang et al., 2022). While this mechanism

for increased survival in RB1-mutant GBM patients is supported by the fact that RB1-



mutant GBM tumors are associated with higher TIL count, there are few other GBM-
specific studies available to bolster this claim.

| examined the GBM cohort collected and analyzed by the Clinical Proteomic
Tumor Analysis Consortium (CPTAC) (Wang et al., 2021) in an effort to provide GBM-
specific evidence in favor of or against the proposed mechanism for increased survival in
RB1-mutant GBM patients. The findings presented here both validate previous reports on
the RB1-mutant GBM subtype and offer new insights into the proteogenomic landscape
of these particular tumors. This work confirms the need for further experimentation to
clarify the potential reasons behind the improved prognosis of RB1-mutant GBM

patients.

METHODS

Data accession

Data used in this publication were generated by the National Cancer Institute Clinical
Proteomic Tumor Analysis Consortium (CPTAC). Clinical, proteomic, transcriptomic,
phosphoproteomic, and mutation data were accessed from all ten of the public tumor
cohorts in the CPTAC dataset. Data were accessed through the “cptac” package in Python

(Lindgren et al., 2021).

Data accessibility
All codes for the analysis and visualization can be found at this link:

https://doi.org/10.5281/zen0d0.13298892



Percentage of RB1-mutated tumors and top ten most frequently mutated genes

For each of the ten publicly available CPTAC datasets, all tumors were included in this
analysis. If a tumor had more than one RB1 mutation, it was only counted once. The
percentage of tumors with mutated RB1 was calculated by dividing the number of RB1-
mutated tumors by the total number of tumor samples. No mutation type was excluded
from this analysis. The most frequently mutated genes were also derived from the
somatic mutation dataset for each cancer type. In this analysis, every mutation was tallied

regardless of whether a tumor had multiple mutations in the same gene.

Lollipop plot

Mutplot, a free online tool (https://bioinformaticstools.shinyapps.io/lollipop/), was
utilized to visualize RB1 mutations (Zhang et al., 2019). No mutations were excluded
from this analysis. Though there are ten tumors with mutated RB1, one tumor bears two
RB1 mutations, both of which were plotted. Any characters after an “*” were removed

prior to importing the data into Mutplot.

Survival analysis

Overall survival was defined as the time in months from initial diagnosis until death or
last available follow-up. Survival was reported in days and converted to months for the
analysis. One month was defined as 30 days. The lifelines Python package was imported

to visualize the survival curves using the Kaplan-Meier method. A log-rank test was



employed to assess the statistical significance of the difference between the RB1-wildtype
and the RB1-mutant groups. Patients with insufficient data were automatically excluded

from this analysis.

Other analyses

Fisher’s exact test from the SciPy Python library was employed to assess the statistical
significance of RB1 and TP53 co-mutation. In this analysis, patients with multiple
mutations in either gene were only counted once. The Kruskal-Wallis test was utilized in
the analysis of non-silent somatic mutations. All mutation types were included in this
analysis except for silent mutations. No non-silent somatic mutation in the CPTAC GBM
cohort was excluded, even if patients possessed multiple mutations in the same gene.
Welch’s t-test was used to assess the significance of the differences in mean protein and
transcript abundances of TIL markers CD39, CD8A, CD3E, and CD4 among RB1-mutant
tumor samples, RB1-wildtype tumor samples, and non-tumor samples. Welch’s t-test was
also used to investigate the differences in mean protein abundances of H2AFX and RPA2
across the same groups. No tumors were excluded; all available values were included in
every analysis. Across all statistical tests, significance was defined as a p-value of less

than 0.05.

RESULTS

Among all ten publicly available CPTAC datasets — breast cancer, clear cell renal
cell carcinoma, colorectal cancer, endometrial carcinoma (uterine), glioblastoma, head
and neck squamous cell carcinoma, lung squamous cell carcinoma, lung adenocarcinoma,

high grade serous ovarian cancer, and pancreatic ductal adenocarcinoma — GBM has the



highest percentage of tumors harboring at least one mutation in the RB1 gene at 9.5%

(Figure 1a). In addition, GBM is the only cancer type in the cohort for which RB1 is one
of the ten most frequently mutated genes. Notably, TP53 is the most frequently mutated
gene in the CPTAC GBM cohort (Figure 1b), validating the same finding in The Cancer

Genome Atlas (TCGA) GBM cohort (Brennan, et al., 2013).

Cancer type | Mutated RB1
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Figure 1: Characterizing the RB1 mutations present in the CPTAC GBM cohort. A. Percentage of
patients harboring at least one RB1 mutation in each publicly available CPTAC cancer dataset. B. The top
10 genes with the most mutations in each CPTAC cancer dataset, not accounting for multiple mutations
within the same patient. C. Lollipop plot representing the location and type of all RB1 mutations in the
CPTAC GBM cohort.

The proposed mechanism for increased survival in RB1-mutant patients relies on
the assumption that the function of the pRB protein is impaired by alterations to the RB1
gene. A gene may be mutated and still encode a viable protein product that retains both

form and function, due to the redundancy of the genetic code. Thus, it is crucial to



investigate every RB1 mutation to infer its particular effect on the pRB protein. Figure 1c
is a visualization of the location and nature of each of the eleven total RB1 mutations in
the GBM cohort (one of the tumors bears two RB1 mutations). The most common
mutation types (5 out of 11, or 45%) are splice region or splice site mutations, which
occur at the boundary of an intron and an exon. These mutations may interrupt intron
excision and exon splicing, leading to a nonfunctional protein product. In addition, there
are three frameshift deletions, two nonsense mutations, and one frameshift insertion. All
six of these mutations result in the premature termination of transcription, ultimately
leading to the truncation of the pRB protein product. Notably, all eleven mutations occur
upstream of the bipartite nuclear localization signal that facilitates the transport of pRB
from the cytoplasm to the nucleus (Zacksenhaus et al., 1993). Thus, it is unlikely that any
mutated pRB in the CPTAC GBM cohort is capable of localizing to the nucleus or
repressing the activity of the E2F transcription factor family. Furthermore, none of these
truncated RB1 protein products are likely to possess any functional capabilities that non-
mutated pRB performs outside the nucleus. More analysis is needed to confirm the effect

of these mutations on pRB function outside of the canonical RB pathway.
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Figure 2: RB1 and TP53 co-mutation. A. Contingency table showing the distribution of TP53 and RB1
mutations in the CPTAC GBM cohort. The p-value shown is from a Fisher’s exact test. B. Bar chart
showing the relationship between mutation status and number of non-silent somatic mutations. p = 0.20
(Kruskal-Wallis test) B Same plot as B with outlier removed. p = 0.35 (Kruskal-Wallis test).

RB1 and TP53 are frequently co-mutated across many different cancer types (Cai
et al., 2022). This trend is seen in the CPTAC GBM cohort: 80% of patients with an RB1
mutation also have at least one mutation in the TP53 gene (Figure 2a). The association
between RB1 mutation and TP53 mutation is statistically significant (Figure 2a),
consistent with the same analysis in the UTHealth GBM cohort (Dono et al., 2021). As
pRB and p53 are both involved in the cellular response to DNA damage (Harrington et
al., 1998; Williams & Schumacher, 2016), loss of one or both proteins can lead to greater
genome instability in tumor cells. In urothelial bladder cancer, for example, tumors with
concurrent RB1 and TP53 genomic alterations have a significantly greater tumor

mutational burden (number of non-silent somatic mutations per megabase of exome
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DNA) than tumors with neither alteration (Manzano et al., 2021). | investigated whether
the mutation status of RB1 and TP53 have an effect on the number of non-silent somatic
mutations in the CPFTAC GBM cohort. There is no significant correlation between the
number of non-silent somatic mutations and mutation status of TP53 or RB1 (Figure 2c).
This remains the case after excluding an extreme outlier with nearly 700 somatic non-
silent mutations. In this particular cohort, RB1 and TP53 co-mutation does not have an
impact on the overall mutational burden of GBM tumors.

Tumor-infiltrating lymphocytes (TILs) are significantly associated with RB1-
mutant GBM tumors, and it is proposed that the greater abundance of TILs in these
particular tumors could account for the increase in overall survival. | interrogated the
proteomic and transcriptomic data available in the CPTAC GBM dataset in order to
assess the relationship between RB1 mutation status and protein abundance and
expression of TIL biomarkers CD39, CD4, CD3E, and CD8A. There is no significant
difference in the protein abundances of CD39, CD4, CD3E, or CD8A between RB1-
mutant and RB1-wildtype GBM tumors in the CPTAC cohort (Figure 3a). The expression
levels for all TIL biomarkers show the same trend (Figure 3b). This is not consistent with
previous findings in which RB1 mutation was significantly correlated with the presence
of lymphocytes in GBM tumors (p = 0.04) (Rutledge et al., 2013). That said, the same
study reported no significant difference in RB1 status between tumors with lymphocytes
present in the majority (>=50%) of tumor tissue and those with lymphocytes present in
<50% of tissue combined with tumors with no lymphocytes (p = 0.22). Notably, the TIL

transcript abundances in tumors are significantly higher than in normal samples,
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regardless of RB1 mutation status, for all biomarkers except CD8A. This trend is not seen

at the protein level.
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Figure 3: Protein abundance and expression of biomarkers for tumor-infiltrating lymphocytes by
tumor mutation status. A. Bar charts showing the protein abundances of various biomarkers of tumor-
infiltrating lymphocytes, separated by sample status (RBI mutant, RBI wildtype, or normal). B. Bar charts
showing the mRNA transcript abundances of various biomarkers of tumor-infiltrating lymphocytes, also
separated by sample status.

The mechanism proposed by Dono et al. (2021) suggests an increase in
replication stress and DNA damage, coupled with DNA repair inability, in RB1-mutant
GBM tumors. While this suggestion is supported by data in other cancer types, it has not
been confirmed in GBM specifically. | assessed the protein levels of two biomarkers of
replication stress in the CPTAC GBM cohort. Though there are three biomarkers that are
frequently used to detect replication stress, two of them—y-H2AX and pRPA2—have
been reported to reliably assess oncogene-induced replication stress specifically
(Meessen et al., 2022). H2AFX is not significantly more abundant in RB1-mutant GBM
tumors as compared to RB1-wildtype tumors (p = 0.43), but both RB1-mutant tumors and

RB1-wildtype tumors possess a greater abundance of H2AFX than normal samples (p =

12



.0080 and p =.0016, respectively) (Figure 4a). In RB1-mutant tumors, RPA2 abundance
is significantly higher than both RB1-wildtype and normal samples (p =0.013 and p =
0.000186, respectively) (Figure 4b). RPA2 protein is also significantly more abundant in

RB1-wildtype tumors as compared to normal samples (p = 0.0011).

A B
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EEm RB1 WT Tumor
BN Normal
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Protein abundance
Protein abundance

-0.25 -
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-0.75
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Figure 4: Protein abundance of biomarkers for replication stress by tumor mutation status. A. Bar
chart showing the effect of RB/ mutation on the protein abundance of H2AFX. Kruskal-Wallace p-value =
0.0040. Welch’s t test, RBI-mutant vs. RBI-wildtype p-value = 0.44. Welch’s t test, RB/-mutant vs. normal
p-value = 0.0080. Welch'’s t test, RB/-wildtype vs. normal p-value = 0.0016. B. Bar chart showing the
effect of RBI mutation on the protein abundance of RPA2. Kruskal-Wallace p-value = 0.00025. Welch’s t
test, RBI-mutant vs. RBI-wildtype p-value = 0.013. Welch’s t test, RB/-mutant vs. normal p-value =
0.00016. Welch’s t test, RB1-wildtype vs. normal p-value = 0.0011.

Finally, I conducted a Kaplan-Meier survival analysis to determine whether the
increased overall survival in RB1-mutant GBM patients is validated in the CPTAC
cohort. There is no significant difference in overall survival between patients with
wildtype RB1 and those with mutated RB1 (p = 0.94). The median overall survival for
RB1-mutant GBM patients in the CPTAC cohort is 11.83 months, and the median overall
survival for RB1-wildtype patients is 11.63 months. The total median overall survival is

11.67 months.
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Figure 5: Survival probability based on RB1 mutation status. Kaplan-Meier survival estimate of RBI-
mutant and RB/-wildtype patients in the CPTAC GBM cohort. Log-rank test p-value = 0.94.

DISCUSSION

The percentage of CPTAC GBM tumors harboring at least one RB1 mutation
validates reports from other datasets (Dono et al., 2021; Brennan et al., 2013).
Additionally, the high prevalence of TP53 mutation within the RB1-mutated cohort has
been previously described (Zhang et al., 2019). Other data from this study are at odds
with prior investigations and the proposed mechanism for improved prognosis in RB1-
mutant GBM tumors. Perhaps most importantly, the trend of increased overall survival in
RB1-mutant patients was not observed in the CPTAC GBM cohort. The small number of
RB1-mutant patients for which survival data were available could account for this
discrepancy (n=9), though the notably high p-value (p=0.94) suggests that observed
similarity in means may not be attributed to the small sample size alone. In addition,
there were no significant differences in either the protein abundances or the transcript
abundances of any of the four TIL biomarkers assessed. This finding conflicts with

previous work that revealed a statistically significant correlation between RB1 mutation
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and presence of TILs, a study that investigated both histology and CD3G expression
(Rutledge et al., 2013). Finally, the proposed mechanism for increased overall survival in
RB1-mutant GBM patients, in which an increase in DNA damage and replication stress
were key components, was largely not supported by the CPTAC GBM dataset. The
somatic non-silent mutation count did not show significant correlation with the mutation
status of TP53 or RB1, and there was no significant difference in the abundance of
H2AX. However, RB1-mutant tumors did show an increase in RPA2, which does support
the hypothesis that RB1 loss promotes replication stress in GBM tumors.

The limitations of this study include the prominent difference in sample size
between RB1-mutant and RB1-wildtype tumors (n=10, n=95, respectively) and the
retrospective design. In addition, the non-silent somatic mutation counts were not
corrected for the number of base pairs sequenced per patient. Copy number variation, a
phenomenon that affects protein abundance, was not assessed. Tumor purity was also not
accounted for, and there were very few RB1-mutant samples with available proteomic
data for CD3E and CD8A. An immune cell killing assay should be performed to quantify
the efficacy of the TILs present in GBM tumors to eliminate cancerous cells. Importantly,
| analyzed the protein abundances of non-phosphorylated H2AX and RPA2, whereas
both biomarkers possess specific phosphosites that were not available in the CPTAC
GBM dataset. Thus, neither biomarker is a completely reliable proxy for the levels of
oncogene-induced replication stress in GBM tumor samples. These data were primarily
included to motivate a future targeted assay. An in vitro assessment of y-H2AX and
pPRPAZ2 levels in RB1-mutant GBM tumor cells should be performed for a more accurate

quantification of the replication stress within this molecular subtype.
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As is the case in most other cancer types, the heterogeneity of glioblastoma poses
a challenge in treatment. In this new era of precision medicine, it is crucial to deepen our
understanding of the molecular peculiarities within disease subtypes to identify more
tumor-specific treatment programs. Hopefully, the data reported here inspire others to
continue to shed light on the mechanism behind the increased overall survival in GBM
patients harboring an RB1 mutation. Elucidating the potential reasons for this anomaly
could reveal promising therapeutic strategies that increase longevity and quality of life

for GBM patients.
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