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ABSTRACT OF THE THESIS

Interrogating acute changes in the surface expression landscape of irradiated glioma stem cells
using phage display

by

Aaron Yu
Master of Science in Bioengineering
University of California San Diego, 2021

Professor Ester Kwon, Chair

Glioblastoma is the deadliest form of brain cancer, yet treatment remains largely pallia-
tive. Recurrence and resistance to conventional radiation therapies are largely due to subsets of
radioresistant glioma stem cells (GSCs) which survive and can repropagate the tumor. Phage
display is a well-established high-throughput screening technique which can identify high-affinity,
surface-binding peptides against targets of interest. We used phage display to identify a single
peptide sequence, YPHKWHEFKQRY, which was highly enriched in irradiated patient-derived
GSC neurospheres compared to both non-tumor populations and unirradiated GSCs. Irradiation
significantly increased surface binding of the target peptide in a number of different patient-derived

GSC neurospheres in vitro and in vivo. This binding increase was abrogated by dissociation into



single-cell suspensions prior to peptide binding, suggesting a possible cell-cell adhesion-related
peptide binding partner. We identified four candidate genes which preferentially bind the peptide,
and we observed aberrant plasma membrane localization in both Ezrin (EZR) and Metadherin
(MTDH) following irradiation. All four candidate genes were essential for GSC proliferation
based on shRNA knockdowns, while only EZR knockdown significantly impaired unirradiated
proliferation, post-irradiation proliferation, and survival to ionizing radiation. Together, these data
suggest a possible radiation-induced translocation mechanism for EZR supporting radioresistance
uniquely in GSCs. Additionally, the specificity of the phage display-identified for irradiated GSCs
highlight the power of this technique and the potential for this and other tumor-targeting peptides in

GBM immunotherapy.
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Chapter 1

Introduction

Gliomas are the most common primary intrinsic brain tumors and originate from the glial
cells of the brain or spinal cord. The World Health Organization (WHO) classifies gliomas into four
grades: grades I and II low-grade gliomas, grade III anaplastic astrocytoma and oligodendroglioma,
and grade IV glioblastoma (/, 2). Despite many efforts to improve therapeutic outcomes for patients,
low-grade gliomas invariably progress to higher-grade neoplasms (WHO grades III and IV) over
time (3). Glioblastoma (GBM) is the most common of these primary malignant brain tumors,
accounting for 82% of all malignant gliomas and with an annual incidence rate of 17,000 new cases
diagnosed per year (3). Moreover, the most significant recent advancement in the field of GBM
therapy has been the adoption of temozolomide (TMZ) as the standard-of-care chemotherapeutic
agent (4), boasting a modest median survival increase of only 2.5 months in patients receiving
concomitant radiotherapy (5). However, despite the standard-of-care maximal surgical resection
followed by conjunctive radiotherapy and chemotherapy, GBM remains a universally lethal cancer
with a median survival of just 15 months (4). GBM therapy faces many challenges typically
caused by tumor resistance resulting from immune evasion, tumor invasiveness, and intratumoral
cellular heterogeneity (6—8). These include immunosuppression via programmed death ligand-1
(PD-L1) (8, 9), invasion mediated by epithelial-to-mesenchymal transitions (EMT) (10, 11), and
heterogeneous intratumoral subpopulations resulting from spontaneous mutations (/2, /3). In
addition to intratumoral cellular heterogeneity, genetic and epigenetic differences among tumors

from different patients suggest varying individual responses to therapy and make developing



effective treatments even more difficult. While epidermal growth factor receptor (EGFR), TP53
(p53), and isocitrate dehydrogenase (IDH) mutations are considered to be some of the most common
genetic alterations in GBM (57%, 28%, and 12%, respectively), only EGFR mutations constitute
the majority of all GBM cases annotated in The Cancer Genome Atlas Research Network (TCGA)
(14, 15). However, there has been disappointing clinical success of several EGFR inhibitors (76,
17). The extreme diversity of GBM tumors and the challenges to conventional therapies implicate

the need for more targeted approaches to treatment options.

1.1 Cancer Stem Cells in Glioblastoma

While it has been known that many solid tumors are a non-homogeneous mosaic of cell
types, recent evidence have suggested the existence of subsets of cancer cells with stem-like
properties within the heterogeneous tumor milieu (/8, 79). Similarly to stem cells of non-neoplastic
tissues, these so-called cancer stem cells (CSCs) are able to self-renew and differentiate, in addition
to sustaining tumorigenesis (Fig. 1A) (20). CSCs were first documented in acute myeloid leukemia
(AML) (21) after observations that only a small subset of mouse myeloma cells could form clonal
colonies in vitro (22). Ever since, CSCs have been described and characterized in a number of solid
tumor types including those of the brain, breast, colon, pancreas, lung, and skin (20).

Recently, tumor initiating cells were first functionally identified in GBM (23, 24), suggesting
a role for CSCs in brain cancers. Importantly, functionally-defined glioma stem cells (GSCs) have
been shown to drive GBM tumorigenesis and resistance to conventional therapies by mediating
angiogenesis (25, 26), self-renewal (27), tumor invasiveness (7, 28), intratumoral diversity (6,
29), and resistance to chemotherapy (30, 31) and radiotherapy (32). Furthermore, there has been
increasing evidence that targeting unique genetic (/4), epigenetic (33, 34), epitranscriptomic (35),
metabolic (36, 37), and microenvironmental (38, 39) GSC dependencies can lead to pronounced

therapeutic benefits (Fig. 1B).
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Figure 1. Functional characteristics and unique alterations in CSCs. (A) Diagram illustrating
the characteristics required for functional classification CSCs. (B) Schematic depicting some of the

unique signaling pathways and epigenetic, metabolic, and epitranscriptomic alterations dysregulated
in CSCs.



An important limitation in CSC research is the lack of defining molecular markers. Several
efforts have identified a number of surface markers that enrich for this rare and therapeutically
critical subset of cells. These include CD44, CD133, CD24, and EpCAM in tumors of the breast,
brain, colon, pancreas, and lung (20). Specifically in GSCs, several internal and surface molecular
markers enrich for the stem cell phenotype, such as CD133, GPD1, and SOX2 (24, 40, 41). However,
these markers are not definitive, and significant overlap with canonical non-tumor stem cell markers
(e.g. SOX2, OLIG2, etc.) compounds the difficulty of identifying CSCs (/9). Moreover, CSCs
from different regions of the same tumor may present different surface proteomic landscapes (6,
41), meaning that a single tumor may contain several populations of CSCs that are both molecularly
and functionally distinct. Indeed, further studies to identify additional CSC enrichment markers

will be critical for developing therapeutic strategies against this rare subset of tumor cells.

1.2 Radiation Therapy

The standard-of-care treatment for any patient diagnosed with GBM is maximal surgical
resection followed by concomitant chemotherapy and radiotherapy (4). Because ionizing radiation
therapy is such an integral therapeutic treatment, several studies have sought to identify the
molecular dependencies and transient molecular changes induced by irradiation in a number of
different cancer types. These include cell cycle arrest and DNA damage pathways associated
with p53 and ataxia-telangiectasia mutated (ATM) proteins (42, 43) and a transient increase in
reactive oxygen species (ROS) generation (44), which has been shown to be a targetable tumor
vulnerability (45). Similarly, in CSCs, several molecular changes associated with cell cycle arrest,
DNA damage, and ROS generation pathways are dysregulated following radiation (26, 32, 46—49),
suggesting possible synthetic vulnerabilities. It is well-documented that oncogenic pathways such
as JAK-STAT (Janus kinase and signal transducer and activator of transcription proteins) and
Notch can support radioresistance preferentially in CSCs and, thus, act as unique radiation-induced
dependencies (50, 51). Indeed, the observation that CSCs contribute significantly to overall tumor

radioresistance (52) suggests an importance for studying the molecular changes that occur in acutely



radioresistant CSCs.

1.3 Phage Display

Bacteriophages—also known as phages—are viruses which infect and replicate in bacteria.
They consist of coat proteins surrounding and protecting a cargo of genetic material which allows
the phage to replicate. In particular, the M13 bacteriophage is a filamentous phage (inovirus)
consisting of a number of major and minor coat proteins surrounding a cargo of single-stranded
DNA which directly encodes for the translation of its coat proteins (53). It was discovered that
foreign DNA fragments could be inserted into specific regions of the inovirus genome to create
fusion coat proteins which were displayed on the virion’s surface (54). These chimeric phages
retained the ability to infect and replicate in bacteria, and they could be highly enriched over
ordinary phage when panning against an antibody specific for the chimeric antigen. Expansion of
this vector system to phages fused with libraries of antigens became known as phage display (55,
56).

Recent advancements in phage display technology have improved its throughput and ability
to screen binding affinities of large antigen libraries against samples of interest (53). Several studies
have taken advantage of the surface-displayed nature of peptide-fused phage libraries to identify
and target cell surface markers differentially present in a number of cancers (57-59). In the phage
display workflow, a library of phages displaying a diverse set of peptides is panned against samples
of interest. The unbound phages are washed away, while the bound phages are eluted and amplified
in bacteria for sequencing (Fig. 2); these steps can be repeated iteratively to enrich for phages with
high specificity for targets of interest (59, 60). Some key advantages to this discovery platform
include 1) the direct link between the phage’s surface-displayed antigen and the phage’s DNA (54,
60); 2) the ability of phages to bind to the surface of live cells and be internalized, allowing for
interrogation of the surface molecular landscape as well as internalization pathways (6/—64); and 3)
the ability to iteratively enrich—both positively and negatively (59)—for phages of interest from

large libraries (>10”). Previous works have validated the use of the phage display platform to



identify tumor-specific, surface-displayed binding motifs (58, 59, 65-67), demonstrating both the
specificity and iterative process.

In this Thesis, I present the novel use of phage display to identify a peptide sequence specific
for acutely irradiated GSCs and interrogate the mechanisms of its binding specificity. We identified
a single fusion peptide with the highest phage enrichment in three irradiated patient-derived GSC
lines. Indeed, irradiation induced increased cell surface binding of the peptide in several GSC lines
in vitro, and the target peptide preferentially homed to irradiated GSC-derived tumors in vivo. We
identified four intracellular candidate genes that may bind the peptide following irradiation and
observed aberrant plasma membrane translocalization of two of the four after irradiation. To our
knowledge, this is the first implication of these genes in aberrant plasma membrane translocation,
and this mechanism may play a role in resistance to radiation therapies. Additionally, our work
validates the use of phage display in identifying tumor-specific antigens, agnostic to the binding
target’s identity. Combined with the high-throughput screening advantage of phage display, these
tumor-specific peptides have great potential as possible tumor-targeting moieties in immuno- and

co-immunotherapies such as chimeric antigen receptor (CAR) T cell therapy.
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Chapter 2

Results

2.1 Phage display identifies a radiation-induced, tumor-
specific peptide motif

To identify peptide sequences with high specificity, we panned a phage display library
containing approximately 10 unique 12-mer polypeptide sequences displayed on the phage surfaces
against irradiated and unirradiated GSCs, normal human astrocytes (NHAs), and neural stem cells
(NSCs) (Fig. 3, A and B). Radioresistant populations were present in each tested cell line,
albeit at different relative abundances (Fig. 3C). Importantly, to protect the surface presentation
of glycoprotein modifications, cell-adhesion proteins, and other cell surface-displayed binding
epitopes that could be influenced by dissociation, the phage display library was panned against
whole, intact neurospheres. RNA-sequencing of amplified phages identified a number of phages
with enriched binding in either irradiated or unirradiated cells in both tumor (GSC) and non-tumor
(NHA and NSC) cell lines, including 88 phage sequences enriched in irradiated tumor and non-
tumor cells and 6 sequences enriched in unirradiated groups (Fig. 3D). Furthermore, principle
component analysis (PCA) of the bound phage sequences indicate that our radiation scheme does,
indeed, induce significant changes in the surface molecular landscape of both tumor and non-tumor

cell lines (Fig. 3D).
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Figure 3. Phage display of unirradiated and irradiated tumor (GSCs) and normal (astrocytes
and NSCs) cells. (A) Schematic of irradiation treatment paradigm and phage display panning
in irradiated groups. The library was panned at 24 hours post-final irradiation, and enriched at
72 hours post-final irradiation. (B) Treatment groups and cell types that were panned against the
phage display library. (C) Relative viability of astrocytes (ENSA), NHAs, and three patient-derived
GSC lines (GSC23, GSC28, and 387) at 24 hrs and 72 hrs post-irradiation. (D) Volcano plots
representing RNA-sequencing of enriched phages. Venn diagrams showing the number of these
phage sequences enriched in unirradiated (bottom) and irradiated (top) cells for both tumor (left)
and normal (right) cells. Overlaps represents the number of sequences with shared enrichment
between tumor and normal cells. (E) PCA plot of the individual cell lines with and without radiation
based on enriched phage sequences.

To identify highly specific for irradiated GSCs, we determined positive phage sequences
as those that were bound to or internalized by irradiated GSCs and not bound to or internalized
by non-tumor cells or unirradiated GSCs (Fig. 4A). Intersecting positively-identified sequences
from three patient-derived GSC lines revealed two highly specific phage peptide sequences (YPHK-
WHEFKQRYV and WPLSRLVPPMES; Fig. 4B), and ranking all phage sequences based on overall

binding specificity identified a single peptide (YPHKWHEFKQRY, referred to as “YPH-peptide™)



with the highest enriched binding in irradiated GSCs (Fig. 4, C and D).
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Figure 4. Identification of peptide sequences with binding specificity to irradiated GSCs. (A)
Polar scatter plots of phage sequences identified with RNA-sequencing. Points in orange, purple,
and cyan represent sequences with over 64-fold enrichment in irradiated GSCs (GSC23, GSC28,
and 387, respectively) compared to their respective group. (B) Venn diagram showing the number
of enriched sequences in each GSC line. Two peptide sequences (shown) are present in all lines.
(C) Scatter plot of lowest observed specificities of all enriched sequences for irradiated GSCs.
Values are calculated based on the difference in RNA-sequencing counts from the lowest irradiated
GSC group and the highest from the other groups. The top sequence is highlighted in red. (D)
RNA-sequencing counts of the top sequence, YPHKWHEFKQRY, across all groups. One-way
ANOVA was used for statistical test, **P<0.01.

2.2 Target peptide binds to irradiated tumor cells

Following identification of a phage peptide sequence that specifically binds to irradiated
GSCs, we next sought to validate this preferential binding phenomenon in vitro using fluorescently-

conjugated YPH-peptide. We found that a number of patient-derived GSC lines exhibit an increase

10



in peptide binding per viable cell following irradiation (i.e. increased binding in alive, radioresistant
cells) (Fig. SA, left). Interestingly, GSC lines that were more sensitive to ionizing radiation (GSC23
and 387) exhibited increased relative and overall peptide binding in radioresistant cells, while more
radioresistant GSC lines (MES20 and 738) did not (Fig. 5A). These findings suggest that the
YPH-peptide may bind specifically to a protein only present following irradiation and that the
expression of this protein may allow a subset of GSCs to acquire acute radioresistance.

To interrogate the specificity of the YPH-peptide, we tested the relative binding of either
the YPH-peptide or a scrambled control (FKQVHPHYKEWR, “scramble”) in several unirradiated
and irradiated GSC lines at different peptide concentrations. Consistent with previous results, GSC
lines that display overall impaired resistance to acute death caused by ionizing radiation (Fig. S1,
A-C) generally displayed increased relative YPH-peptide binding after irradiation compared to
unirradiated YPH-peptide and irradiated scramble groups (Fig. SB). Decreasing the peptide concen-
tration decreased the relative peptide binding in a dose-dependent manner while also maintaining
the highest levels in the irradiated group treated with YPH-peptide (Figs. SC and S1). These trends
were observed across all tested cell lines, independent of inherent radioresistance. Interestingly,
the irradiated 387s (the most radio-vulnerable GSC line) displayed a completely different dose
response to the YPH-peptide from all other GSC lines (Fig. 5C), supporting the high specificity of

the YPH-peptide in this cell line.
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Figure 5. YPH-peptide binding specificity in irradiated GSCs. (A) Relative survival (left) and
relative peptide binding (right) of several unirradiated and irradiated GSC lines, ordered from
highest survival to lowest (n = 6). (B) Relative peptide binding of several unirradiated and irradiated
GSCs with either the YPH-peptide or a scrambled control, ordered from highest survival to lowest (n
=4). (C) Relative peptide binding dose response curves of GSC lines presented in (B) (n =4). (D) In
vivo radiation dosing and tumor growth experimental setup. (E) Representative image of harvested
tumors from unirradiated (left) and irradiated (right) mice dosed with 400 uM YPH-peptide. Metric
is 1 cm. (F) Fluorescent whole body and ex vivo tumor IVIS images of the YPH-peptide using a
Cy5.5 excitation/emission channel (640 nm/700 nm) from mice dosed with 400 uM YPH-peptide.
Tumors are matched (left to right) with the mice above. (G) Quantification of ex vivo fluorescence
signal per gram tumor in unirradiated and irradiated mice at two peptide dosing concentrations (n =
5). Two-way ANOVA was used for statistical test unless otherwise stated, *P<0.05, ***P<0.001,
**%P<0.001, ****P<(0.0001. Abbreviations are unirradiated (unirrad.) and irradiated (irrad.).

12
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To validate the specificity of the YPH-peptide in vivo, we injected peptide at two different
doses in unirradiated and irradiated immunocompromised mice bearing subcutaneous flank tumors
of patient-derived GSCs (Figs. SD and S2). While there is statistically non-significant trend of
increased radiation-induced YPH-peptide binding in the low-dose regimes, the irradiated high-dose
cohort had significantly increased peptide binding compared to both the unirradiated and low-dose
cohorts (Fig. 5, E-G). Together, these findings indicate a dose-dependent specificity of the peptide

following irradiation.

2.3 YPH-peptide may bind to aberrantly translocated pro-
teins following irradiation

Because the YPH-peptide was identified using radioresistant, intact GSC-derived neuro-
spheres, we hypothesized that the peptide could be binding to a protein that may be differentially
present in intact neurospheres compared to single-cell GSC suspensions. Indeed, treatment with a
dissociation agent abrogated the effect of radiation on relative peptide binding (Fig. 6A).

We next sought to interrogate possible internalization pathways that may result from
novel, radiation-induced translocation to and from the plasma membrane, which could explain the
specificity of the YPH-peptide. Using the cell lysate of irradiated GSCs, we performed immunopre-
cipitation followed by mass spectrometry (IP-MS) (Fig. 6B) and identified 14 proteins that bound
specifically to the YPH-peptide compared to the scrambled control. Based on literature publica-
tions interrogating radioresistance, we further narrowed down these targets to four intracellularly
expressed proteins which may be important for survival and be aberrantly translocated following
irradiation (Fig. 6B): Ezrin (EZR), Radixin (RDX), Moesin (MSN) and Metadherin/Protein LYRIC

(MTDH).
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Figure 6. Radiation-induced binding of YPH-peptide to GSC-specific proteins. (A) Relative
YPH-peptide binding of two GSC lines with and without mild dissociation into single-cell sus-
pensions (“Diss.” and “Whole,” respectively) prior to peptide incubation. (B) IP-MS workflow.
YPH-peptide was bound to irradiated GSC lysate and precipitated. Non-specific proteins were first
eluted with the scrambled peptide. Shown are the 14 genes identified from the MS that are specific
for the YPH-peptide. Shown (far-right) are the four candidate genes from the previous list that
are implicated in radioresistance based on published data. (C) Relative mRNA fold-changes of
each of the four genes in two GSC lines normalized to GAPDH, using gPCR (n = 3). (D) Western
blot analysis depicting expressed protein levels of the four candidate genes with and without
irradiation normalized to total loaded protein. Protein levels of a housekeeping gene (GAPDH)
are shown below. (E) Representative fluorescent images of expression of the four candidate genes
in unpermeabilized GSCs with and without irradiation. Scale bars are 150 um for each group of
images. (F) Fluorescence signal quantification per cell of the four genes in permeabilized (perm.)
and unpermeabilized (unperm.) GSCs (n >3). (G) Flow cytometry of surface expression of the
four candidate genes in unpermeabilized unirradiated (top) and irradiated (bottom) GSCs (n =
10%). (H) Quantifications of the ratio of FITC*/PE-YG" cells to PE-YG" cells in (G) for each
gene (n = 3). Two-way ANOVA was used for statistical test unless otherwise stated, *P<0.05,
**%P<(0.001, ***P<0.001, ****P<(0.0001. Abbreviations are dissociated (diss.), unirradiated
(unirrad.), irradiated (irrad.), fluorescence (fluor.).
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One explanation for the increased YPH-peptide binding in irradiated GSCs may be upreg-
ulation of one or more of these four genes at either the mRNA or protein level. We performed
quantitative PCR (qPCR) and western blots of unirradiated and irradiated GSCs to determine the
effect of irradiation on relative mRNA and protein levels, respectively, of these four genes. While
we observed statistically significant differences in relative mRNA levels (Fig. 6C), these differences
did not correlate with changes at the protein level (Fig. 6D) and, subsequently, do not fully explain
the several-fold increase in peptide binding observed after irradiation (Fig. S, A and H).

We next hypothesized that the increase in YPH-peptide binding could also be due to
aberrant translocation of one or more of these proteins following irradiation. All four genes
showed a general trend towards an increased surface expression based on relative intensities from
immunofluorescence (IF) images of unpermeabilized GSCs (Fig. 6, E and F). To corroborate
these findings, we performed flow cytometry to visualize and quantify the effect of radiation on
plasma membrane surface presentation of these proteins. We observed a modest increase in EZR
presentation and a pronounced increase in MTDH presentation (Fig. 6, G and H), indicating that

both EZR and MTDH may be aberrantly translocated to the cell surface following irradiation.

2.4 EZR combinatorially inhibits GSC growth after irradia-
tion

To determine the importance of these four genes in GSCs, we performed shRNA-mediated
knockdown and CRISPR-mediated knockout in unirradiated GSCs using two targeted shRNA
sequences and four sgRNA sequences per gene. CRISPR-knockout of the target genes significantly
reduced proliferation (Fig. 7A) compared to a non-targeting control (sgCONT). shRNA-mediated
knockdown also yielded comparable reductions in proliferation (Fig. 7B), suggesting that all
four genes may be important for unirradiated GSC growth. We next sought to interrogate the
roles of these genes in supporting radioresistance. We observed two forms of acute vulnerability
to radiation in our patient-derived GSC lines. Firstly, GSCs may be subject to stresses such as

DNA damage and ROS generation (32, 46) which can lead directly to acute cell death. Secondly,
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cells that survive these radiation-induced stresses experience a reduced ability to proliferate in the
acute period following. Interestingly, both RDX- and MSN-knockdown GSCs had comparable or
better resistance to radiation-induced death than a non-targeting control, while survival in EZR-
and MTDH-knockdowns was significantly reduced (Fig. 7C). Comparing knockdowns with and
without irradiation, EZR-knockdowns had greater growth impairment after irradiation, while RDX-
knockdowns had much less impairment (Fig. 7D). Only EZR knockdown impaired unirradiated

growth, irradiated growth, and radioresistance.
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Figure 7. Synthetic perturbation of ERM proteins and MTDH expression in GSCs. (A)
Relative growth (top) of CRISPR-mediated knockouts of the four genes in GSCs without irradiation
(n = 3) and their associated western blots confirming protein knockout (bottom) using four different
guides per gene. Significance is compared to sgCONT. (B) Relative growth of shRNA-mediated
knockdowns of the four genes in GSCs without irradiation (n = 6) using two sequences per
gene. Significance is compared to shCONT. (C) Relative survival at 48 hours post-irradiation
of GSCs after shRNA-mediated knockdown (n = 6). One-way ANOVA was used for statistical
test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. (D) Relative growth of irradiated GSCs
following shRNA-mediated knockdowns of the four genes (n = 6). Significance is compared
with shCONT. Two-way ANOVA was used for statistical test unless otherwise stated, *P<0.05,
*#*P<0.001, ****P<(0.0001.
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Chapter 3

Discussion

While concomitant chemotherapy and radiotherapy are the standard-of-care in GBM treat-
ment, recurrence is inevitable due to the presence of subsets of chemoresistant and radioresistant
GSCs which evade treatment and repropagate the tumor (30, 32, 69). Higher inherent radioresis-
tance in GSCs suggests a unique molecular response to ionizing radiation that is absent in both
non-tumor and non-stem tumor cells, and thus, may be a molecular vulnerability. We used phage
display to identify two 12-mer polypeptides which have highly enriched cell surface binding in
patient-derived GSCs and show that the top candidate peptide, YPHKWHEFKQRY, binds preferen-
tially to irradiated GSCs. While the YPH-peptide did not have increased binding in every irradiated
patient-derived GSC line tested, this may be a result of cellular heterogeneity between the different
cell lines (e.g. glioma subtype). Furthermore, we observed different levels of innate radioresistance
between cell lines, which also seemed to correlate roughly with the ability to preferentially bind the
peptide after irradiation. In particular, two classically-subtyped patient-derived GSC lines (387 and
CW468) seemed to be the most vulnerable to ionizing radiation, yet yielded some of the greatest
increases in peptide binding following irradiation. Moreover, irradiated 387s had a completely
different peptide binding dose response from any of the other tested cell lines, suggesting that there
may be some unique biology occurring in either this GSC line or in radio-vulnerable GSC lines.

Of particular concern is whether cell death affects peptide binding. While it does appear
that more radio-vulnerable GSC lines are more specific for the YPH-peptide following irradiation,

this also raises the possibility that the peptide is binding non-specific cellular debris from dead cells.
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Indeed, we acknowledge this possibility which stems from the difficulty in defining and isolating
neurospheres of “live” cells, yet assert the specificity of the YPH-peptide for live, irradiated GSCs
based on the presented evidence. We have shown that the peptide has considerable binding compared
to a scrambled control and that its binding levels are concentration-dependent. Critically, the
peptide’s preferential binding is abrogated by treatment with a mild dissociation agent immediately
prior to peptide incubation, implicating that a significant amount of binding occurs separate from
non-specific association with cellular debris.

While there is not yet enough evidence to clearly indicate with what this binding occurs, it
is possible that specific cleavable extracellular domains (e.g. glycosylations) or physical cell-cell
contact may be required. We identified four intracellularly annotated proteins which bind the YPH-
peptide following irradiation, may be aberrantly translocated to the plasma membrane following
irradiation, and are implicated in supporting radioresistance of GSCs. Importantly, both EZR and
MTDH showed increased cell surface presentation following irradiation in radioresistant cells.
While there are discrepancies in the changes in surface presentation observed between IF and flow
cytometry (Fig. 6, E-H), these likely result from the sampling variance in IF compared to large
sample sizes in flow cytometry, different primary antibody incubation times, and the quantification
method used in IF which is strictly an approximation of relative fluorescence.

EZR is canonically association with the actin cytoskeleton on the cytoplasmic side of the
plasmid membrane (70, 71). It binds CD44—an important cancer stem cell surface marker—and
through its interaction with EBP50 (ERM-binding phosphoprotein 50) is involved in internalization
of various plasma membrane proteins including platelet-derived growth factor receptor (PDGFR),
an important oncogenic receptor tyrosine kinase (70). Indeed, these evidence suggest mechanisms
both for aberrant membrane presentation of EZR and for its role in supporting GSC maintenance.
On the other hand, MTDH primarily localizes to the nucleus, perinuclear region, and endoplasmic
reticulum, except when it associates with tight junctions in endothelial cells, and its surface
expression is very low in the brain (57, 72, 73). It contains a single transmembrane domain and an

activating domain for NF-B (74), a key oncogenic transcription factor, suggesting an exosome-based
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plasma membrane translocation mechanism and also a role in GSC maintenance. To our knowledge,
these are the first implications of aberrant cell surface presentation of either of these proteins, both
of which are intracellularly annotated. Thus, radiation-induced translocation of EZR or MTDH
may act as a radioresistance mechanism in surviving GSC populations.

Interestingly, significantly reduced proliferation in both CRISPR-knockouts and shRNA-
mediated knockdowns indicate that all four candidate genes may be essential for unirradiated
GSC growth. When cells were dosed with ionizing radiation, EZR and MTDH knockdown both
significantly reduces survival, supporting our hypothesis that aberrant translocation of these genes
may confer increased radioresistance. Additionally, proliferation in EZR knockdowns seemed
to be combinatorially affected by radiation, further implicating a role for EZR in radioresistance.
However, it is still unclear to what extent radiation-induced death factors into this combinatorial
growth impairment, and the inability to completely decouple the proliferation reduction and the
survival changes is a key limitation of these analyses which should be addressed further in future
studies.

Nevertheless, we have shown the specificity of the YPH-peptide for irradiated GSCs,
independent of the identity of its binding partner, implicating its use in possible targeted therapeutics.
Several studies have validated the use of homing peptides in tumor-targeting nanoparticles (75, 76),
and many classes of peptide-modified nanoparticles have the advantage of being both intravenously
injectable and blood-brain-barrier permeable (77, 78). Of particular excitement are the implications
for this peptide and other phage-display-identified peptides in CAR T cell therapies. CAR T therapy
is a promising field in GBM treatment due to the immunosuppressive nature of the tumor (79,
80), and there are several ongoing clinical trials assessing the safety and efficacy CAR T cells
targeting GBM-enriched surface markers (e.g. EGFR) (8/-83). Critically, two key considerations
in designing CARs are the preferential expression of the target antigen in tumors and the surface
presentation of this antigen (79, 80), and we have shown the YPH-peptide fulfills both of these

criteria, highlighting its clinical feasibility as a GBM-targeting, radiation co-therapy.
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Chapter 4

Materials and Methods

4.1 Cell culture

Patient-derived GSCs were cultured as neurosphere suspensions in Neurobasal medium
(NBM) supplemented with 1% L-glutamine, 1% sodium pyruvate, 2% B27, 10 ng/mL basic
human fibroblast growth factor (bFGF), 10 ng/mL human epidermal growth factor (EGF), and 1%

penicillin/streptomycin.

4.2 In vitro irradiation

GSCs were dissociated into single-cell suspensions with Accutase (Innovative Cell Tech-
nologies #AT104), and plated the day prior to irradiation. Each plate was subjected three times to
ionizing radiation at doses of 2 Gy each (for a total of 6 Gy), with 48 hours of rest between each
dose (e.g. MWF dose with Tuesday and Thursday rest). GSCs were dissociated once more the day
before the final administration dose (e.g. Thursday).

To measure fluorescently-conjugated peptide binding, a slightly different radiation schedule
was used due to pandemic-associated facility restrictions. GSCs were dissociated and plated the
day prior to irradiation, and dosed twice at doses of 3 Gy each (for a total of 6 Gy) , with 48 hours

of rest between the two doses (e.g. MW dose with Tuesday rest).
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4.3 Phage display screen

Phage-competent bacteria, ER2738, were maintained, prepared and amplified according to
manufacturer’s instruction. Cells used in the screen were either unirradiated or irradiated with 6
Gy fractionated across 3 doses (MWF). Cells were passaged on the day prior to the last dose of
radiation and maintained as spheres for all subsequent experiment to avoid cleaving cell-surface
glycoproteins or modifications. 24 hours after the final dose of radiation, half the cells were
centrifuged at 300 rpm for 3 minutes to remove single dead cells. Phage display screening was then
performed using 10 L of the NEB Phage Display Ph.D.-12 library with a modified version of this
protocol: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4053471/. First, cells were incubated
in blocking solution (1% BSA in neurobasal media without additives) for one hour, shaking, on
ice. 10 uL of the phage library was added to each sample and incubated for 2 hours on a shaker
at room temperature. Cells were then washed 5 times in 0.1% BSA in NBM and eluted with 0.1
M HCI-Glycine, 0.9% NaCl pH 2.2. Cells were then lysed in with RIPA buffer with EDTA to
release phage that had been internalized during the incubation period. Lysate and eluted phage
were then added to ER2738 bacteria in early-log growth phase. The phage-bacteria mixture was
amplified by incubation for 4.5 hour at 37 °C and phage were precipitated and titered according
to manufacturer’s instructions. The phage amplified from the 24-hour samples were subsequently
used in panning against the remaining cells at 72-hours after irradiation (and the equivalent timing
in control, unirradiated samples). Panning was repeated at this time point and the resulting phage

were amplified and processed for sequencing.

4.4 Sequencing and Analysis

DNA was isolated from phage and samples were prepared for sequencing on the Illumina
MiSeq platform according to manufacturer instructions. Samples were multiplexed for sequencing
to achieve at least 1 million reads per sample. MiSeq data for each condition were aligned to

the NEB phage display library using PHASTpep with the kind assistance of Dr. Lindsay Brinton
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(https://pubmed.ncbi.nlm.nih.gov/27186887/). PHASTpep identifies the common peptide flanking
sequences and extracts the variable DNA sequence between them, then converts the DNA sequence
into the corresponding peptide sequence and counts the frequency for each peptide sequence.
Peptide frequencies were normalized to the total read count for each sample and transformed to

Log2(counts + 1) for downstream analyses.

4.5 In vitro peptide binding assay

GSCs were irradiated as previously described. Forty-eight hours post-irradiation, both
unirradiated and irradiated GSCs were pelleted through centrifugation at 500 rpm (20-25 rcf) for 3
mins to isolate live cells. If necessary, these cells were dissociated with Accutase. An appropriate
number of cells were resuspended in 150 uLL complete NBM containing either FAM-conjugated
YPH-peptide (AnaSpec), CyS.5-conjugated YPH-peptide (LifeTein), or Cy5.5 conjugated scrambled
peptide (LifeTein) at an appropriate concentration, and were incubated at 37°C for 1 hr in dark.
Cells were pelleted on a benchtop centrifuge at 500 rcf for 5 mins, followed by repeated washing
and centrifugation three times with PBS. Cells were resuspended in an appropriate amount of PBS
and plated on 96-well clear bottom assay plates at 50 pL of suspension per well. Fluorescence was
measured on a fluorescent microplate reader (Tecan) for FAM (ex. 488/9 nm, em. 530/20 nm) and
Cy5.5 (ex. 675/10 nm, em. 710/20 nm). Cell viability was measured by adding 50 uL of Cell Titer
GLO (Promega #G7570) to each well, gently swirling for 5 mins, and measuring luminescence
on a luminescent microplate reader. Relative peptide binding was calculated as the ratio between

fluorescence signal and luminescent signal for each well.

4.6 Cell survival assay

GSCs were dissociated and plated (2000 cells/well, 35 uL/well) one day prior to irradiation.
Cells were irradiated as described previously. Forty-eight hours post-irradiation, 35 uL of Cell
Titer GLO was added to each well, followed by gentle swirling for 5 mins, and measurement of

luminescence by a luminescent microplate reader. Relative survival was calculated as the ratio
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between the luminescence of irradiated and unirradiated plates.

4.7 Cell growth assay

GSCs were dissociated and plated at Day 0 (2000 cells/well, 35 uL/well). Cell Titer GLO
(35 uL) was added to each well, followed by gentle swirling for 5 mins, and measurement of
luminescence by a luminescent microplate reader. This was repeated for Days 2, 4, and 6. Relative
viability was calculated by normalizing the luminescence values to the Day 0 average for each

experimental group.

4.8 In vivo luciferase and peptide binding assays

GSCs were infected with luciferase-containing lentiviruses. Prior to injection, cells were
dissociated and counted. Nude mice were split into four groups (n = 5) and subcutaneously injected
with 19 million cells (200 uL) in the right flank. Visible tumors were allowed to form beneath
the skin. Tumors were irradiated five consecutive days at doses of 2 Gy each, with 24 hours of
rest between each dose. Forty-eight hours after the final irradiation dose, D-luciferin (Sigma)
was injected intraperitoneally (i.p.) (33.33 g/mL, 50 uL) and allowed to circulate for 10 mins.
Luminescence was measured with IVIS (In Vitro Imaging System) with 10 seconds of exposure.
Mice were i.p. injected with either 40 uM or 400 uM of Cy5.5 conjugated YPH-peptide in PBS
(100 uL). The peptide was allowed to circulate for 30 minutes, followed by fluorescence imaging
with IVIS (ex. 640 nm, em. 700 nm, 1 second exposure). Mice were euthanized, and tumors were
harvested and weighed. Fluorescence of harvested tumors was measured with IVIS. Tumors were

fixed in 4% paraformaldehyde followed by exchange in 30% sucrose.

4.9 IP-MS

Approximately 200 million GSCs were collected to perform IP-MS. Spheres were irradiated
with 6 Gy fractionated over 2 doses with one recovery day in between radiation doses. 48 hours after

the second dose of radiation, cells were collected and centrifuged at 600 RPM for 3 minutes, then
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snap frozen at -80 °C. Pellets were lysed in 2 mL tissue lysis buffer (50 mM Tris-Cl pH 8.5, 200 mM
n-Octyl-beta-D-glucopyranoside, 5 mM EDTA pH 8.5 and EDTA-free protease inhibitor (Roche)).
Cells were resuspended in lysis buffer and passed sequentially through needles of progressively
smaller gauge, then incubated at 4 °C for 2 hours with rotation. Lysate was spun at 14000 rpm for
15 min at 4 °C, supernatant was collected and incubated with peptide-conjugated magnetic beads
overnight with rotation at 4 °C. Neutravidin Sera-Mag Speedbeads were blocked with 2% BSA and
0.02% Tween-20 in PBS for 15 min at room temperature, washed three time in PBST/BSA and
twice more in PBST,. Beads were then incubated with 0.8 mM of peptide for 30 minutes shaking
at room temperature, washed twice in 0.025% Tween-20 in PBS and finally washed twice with
tissue lysis buffer. After overnight incubation, beads were washed 8 times in wash buffer (25 mM
Tris-Cl pH 8.0, 75 mM n-Octyl-beta-D-glucopyranoside, I mM MnCl2, 1 mM MgS0O4, 1 mM
CaCl2 and 1 tablet of EDTA-free protease inhibitor. Beads were then washed 3 times with 0.55
mM of FAM-scramble control peptide resuspended in wash buffer. Bound protein was eluted with
1 mM FAM-peptide in wash buffer in 4 washes. The final eluate and the control eluate (eluted with
FAM-scramble control) were sent for mass spectrometry. Proteins enriched at FDR <0.05 in the

test vs control sample were considered to be specifically bound to the peptide.

4.10 Quantitative PCR

RNA was isolated using a Direct-zol RNA Miniprep kit (Zymo) according to the manufac-
turer’s instructions. Purified RNA was quantified with a Nanodrop spectrophotometer. RNA was
reverse transcribed to cDNA using a High-Capacity Reverse Transcription kit (Invitrogen). cDNA
was diluted appropriately and analyzed with real-time PCR with the relevant primers (Table S1)
using PowerUp SYBR Green Master Mix (Invitrogen) according to the manufacturer’s instructions.

Primers were designed using PrimerBank (84, 85).
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4.11 Western blots

Cells were pelleted by centrifugation at 2000 rcf for 5 mins at 4°C and resuspended in an
appropriate volume of RIPA buffer (Sigma). This suspension was briefly vortexed and centrifuged
at 14000 rcf for 15 mins at 4°C to pellet cellular debris. The supernatant was collected and the
protein concentration was quantified with a Pierce BCA Protein Assay kit (Thermo Scientific)
according to the manufacturer’s instructions. Samples were stored at -80°C. Equal quantities
and volumes of sample were loaded into wells of a 10% polyacrylamide denaturing gel, and a
voltage was applied (90V for 10 mins followed by 110V for 50 mins). The gel was transferred to
a nitrocellulose membrane at 300 mA for 90 mins at 4°C. Blots were washed in TBST, blocked
with 5% milk and incubated at 4°C overnight in blocking buffer containing primary antibody.
EZR (Cell Signaling Technologies #3145), RDX (Cell Signaling Technologies #2636), MSN (Cell
Signaling Technologies #3150), MTDH (Cell Signaling Technologies #14065), and GAPDH (Cell
Signaling Technologies #2118) antibodies were used at 1:1000 dilutions. Blots were incubated
in blocking buffer containing an appropriate horse radish peroxidase (HRP)-linked secondary
antibody for 1 hour at room temperature. HRP substrate was added, and the blots were imaged on
a ChemiDoc (Bio-Rad). Blots were stripped with stripping buffer (Thermo Scientific #21059) to

allow re-imaging with different antibodies.

4.12 Immunofluorescence imaging

Irradiated GSCs were plated onto glass cover slips coated with Matrigel (Corning #344277)
immediately following radiation. Cells were allowed to attach and grow for 48 hours, followed by
fixation in 4% paraformaldehyde. Cells were washed with PBS and blocked in 10% normal goat
serum for 60 mins. EZR (Bioss #BS-1343R), RDX (Invitrogen #MA5-32213), MSN (Invitrogen
#MAS-32231), and MTDH (Invitrogen #MAS5-36100) antibodies were conjugated with a fluores-
cent dye using an antibody conjugation kit (Invitrogen #A20181) according to the manufacturer’s

instructions. Cells were incubated overnight in the dark in 10% goat serum containing the appro-
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priate fluorescent antibody (1:50) and DAPI (1:1000), followed by incubation with an appropriate
secondary antibody, if necessary. Cover slips were mounted onto microscope slides for imaging.
DAPI was detected with excitation at 405 nm and antibodies were detected with excitation at either

488 nm or 568 nm.

4.13 Flow cytometry

Unirradiated and irradiated GSCs were pelleted at 500 rpm (20-25 rcf) for 3 mins, followed
by dissociation and passage through a 0.2 um filter. Cells were kept on ice for the remainder of
the assay. Cells were incubated in 100 L of FACS buffer (0.1% EDTA, 5% FBS, and 1% BSA
in PBS) with the appropriate fluorescent antibody (1:50) and a live/dead stain (1:1000; Invitrogen
#1.34959) for 1 hour at 4°C in the dark. Cells were washed three times with FACS buffer and
resuspended. Flow cytometry was performed on a BD LSRFortessa with FITC and PE-YG lasers,
and compensation was performed using compensation beads (Invitrogen #01-3333-41). Data were

analyzed in FlowJO.

4.14 CRISPR knockouts and shRNA knockdowns

CRISPR inserts were designed as shown in Table S2. shRNA sequences were designed to
target the sequences shown in Table S3. CRISPR cloning was performed as described previously
(86, 87). Briefly, CRISPR guide spacers were designed using a validated platform from the Broad
Institute (88, 89). Modified spacer sequences were cloned into a CRISPR lentiviral vector and
amplified in E. coli. Sequence insertion was confirmed with sequencing. Lentivirus was produced
in HEK293T cells using 2"Y-generation lentiviral packaging plasmids and polyethyleneimine as a
transfection agent, harvested, and concentrated. For transfection, 7.5 x 10° GSCs were plated in
single-cell suspension and lentivirus was added. The next day, media was refreshed with complete
NBM and cells were allowed 24 hours for expression of antibiotic resistance markers. Selection
was performed using the appropriate antibiotic. Knockout efficiency was evaluated with western

blots. GSCs were assayed within one week after selection to ensure sufficient knockout.
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Candidate shRNA sequences were determined using the platform from the Broad Insti-
tute. ShRNA vectors were obtained as a plasmid-containing bacterial glycerol stock, and cloning
and transfection were performed as with CRISPR lentiviral vectors. Knockdown efficiency was
evaluated with gqPCR. GSCs were assayed within one week after selection to ensure sufficient

knockdown.

4.15 Statistical analysis

Statistical parameters are provided in each figure legend. Multiple group comparisons were
compared with either one-way ANOVA with Dunnett’s post-hoc analysis or two-way ANOVA
with Tukey’s post-hoc analysis (by GraphPad Prism). P <0.05 was designated as the threshold for
statistical significance. All data are displayed as mean values with error bars representing standard

deviation.
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Appendix A
Supplemental Tables

Table S1. gPCR primer sequences, listed from 5’ end to 3’ end.

Gene name PrimerBank ID Forward primer Reverse primer
EZR 161702985c1 ACCAATCAATGTCCGAGTTACC GCCGATAGTCTTTACCACCTGA
RDX 62244047c1  TATGCTGTCCAAGCCAAGTATG CGCTGGGGTAGGAGTCTATCA
MSN 53729335c1 ATGCCCAAAACGATCAGTGTG ACTTGGCACGGAACTTAAAGAG

MTDH 223555916c1  AAATGGGCGGACTGTTGAAGT CTGTTTTGCACTGCTTTAGCAT
GAPDH 378404907c1  GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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Table S2. CRISPR guide RNA insert sequences used for cloning, listed from 5’ end to 3’ end.

Sequence name Target gene

Forward sequence

Reverse sequence

EZR1
EZR2
EZR3
EZR4
RDX6
RDX7
RDX8
RDX9
MSNI11
MSNI12
MSN14
MSN15
MTDH16
MTDH17
MTDH18

MTDH20

EZR
EZR
EZR
EZR
RDX
RDX
RDX
RDX
MSN
MSN
MSN
MSN
MTDH
MTDH
MTDH
MTDH

CACCGTGCGGCGCATATACAACTCA
CACCGTGTGGCATGCGGAACACCGT
CACCGCTTTATTATCCACATAGTGG
CACCGGAAGAAAAGGAGAGAAACCG
CACCGATGATAGACTCCTACCCCAG
CACCGATAAAAAAGGAACTGAATTG
CACCGCTCGTCTGAGAATCAATAAG
CACCGCAGACAATTAAAGCTCAGAA
CACCGGCACGGAACTTAAAGAGCAG
CACCGGGAACAGCACAAACTCAACA
CACCGCTTAGACTGGACAGCATACG
CACCGCTCATAGATGTTGAGACCCA
CACCGTGATGCGGTTGTAAGTTGCT
CACCGCTGGAGCCGAAACGGTACCC
CACCGTACCACTTCTGATTATCAGT
CACCGGAAAACCTCACTGTCAATGG

AAACTGAGTTGTATATGCGCCGCAC
AAACACGGTGTTCCGCATGCCACAC
AAACCCACTATGTGGATAATAAAGC
AAACCGGTTTCTCTCCTTTTCTTCC
AAACCTGGGGTAGGAGTCTATCATC
AAACCAATTCAGTTCCTTTTTTATC
AAACCTTATTGATTCTCAGACGAGC
AAACTTCTGAGCTTTAATTGTCTGC
AAACCTGCTCTTTAAGTTCCGTGCC
AAACTGTTGAGTTTGTGCTGTTCCC
AAACCGTATGCTGTCCAGTCTAAGC
AAACTGGGTCTCAACATCTATGAGC
AAACAGCAACTTACAACCGCATCAC
AAACGGGTACCGTTTCGGCTCCAGC
AAACACTGATAATCAGAAGTGGTAC
AAACCCATTGACAGTGAGGTTTTCC

Table S3. shRNA target sequences, listed from 5’ end to 3’ end.

Sequence name  Target gene Clone ID Target sequence
shEZR.381306 EZR TRCNO0000381306 CCGTGGGATGCTCAAAGATAA
shEZR.062461 EZR TRCNO0000062461 CGTGGGATGCTCAAAGATAAT
shRDX.414986 RDX TRCN0000414986 GAAGCAACTTCAGGCATTAAG
shRDX.415784 RDX TRCNO0000415784 ATGAGCATGACGACAAGTTAA
shMSN.062411 MSN TRCN0000062411 GCATTGACGAATTTGAGTCTA
shMSN.344732 MSN TRCN0000344732 ACCACCGGGAAGCAGCTATTT
shMTDH.155813 MTDH  TRCNO0000350650 CGTGATAAGGTGCTGACTGAT
shMTDH.350650 @ MTDH  TRCNO0000155813 AGCCGTAATCAACCCTATATC
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Supplemental Figures

3128

1
100

A
YPH-peptide binding across
25— irradiated GSC lines
o 2
£
E
& 209 Re=05024
k] o Gsc23
=]
§ 1.5 1953 3264
o
> T OO 839 8 T
b} 1.0 2080
©
m B
0.5 T T T
40 60 80
Relative survival (%)
C
48 hrs post-irradiation
150+ Il Unirradiated
9 Irradiated
< 100
4
=3
(7]
o
2 50
©
E
0

Figure S1. Comparison of peptide binding and radioresistance in GSCs. (A) Scatter plot of
relative YPH-peptide binding across cell lines with varying levels of relative survival. Linear
regression (solid line) and non-specific binding cut-off (dashed line) are shown. Points below the
dashed line do not have increased YPH-binding. (B) Relative peptide binding of YPH-peptide
and the scrambled control at different peptide concentrations for various GSC lines. (C) Relative
survival of various GSC lines following irradiation. Two-way ANOVA was used for statistical test
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Figure S2. Luciferase assay in tumor-bearing mice. Luminescence-overlaid images of mice
bearing luciferase-expressing tumors with or without irradiation (n = 5). Color bar shown on the
right.
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