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Summary

Gene fragments derived from structural domains mediating physical interactions can modulate
biological functions. Utilizing this we developed lentiviral overexpression libraries of peptides
comprehensively tiling high confidence cancer driver genes. Towards inhibiting cancer growth, we
assayed ~66,000 peptides, tiling 65 cancer drivers and 579 mutant alleles. Pooled fitness screens in
two breast cancer cell lines revealed peptides which selectively reduced cellular proliferation,
implicating oncogenic protein domains important for cell fitness. Coupling of cell penetrating
motifs to these peptides enabled drug-like function, with peptides derived from EGFR and RAF1
inhibiting cell growth at 1C50s of 27-63uM. We anticipate this peptide tiling (PepTile) approach
will enable rapid de novo mapping of bioactive protein domains and associated interfering
peptides.

Graphical Abstract

TCorrespondence: pmali@ucsd.edu.

AUTHOR CONTRIBUTIONS

K.M.F. and P.M. conceived and planned the study, K.M.F., R.P., A.P. and D.C. performed experiments, K.M.F, N.P. and D.C. analyzed
data and generated figures, K.M.F. and P.M wrote the manuscript, and all authors assisted in editing the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

DECLARATION OF INTERESTS

The authors have filed a patent based on this work. P.M. is a scientific co-founder of Shape Therapeutics, Boundless Biosciences,
Seven Therapeutics, Navega Therapeutics, and Engine Biosciences. The terms of these arrangements have been reviewed and
approved by the University of California, San Diego in accordance with its conflict of interest policies.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ford et al.
Oricogenias of litsrsst Lentiviral Packaging
4
»
= 40 A:Elinn Acid <
" i ¥ liling Fragments
Comprehensive Fitness =» ) 5
Screening of Cancer Driver )
Derived Peptides — 4
LA Day 3
\/ Fitness
Screening o
Pooled DNA Oligo Synthesis g Dav1d
MDA-MB-231
EGFR Amino Acid Level Fitness RAF1 Amino Acid Level Filness
Protein Domain g £ v
- . a L i o
Fitness Via Mean of 3 T P v o D
Overlapping Peptides g, [
e " - LF
Amino Acid
Peptide Dose Response Peptide Dose Response
MDA-MB-231 MDA-MB-231
=
: . E 100 "‘.“HP‘T“A eos I -
Engineering for =
n Delivi g : - TAT-RAF1-
Exogenous Delivery g w D = T ::I:::;. &
o -« TAT-FLAG \\
100 101 10 w0 1o 10
Peptide Dose (Micromolar) Peplide Dose (Micromolar)
ETOC Blurb:

Understanding how protein domains impact cancer fitness is an ongoing challenge in oncology.
Here, Ford et al. present a pooled screening methodology utilizing lentiviral overexpression of
peptides comprehensively tiling cancer driver genes. This strategy identified bioactive domains
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and associated interfering peptides that upon engineering for exogenous delivery enabled drug-like

function with anti-cancer activity.

Introduction

Over the last decade, large scale sequencing and functional genomic screening efforts have
identified high confidence lists of genes essential for cancer fitness. However, direct
antagonism of many of these genes (Ras GTPases, transcription factors, cyclins, etc.), has
proven challenging due to their reliance on large protein-protein interaction interfaces
lacking a small molecule binding pocket to mediate signaling. Still, previous studies have
demonstrated the feasibility of inhibiting hard to drug intracellular protein-protein
interactions via direct transduction of protein/peptide therapeutics(Liu et a/., 2010; Chang et
al., 2013; Nim et al., 2016; Beaulieu et al., 2019). However, identifying and engineering
protein/peptide therapeutics has classically relied on structure guided testing of individually
produced protein variants. This process is time consuming and limited by the costs
associated with direct peptide synthesis and recombinant production. Furthermore, target
discovery itself is hindered in this context by the challenge of identifying therapeutically
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actionable protein-protein interaction interfaces. Subsequently, there is a compelling need
for new technologies to identify and inhibit oncogenic signaling interfaces. With this in
mind, here we describe a modular oligonucleotide synthesis and sequencing based screening
protocol to identify bioactive peptides which cause a slow growing phenotype, and
corresponding protein-protein interaction domains implicated in driving cancer proliferation.

High throughput screening strategies to identify novel proteins/peptides with a growth
inhibition phenotype have been previously explored, primarily in Saccharomyces cerevisiae.
These studies include novel approaches to assay computationally defined c-terminal protein
fragments(Nim et al., 2016), randomly digested genomic fragments(Ramer, Elledge and
Davis, 1992; Akada, Yamamoto and Yamashita, 1997; Boyer ef al., 2004), and, in a recent
elegant approach, transposon mediated fragmentation and overexpression of gene fragments
to identify inhibitors of essential proteins in yeast(Dorrity, Queitsch and Fields, 2019).
However, these libraries typically do not comprehensively cover protein-protein interaction
interface regions for target proteins, and often randomly generate gene fragments of various
lengths and frame, hindering control of library composition. Consequently these studies
have been limited in their sensitivity, modularity, or ability to interrogate translatable
phenotypes(Ramer, Elledge and Davis, 1992; Akada, Yamamoto and Yamashita, 1997;
Boyer et al.,, 2004; Nim et al., 2016). As an alternative, purely computational methods to
identify peptide self-inhibitors have been developed, but experimental screening is critical to
progressively improving underlying structure-function predictions(London et a/., 2010;
Donsky and Wolfson, 2011; Zaidman and Wolfson, 2016; Han and Kral, 2020).

To address these issues, we integrated lentiviral screening(Nim et al., 2016) and protein
fragmentation(Dorrity, Queitsch and Fields, 2019) with array-based custom oligonucleotide
pools(Kosuri and Church, 2014) to generate user defined libraries of overexpressed peptide
coding gene fragments. We built our libraries using the target proteins as a scaffold from
which to derive inhibitory sequences, synthesizing a comprehensive library of every possible
overlapping 40mer peptide for each target protein. This strategy allows for modular library
design, complete coverage of protein-protein interaction interfaces, and is supported by
extensive previous research showing fragmented or truncated proteins can function as
inhibitors of the full length protein(Herskowitz, 1987; Ramer, Elledge and Davis, 1992;
Akada, Yamamoto and Yamashita, 1997; Barnard et a/., 1998; Soucek et al., 2002; Boyer et
al., 2004; Zhu, Lu and Zhu, 2016; Nim et al., 2016; Bai et al., 2017; Yu et al., 2017; Dorrity,
Queitsch and Fields, 2019). Furthermore, non-canonical translation of small ORFs
overlapping protein coding genes has been shown to affect cell fitness, further supporting
our strategy(Chen et al., 2020). We assayed these overexpression libraries via lentivirus
mediated pooled screening in two disease relevant cell lines, interrogating over 65,000
peptides, tiling 65 cancer drivers and 579 mutant alleles. In contrast to contemporary
approaches that employ libraries of genetically encoded functional perturbations that are
agnostic to mechanism (CRISPR-Cas9 sgRNA, siRNA, etc.(Shalem et a/., 2015; Doench,
2017; Ford, McDonald and Mali, 2019)), our approach enables rapid unbiased mapping of
bioactive protein domains and associated interfering peptides.
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Results

Peptide tiling based map of protein domains implicated in proliferation via MAPK signaling

We first synthesized a pilot peptide library of oncogenes and associated effectors from the
MAPK signaling pathways along with a panel of tumor suppressors and negative controls
(Figure 1, Supplemental Figure 1-2, Supplemental Table 1). RAS and MYC are two of the
most frequently mutated/amplified oncogenes across a wide variety of malignancies,
highlighting the medical need to identify functional inhibitors(Downward, 2003; Dang,
2012; Simanshu, Nissley and McCormick, 2017). Compounding this, RAS and MYC have
proven challenging to drug via small molecules, due to their lack of a binding pocket and
reliance on protein-protein interactions for signal transduction(Cox et a/., 2014). Owing to
their larger size and ability to form complex folded structures, we surmised peptide biologics
are likely suited to disrupting the protein-protein interactions through which RAS and MYC
mediate cellular proliferation(Craik et al., 2013).

For every target protein in our library, we synthesized gene fragments via oligonucleotide
pools coding for every possible overlapping 40mer peptide within the proteins primary
structure. Testing every overlapping 40mer improves statistical power and allows for
sensitive discrimination of similar peptide motifs, minimizing the required downstream
optimization of inhibitors. To maximize the chance of identifying a peptide inhibitor of RAS
or MYC signaling, we included gene fragments derived from the downstream RAS effectors
ARAF, BRAF, and RAF1, as well as the negative regulator of MYC stability FBXW?7.
FBXW?7 was of special interest due to its role in regulating the degradation of several other
key oncogenes(Sato et al., 2015; Yeh, Bellon and Nicot, 2018). In addition to gene
fragments derived from the wildtype RAS and MYC proteins, we also included fragments
derived from pathogenic Ras variants which have been shown to have unique protein-protein
interaction networks(Adhikari and Counter, 2018). Furthermore, we included gene
fragments derived from EGFR (due to its role in proliferation and oncogenic signal
transduction to Ras proteins), from the HRAS S17N dominant negative, and the MYC
dominant negative Omomyc(Soucek et al., 2002; Nassar, Singh and Garcia-Diaz, 2010). As
negative controls we included fragments derived from the green fluorescent protein (GFP)
and hypoxanthine(-guanine) phosphoribosyltransferase (HPRT1)(Gasperini et al., 2017).
Finally, we included in the library two canonical tumor suppressor genes TP53 and
CDKNZ2A. After removing duplicates, the final library consisted of 6234 unique gene
fragments, spanning 14 full length genes. The pooled library of gene fragments was then
synthesized as single stranded oligonucleotides and cloned into a lentiviral vector, with an
EF1a promoter driving gene fragment transcription (Figure 1A, Supplemental Figure 1A,
Supplemental Figure 2, Supplemental Table 1, and STAR Methods). An internal ribosomal
entry site (IRES) was placed after the gene fragment stop codon to allow for co-translation
of a puromycin acetyltransferase gene. This allowed for selection of transduced cells via the
addition of puromycin to the cell culture media.

The library was then packaged into lentiviral particles which were used to transduce the
MYC and RAS dependent Hs578T and MDA-MB-231 cell lines in duplicate (Figure 1A and
STAR Methods)(Eckert et al., 2004; Kang et al., 2014; Depmap Broad, 2019). Genomic
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DNA was isolated 3 days after transduction, as well as 14 days after transduction to
calculate peptide specific log, fold changes. These peptide specific log, fold change values
were then used to calculate an amino acid level fitness score (Dorrity, Queitsch and Fields,
2019) via the mean of all fragments which overlap a particular codon (Figure 1A,B
Supplemental Figure 1B-E, Supplemental Table 2 and STAR Methods). The amino acid
level fitness score was first calculated by taking the mean log, fold change of all overlapping
peptides. For every residue in the protein scaffolds, the mean log, fold change values were
then Z-score normalized to yield a relative fitness score. This fitness score served as a way to
map the results of individual peptides back to the original protein structure. Based on this,
2.6% (Hs578T) and 9.5% (MDA-MB-231) of residues tested had significantly depleted
overlapping peptides, indicating peptides derived from these positions were collectively
more deleterious to cell fitness than a random sampling of peptides from the library
(Supplemental Figure 1D-E). There was good correlation between biological replicates,
with the Hs578T and MDA-MB-231 amino acid scores having a Pearson correlation of .54
and .75 respectively.

In order to visualize protein motifs with a significant impact on cell fitness, the amino acid
scores were superimposed along the primary amino acid sequence for each associated
protein (Figure 1B). EGFR, BRAF, FBXW?7 and RAF1 all had regions of significant
depletion in one or both of the cell lines, corresponding to previously annotated protein
function. Peptides derived from the P-loop and Alpha C-Helix of EGFR were depleted
across both cell lines. The P-loop of EGFR is involved in ATP binding, while the
conformationally sensitive autoinhibitory C-Helix plays a regulatory role in controlling
EGFR enzymatic activity(Yun et al., 2007; Ruan and Kannan, 2018). The EGFR alpha C-
Helix regulates EGFR activation by dynamic orientation towards the ATP binding pocket
(active state), or away from the ATP binding pocket (inactive state). Supporting a functional
role for this depleted EGFR domain in regulating cell fitness, this region of the EGFR gene
(Exon 19) is frequently deleted in cancer, comprising approximately 44% of activating
EGFR mutations seen clinically(Kumar et a/., 2008). Maintaining an active EGFR structural
state critically depends on the positioning of the alpha C-helix structure, suggesting that
overexpressed alpha C-helix derived peptides may be active participants in allosteric EGFR
regulation. However, because alpha C-helix motifs are ubiquitous in regulating kinase
activity (Palmieri and Rastelli, 2013), homologous protein motifs on other structures may
also be implicated in mediating EGFR derived peptide bioactivity.

The Ras Binding Domain (RBD) of RAF1 was also significantly depleted across both cell
lines, presumably due to the peptides binding endogenous Ras proteins within the cell. This
result is supported by previous research showing chemically synthesized and recombinant
RAF1 RBD mini proteins can bind Ras proteins with nanomolar affinity(Clark et a/., 1996;
Barnard et al., 1998; Becker et al., 2003). Ras targeting peptides derived from RAF1 have
also been shown to block oncogenic signaling, lending further credence to this hypothesis.
While the RAF1 Cysteine Rich Domain (AA 139 to 184) has also been previously identified
as a KRAS binder, this region does not correspond to significant peptide depletion in either
breast cancer cell line. This result is potentially due to the orders of magnitude lower binding
affinity of the Cysteine Rich Domain compared to the RBD (micromolar vs nanomolar
affinity)(Williams et a/., 2000).
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FBXW?7 had a broad region of depletion corresponding to WD repeats 1-6. Knock-out
screening via CRISPR-Cas9 has shown FBXW?7 is not essential in Hs578T or MDA-
MB-231 cells, meaning it is unlikely that this depletion is due to direct inhibition of
FBXW7(Depmap Broad, 2019). The WD repeats in FBXW7 mediate substrate binding and
subsequent recruitment to the E3 ubiquitin-protein ligase complex, suggesting the highly
depleted peptides are potentially interacting with one of the endogenous partners of
FBXW?7(Hao et al., 2007). BRAF also had several significantly depleted regions dispersed
across the primary sequence including one corresponding to a previously identified phospho-
degron motif centered on amino acids 394-405(Eisenhardt et al., 2016).

Towards the broader goal of identifying peptide inhibitors of KRAS function, we tested if
peptides derived from pathogenic variants could function as more effective anti-proliferative
proteins than their wildtype counterparts (Figure 1C). The 40mer peptides derived from
KRAS Q61K were significantly depleted across both cell lines, while wild type peptides
overlapping amino acid showed no effect on cell fitness. The full length Q61K mutant is
highly transforming due to a modified Ras/Raf interaction which may play a role in the anti-
proliferative activity of the Q61K derived fragments(Der, Finkel and Cooper, 1986;
Buhrman, Wink and Mattos, 2007). Furthermore, peptides derived from the known HRAS
S17N dominant negative mutant showed selective depletion only in the mutant HRAS driven
Hs578T cell line, emphasizing the ability of this technology to discriminate fitness
dependencies with a degree of specificity.

Large-scale peptide tiling screens identify diverse peptides and domains which perturb

cell fitness

In order to mine anti-proliferative peptide motifs in a more systematic fashion we next
synthesized a library of 43,441 peptides (Figure 2A, Supplemental Figure 3A, Supplemental
Table 1,3) derived from 65 key oncogenic driver genes with a high prevalence in TCGA
sequencing data (Bailey et al., 2018). This library covers ~20% of all high confidence cancer
drivers identified in a recent computational approach, allowing for a more comprehensive
characterization of potential oncogene derived peptide inhibitors of proliferation(Bailey et
al., 2018). This expanded screen was performed in MDA-MB-231 cells and identified nearly
an order of magnitude greater number of peptides with fitness defects (as measured by log
fold change), compared to those identified in the smaller pilot screen (Figure 2A). Building
on this screen of cancer drivers, we also built a library of peptides derived from high
confidence cancer driver mutations identified via The Cancer Genome Atlas sequencing
data(Bailey et al., 2018). This screen interrogated 579 mutant residues across 53 cancer
driver genes, via 22,724 peptide coding gene fragments (Figure 2B, Supplemental Figure
3B, Supplemental Table 1,4). Peptide names indicate the gene from which the peptide was
derived, and the first amino acid they align to on the full length structure.

We observed in most cases mutant peptides had a similar effect on cell fitness compared to
their wildtype counterparts (Figure 2C). This can be rationalized by the high degree of
sequence homology (>97%) between WT peptides and single mutants. We then quantified
how peptide depletion in the screen relates to bulk biophysical properties such as charge and
hydrophobicity (Figure 2D). We found that peptide effects on cell fitness were not dependent
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on charge or hydrophobicity, indicating that highly charged or highly hydrophobic peptides
do not result in false positive cellular toxicities.

As in the pilot screen, we then sought to map peptides from the library back to the primary
structure of the WT protein to visualize domains with a significant impact on cell fitness
(Figure 2E-G, Supplemental Figure 4A-B). We first examined the pattern of depletion for
the transcription factor NFE2L 2, the protein containing the most deleterious domain as
scored by this screen (Supplemental Figure 4C, Figure 2E). Peptides derived from the DNA
binding domain, as well as the KEAP1 binding domain of NFE2L2 were highly depleted in
the screen, consistent with the critical role these regions play in mediating NFE2L2
function(Cuadrado et a/,, 2019). NFE2L 2 has been previously shown to support cellular
proliferation and metastasis in MDA-MB-231 cells, supporting the conclusion that peptide
mediated disruption of NFE2L2 function could be used to inhibit cell growth (Zhang et al.,
2016). Neither the negative control GFP protein or the tumor suppressor CDKN2A showed
significant depletion of any domain, highlighting the ability of this technology to
discriminate bioactive peptide motifs (Figure 2F). While the majority of mutant peptides had
similar fitness scores compared to WT peptides overlapping the same residues, some
mutants such as PIK3CA956F, KRAS61K, and BRAF594N showed markedly more
deleterious effects on cell fitness (Figure 2G, Supplemental Figure 4E).

We next investigated the fitness of peptides derived from MDM2. MDM2 is a negative
regulator of TP53 function in the cell, and inhibition of the MDM2-TP53 PPI has been
shown to effectively oppose cancer growth across a variety of malignancies(Liu et a/., 2010;
Chang et al., 2013; Zhao et al., 2015). In our screening data, peptides derived from the TP53
binding domain of MDM2 were significantly depleted consistent with previous reports that
truncated MDM2 proteins containing only the N-terminus function as dominant
negatives(Kubbutat ef a/., 1999). However, interpreting the bioactivity of MDMZ2 derived
peptides is made challenging by the highly contextual MDM2 and TP53 biological
functions. For example, MDA-MB-231 cells contain a TP53 hotspot mutation (R280K)
(Chavez, Garimella and Lipkowitz, 2010) obfuscating if putative TP53 binding peptides are
activating WT TP53 functions, or inhibiting oncogenic mutant TP53 functions(Hui et a.,
2006). Given the TP53 binding domain of MDM2 occupies the transactivation domain of
TP53, both hypotheses have a structural justification, highlighting the complex role TP53
plays in cancer etiology(lwakuma and Lozano, 2003).

We then sought to investigate the fitness effect of peptides derived from PIK3CA. The PI3K-
AKT-mTOR pathway is one of the most frequently dysregulated pathways in cancer, and
PIK3CA plays a pivotal role in signal transduction along this pathway(Janku, Yap and
Meric-Bernstam, 2018). The most critical region impacting cell fitness in PIK3CA
corresponds to the adaptor binding domain of the protein. PIK3CA activity is modulated by
the binding of various adaptor proteins encoded by genes such as PIK3R1,PIK3R2 and
PIK3R3. Supporting the hypothesis that these peptides potentially inhibit proliferation via
disruption of the PIK3CA/PIK3R1-3 complex, the corresponding PIK3CA binding domain
in PIK3R1 is also depleted. Additionally, the Ras binding domain of PIK3CA was also
significantly depleted in this screen, implying Ras-PIK3CA cross-talk may impact cell
fitness in MDA-MB-231 cells.
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Next, we plotted the depleted domains for the miRNA processing protein DICER1. Regions
corresponding to binding sites for known DICER1 cofactors TARBP and PRKRA were
heavily depleted, comprising some of the most deleterious peptides in the screen
(Supplemental Figure 4D). However, DICERL1 activity is predicated not just on binding other
proteins, but also on binding RNA via helicase, RNase, and dsRNA binding domains present
throughout the protein structure(Gurtan et al., 2012). The deleterious nature of DICER1
derived peptides could therefore be attributed to protein-protein, as well as protein-RNA
interactions. This data supports the growing understanding of the oncogenic role miRNAs
and other epigenetic regulators play in tumorigenesis(Rupaimoole and Slack, 2017).

ERBB4 had a pattern of depletion similar to EGFR (Supplemental Figure 4D), with
overexpression of peptides derived from the ERBB4 regulatory P-loop and Alpha C-helix
resulting in a significant fitness defect, highlighting the importance of this region in ERBB
allosteric regulation and proliferative signaling(Bose and Zhang, 2009). This example also
supports previous work suggesting Alpha C-helix displacement is a broadly shared (and
therapeutically targetable) mechanism of regulating kinase activity(Palmieri and Rastelli,
2013). Further supporting this conclusion, Alpha C-helix displacement has even seen
clinical success in breast cancer via the small molecule EGFR/HER2/ERBB4 inhibitor
Lapatanib(Palmieri and Rastelli, 2013).

Next, we sought to validate the anti-proliferative effects of select peptides identified as
depleted in the screen via a complementary technology other than sequencing. Specifically,
after transduction with putative anti-proliferative peptides derived from WT proteins,
Hs578T cells and MDA-MB-231 cells were seeded in 96 well plates with proliferation
measured via the colorimetric WST-8 assay (Figure 3A, Supplemental Figure 5A-B, and
Supplemental Table 6). All 12 peptides tested had significant growth defects when assayed
in Hs578T and/or MDA-MB-231 cells compared to infection with the GFP control plasmid.
EGFR-697 specifically was extremely deleterious to cell growth in both cell lines. We
similarly tested three peptides derived from the KRAS Q61K mutant protein (KRAS61K-24,
KRAS61K-28, and KRAS61K-34), all of which significantly reduced cell growth in both
cell lines (Supplemental Figure 5A-B). To test the specificity of these perturbations, we
transduced MCF-7 cells with RAF1-73 and EGFR-697. MCF-7 cells are Ras WT, and not
sensitive to RAF1 knockout; correspondingly they show no fitness defect upon
overexpression of the RAF1-73 peptide(Eckert et al., 2004; Depmap Broad, 2019).
Additionally, MCF-7 cells show a reduced fitness defect upon overexpression of EGFR-697,
consistent with their status as an EGFR negative cell line(Uhlen et al., 2017). As well, the
EGFR negative and Ras WT HEK293T cell line transduced with EGFR-697 and RAF1-73
showed no growth defects, further indicating this screening methodology identifies context
dependent inhibitors of cellular proliferation rather than generally toxic peptide motifs.

For individual peptides which were significantly depleted we saw consistent depletion of
nearby peptides, supporting our strategy of using an amino acid level score to rank domains
(Figure 3B). To understand the level of peptide expression achieved via our lentiviral
constructs, we then performed gPCR on all peptides validated via the WST-8 assay (Figure
3C). We additionally generated 3xFLAG tagged versions of several significantly depleted
peptides to verify peptide constructs had robust protein translation when overexpressed via
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lentivirus (Figure 3D). The peptides tested showed strong expression at the RNA and protein
level 72 hours after transduction, indicating the EF1a. promoter can drive robust expression
of small peptides. Assuming the peptides are translated from their mRNA at a similar rate as
GAPDH is (GAPDH has a cellular concentration of approximately .4uM), it can be
estimated from the qPCR data that peptide molar concentrations in MDA-MB-231 cells
range from .15-6.5 UM depending on the construct(Lazarev, Guzhova and Margulis, 2020).

We further tested three putatively enriched peptides. derived from AKT1 (AKT1-115),
NOTCH1 (NOTCH1-626) and CCND1 (CCND1-167) in MDA-MB-231 cells to verify they
conferred a growth advantage. All three peptides grew more rapidly than a control group
transduced with GFP coding lentivirus, confirming that if desired this methodology can be
used to identify peptides with a pro-proliferative phenotype (Supplemental Figure 5C).
While the average length of a protein domain is predicted to be 100 amino acids(Lin and
Zewail, 2012), we hypothesized based on the modular conformation of long proteins and
prior work focused on dominant negatives that 40mer peptides would be sufficient to fold
into ordered structures. To experimentally examine the effect of peptide length on
antiproliferative phenotype we transduced MDA-MB-231 cells 4 different sized peptides
centered on our identified hits RAF1-73 and EGFR-697. Although most of the peptides
tested still had a growth disadvantage compared to the GFP control, the parent peptides
consistently caused slower cell growth than the shorter versions (Supplemental Figure 5D).

After validating the bioactivity and expression of peptides identified in the screens, we then
sought to extract higher order functional information from the dataset. First, we examined
how peptide depletion corresponded to the 3D structure of RB1. The tumor suppressor RB1
contained domains which were highly deleterious to cell fitness. The N-terminal RbN
domains were both highly depleted, potentially due to previously described allosteric
interactions with the cell cycle regulatory transcription factor E2F (Burke, Hura and Rubin,
2012). Consistent with this hypothesis, it has been previously shown the addition of N-
terminal domains of RB1 is sufficient to halt DNA replication in xenopus egg
extracts(Borysov, Nepon-Sixt and Alexandrow, 2016). By overlaying the amino acid level
fitness scores on the crystal structure for RB1, we found that the periodicity of the depletion
profile correlates with the transition between the various alpha helices of the protein (Figure
4A, Supplemental Table 7). This result highlights how higher order protein level features can
inform observed peptide fitness, and gives new insights into the modular nature of the RB1
structure.

We next visualized how peptides from this screen impact cancer driver specific signaling
networks (Figure 4B) using publicly available protein-protein interaction data from
Interactome INSIDER(Meyer et al., 2018). Interactome INSIDER predicts protein-protein
interaction interfaces via a random forest classifier built on experimental cocrystal
structures, homology models, and co-evolution data. While the PepTile screening
methodology is agnostic to mechanism of action (overexpressed peptides can interact with
proteins, nucleic acids, lipids, small molecules, etc. within the cell), we chose to focus
initially on protein-protein interactions owing to the availability of extensive databases of
predicted and experimentally validated interactions. In the network presented in Figure 4B,
edges indicate whether a protein interaction interface overlaps a region of peptides
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deleterious to cell fitness, and nodes are colored by gene fitness data sourced from DepMap
CRISPR knockout screening(Meyer et al., 2018; Depmap Broad, 2019). There was not a
significant association between the DepMap CERES fitness score (an estimate of knockout
fitness adjusted for copy number variations) for a gene and the minimum peptide derived
domain fitness for that gene (P=.79). This result stems from the fact that 1: not every gene
which is essential has modular domains from which a strongly bioactive peptide can be
derived, and 2: many genes with no fitness impact in CRISPR screens (such as the tumor
suppressor RB1,FBXW?7, or TP53) have interfaces from which deleterious peptides can be
mined. Together, these analyses highlight the ability of peptides derived from protein-protein
interaction interfaces to perturb cellular proliferation. 53.7% of Interactome INSIDER
predicted physical interactions between cancer driver genes assayed overlap regions with
bioactive peptides, supporting the broad importance of modular interacting motifs in
controlling cell fitness.

To further validate that our peptide overexpression platform can identify biophysical features
relevant to the protein from which they were derived, we compared the mutant TP53 peptide
data with existing TP53 deep mutational scan (DMS) data (Figure 4C)(Kotler et al., 2018).
In this DMS dataset, TP53 null cells were transduced with a library of lentiviral particles
coding for full length mutant TP53 variants and subjected to competitive growth. After first
filtering the DMS data for only TP53 mutants with a high magnitude of effect on cell fitness
(absolute fitness value >.5) we compared the fitness of the corresponding mutant peptides
from our own screen. We surmised that given the highly dissimilar nature of the screening
technologies, limiting the comparison to only high effect size mutants would allow for a
clearer interpretation. Inferred TP53 functionality was defined as the inverse of the TP53
variant “relative fitness score”, insofar as synonymous, fully functional, TP53 mutants have
highly negative fitness scores due to their activity as tumor suppressors. Even with the
highly dissimilar screening modalities, we observed significant correlation (Pearson r=.279;
P=.045) between the predicted mutant TP53 functionality from the DMS data to the mutant
TP53 peptide fitness. This comparison to DMS data indicates TP53 mutants expected to be
functional (i.e. have structures consistent with appropriate ligand binding and cellular
bioactivity), generate mutant peptides with greater bioactivity in the cell. Together, these
results highlight a major utility of this approach i.e. the ability to interrogate user defined
peptide sequences as opposed to those present only in WT protein structures. Future assays
could combine this peptide screening protocol with structural modeling to design and test
rationally mutagenized peptide libraries with novel biophysical properties or improved target
binding.

Engineering peptides for exogenous delivery

After validating the activity of these peptide constructs when overexpressed genetically, we
investigated if peptides from our screen could function when repurposed as exogenously
delivered drug like molecules (Figure 5A). To test this, we chemically synthesized
EGFR-697 as well as RAF1-73, and measured their ability to inhibit cell growth when
conjugated to the TAT cell penetrating protein transduction domain(Schwarze et al., 1999).
EGFR-697 maintained its anti-proliferative effects when delivered exogenously, showing a
dose dependent impact on cell viability (Figure 5B, Supplemental Table 8). The 1C50s of
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this peptide was 33.3uM for Hs578T and 63uM for MDA-MB-231. Moreover, RAF1-73 was
also highly deleterious to cell growth, with 1C50 values of 27.0uM and 32.6uM for Hs578T
and MDA-MB-231 respectively. These 1C50 values are comparable to the mean IC50 of all
drugs tested on these cell lines in the Sanger Genomics of Drug Sensitivity Database
(48.6uM for Hs578T and 54.0uM for MDA-MB-231 cells), contextualizing the relative
activity of these peptides and the potential for this methodology(Yang et a/., 2013). We also
identified two additional peptides (RASA1-468 and MDM2-25) from the larger screen in
MDA-MB-231 cells which show cytotoxic activity when delivered exogenously.
RASA1-468 is derived from the Pleckstrin homology domain of RASAL (mediating various
PPIs and interactions with phospholipids(Scheffzek and Welti, 2012)), while MDM2-25 is
derived from the p53 binding domain of MDM2(Liu et a/., 2010). These peptides had IC50s
of 23uM and 33uM respectively in MDA-MB-231 cells (Figure 5B). This result
demonstrates how the high throughput nature of the PepTile screening strategy can identify
diverse bioactive peptides which maintain activity when conjugated to a cell penetrating
motif. We similarly anticipate there are many more unexplored hit peptides from the screen
which could show anti-cancer activity when delivered exogenously. Collectively, this data
further confirms the peptides identified in this screen are acting at the protein level and
suggests that further engineering of these compounds could yield translationally relevant
biopharmaceuticals.

As peptide constructs will likely require additional engineering to maximize efficacy
towards intracellular targets /n vivo, we have also demonstrated a streamlined recombinant
production protocol as a complement to the PepTile approach and general resource to
accelerate the engineering of peptide therapeutics. This method was validated by the
production of milligram scale quantities of TAT conjugated 3xFLAG peptide, outperforming
the costs associated with commercial peptide synthesis (Supplemental Figure 6, STAR
Methods). Because this peptide production method (as well as the PepTile fitness screening
strategy — See Supplemental Table 9) requires inexpensive equipment and few specialized
reagents, it is easily adaptable to labs of any scale, as well as automated medium throughput
screening approaches.

Characterization of Peptide Function

We then sought to validate our hypothesis that the functionality of these putative inhibitory
peptides was dependent on the role and structure of the WT protein domain they were
derived from. Specifically, we explored whether the RAF1-73 peptide (derived from the
RAF1 Ras binding domain) retained the ability of the full-length domain to bind activated
Ras proteins. To evaluate this potential interaction, we co-transfected the constitutively
active KRAS G12V mutant and 3xFLAG-RAF1-73 in HEK293T cells, then performed a co-
immunoprecipitation using anti-FLAG agarose beads (Figure 6A). We chose to transfect
with a constitutively active KRAS variant because the Ras-Raf interaction occurs only on
activated Ras proteins. Western blot analysis of the immunoprecipitated protein complexes
subsequently verified the protein-protein interaction between RAF1-73 and Ras.

Next, we performed a similar experiment investigating the potential interaction between full
length EGFR and EGFR-697, confirming detectable co-immunoprecipitation of the
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EGFR-697 peptide with the full length EGFR protein (Figure 6A). In order to better
understand how the EGFR-697 peptide was perturbing the cells, we conducted RNA-
sequencing on Hs578T cells modified via lentivirus to overexpress EGFR-697
(Supplemental Table 10). We identified 225 differentially expressed genes (BH adjusted P-
value <.05), and performed gene set enrichment analysis (GSEA) to identify upregulation
and downregulation of genetic pathways(Sergushichev, 2016). We tested 239 KEGG
pathways corresponding to cell signaling and metabolism, with 22 pathways showing highly
significant (False Discovery Rate < .025) upregulation/downregulation in cells expressing
EGFR-697 compared to control cells transduced with GFP (Figure 6B). Several metabolic
pathways relating to oxidative phosphorylation and carbon metabolism were downregulated,
consistent with the role of oncogenic EGFR signaling as a driver of metabolic
alterations(Borlak, Singh and Gazzana, 2015; Li ef a/., 2015; Lanning et a/., 2017).
Furthermore, genes relating to DNA replication were also downregulated, consistent with
the observed slow growing phenotype. In addition to performing GSEA on KEGG pathways,
we also tested a set of curated genes from the Molecular Signatures Database comprised of
genes significantly downregulated/upregulated in H1975 cells upon treatment with an
irreversible EGFR inhibitor(Kobayashi et al., 2006). We chose to test against these gene sets
derived from EGFR inhibition experiments, because they describe the putative
transcriptomic effects of perturbing EGFR at the protein level. EGFR-697 transduction in
Hs578T cells resulted in downregulation of genes identified as downregulated in response to
chemical EGFR inhibition, and upregulation of genes identified as upregulated (FDR=.008
and FDR=.058 respectively). To provide further confidence that EGFR-697 is acting in an
EGFR dependent manner, we tested the effects of genetically overexpressed EGFR-697 and
TAT-EGFR-697 in a panel of breast cancer cell lines with varying levels of EGFR expression
(Figure 6C-D). Both the genetically overexpressed and the exogenously delivered versions
of EGFR-697 showed greater activity in cell lines with detectable EGFR expression. This
data was benchmarked against a high dose of Erlotinib, showing a similar EGFR expression
dependent change in sensitivity. Collectively, this data supports the hypothesis the
EGFR-697 peptide perturbs breast cancer cells in an EGFR dependent manner. However, the
exact mechanism of this interaction and the extent of off target interactions will need further
study.

As a final analysis of peptide function, we have explored computationally the predicted
structure of peptides derived from RAF1 and EGFR (Supplemental Figure 7). We first
examined whether the individual hit peptides RAF1-73 and EGFR-697 had modeled
structures resembling that of the WT domain they were derived from (Supplemental Figure
7A). Peptide structures were generated using TrRosetta, a highly accurate protein structural
prediction software(Yang et al., 2020). Both RAF1-73 and EGFR-697 were predicted to fold
into structures highly similar to that of the WT protein (TM-scores of .63 and .67
respectively). A TM-Score greater than .5 corresponds to a P-value less than 5.5 x 107/, and
is a widely used criterion for if two protein structures have the same fold(Xu and Zhang,
2010). Subsequently, we comprehensively modeled 957 peptides derived from RAF1 and
EGFR which had available overlapping crystal structures on PDB. We found that the vast
majority (>75%) of the peptide models derived from RAF1 and EGFR had predicted
structures highly similar to that of the full length protein (Supplemental Figure 7B). All
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models predicted from trRosetta had confidence scores (predicted Local Distance Difference
Test outputted by DeepAccNet) greater than 0.58, indicating high stereochemical
plausibility of the predicted models (Supplemental Figure 7C-D). However, a small subset
of derived peptides modeled had structures diverging from that of the full length protein
(minimum TM-score observed = .305). To evaluate the variation in TM-scores among the
fragments, we analyzed the TM-scores of each fragment as a function of its secondary
structure. We found that secondary structure in the full length protein is not a strong driver
of predicted peptide conformational similarity to WT folding (Supplemental Figure 7E).
Peptides derived from regions with alpha helixes, beta sheets, or both were largely predicted
to fold into structures resembling the full length protein (mean TM-scores of .74, .82, .76
respectively). When examining the predicted structures least similar to the full length protein
(TM-scores<.5), we found that secondary structure of the peptides was consistent with the
full length structure in 79% of low similarity RAF1 peptides and 71% of EGFR peptides.
This suggests that the low TM-scores were attributed to differences in the angle of certain
amino acids rather than the misfolding of secondary structures (Supplemental Figure 7F).
Given the diversity of peptides tested, some peptides which deplete in this screen may fold
into structures dissimilar to that of the full length protein from which they are derived (just
as some sgRNA or siRNA have unexpected off-targets), underscoring the need for robust
downstream validations of screen results.

Discussion

Overall, we have demonstrated a comprehensive screening platform which enables the
identification of peptide inhibitors of cancer cell growth. This methodology is scalable due
to the ease of oligonucleotide synthesis, simple to perform, and highly precise, allowing
users to interrogate protein sequences with single amino acid resolution. Because the library
of peptide coding gene fragments is user defined and custom synthesized, this strategy is
easily adaptable to diverse studies where a selection strategy can be devised to enrich or
deplete cells with the phenotype of interest.

Studies on signal transduction in the mammalian cell often consider proteins as a series of
nodes within a network for simplicity(Azeloglu and lyengar, 2015). The results presented
here also highlight that signal transduction is highly dependent on tight control of numerous
modular functional units within proteins to mediate information flow and maintain cell
fitness. Supporting this conclusion, peptide mediated perturbations to the endogenous
interaction network of proteins and their diverse ligands (proteins, small-molecules, DNA/
RNA, etc.) can strongly impact cellular growth rates. Ongoing efforts to comprehensively
map protein functional domains are thus critical to understanding disease relevant cell
signaling programs. Furthermore, we find that functional domains within proteins can serve
as a promising source of bioactive peptides with which to perturb signaling and protein-
protein interactions.

However, PepTile as implemented has several limitations which future technology
development can iteratively work to improve. First, tiling libraries are likely unsuited for
inhibiting protein interactions mediated by residues close in physical space, but far apart in
the full length ORF. In the future, using structural modeling to inform library design could
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generate synthetic peptides better suited for inhibiting this type of interaction. Additionally,
current DNA synthesis technology limits array synthesized DNA libraries to less than
~350bp (with increasing error rates as the size of the DNA increases). Moving forward,
improvements in DNA synthesis will open new avenues for screening more complex peptide
and protein therapeutics efficiently. As well, PepTile is currently agnostic to any post-
translational modifications which may be essential for peptide function. Advances in high
throughput protein level analysis will additionally allow for a more rapid and accurate
characterization of peptide mechanism.

Peptides expressed outside the context of the native protein may in some cases have
bioactivity not consistent with the function of the parent protein. Peptides derived from
highly hydrophobic or transmembrane domains, domains with high homology to other
proteins, those bearing reactive moieties such cysteines, or peptides with a high net charge
could result in non-specific binding/aggregation within the cell. This possibility highlights
the importance of downstream validation of peptide hits, and the broader challenge of
identifying the mechanism underlying biological phenotypes(‘Mechanism matters’, 2010).
Furthermore, peptides mined via the screens will likely have only moderate binding
affinities and bioavailability, and to improve activity systematic mutagenesis may be
required. To this end, WT peptide screening could be followed up with a smaller secondary
screen mutagenizing hit compounds to identify semi-synthetic binders with higher affinity to
the target protein, better bioavailability, or other improved functional characteristics.

Inhibitory peptides have immense potential as both research tools and therapeutics. Direct
inhibition of protein activity without genetic alteration opens unique screening avenues with
which to probe protein function. For example, protein-protein interaction networks could be
more precisely perturbed via inhibitory peptides contacting a specific protein surface than by
complete genetic knockdown. The ability to identify protein regions associated with cell
fitness can also serve to complement traditional drug development efforts, such as
determining critical residues for inhibition via small molecules or antibodies. Additionally,
this screening resource identifies inhibitory peptides that are immediately translatable,
bypassing the need for additional high-throughput screens to identify candidate molecules.
Functionally, peptides can be: 1) readily made cell permeable via coupling of cell
penetrating motifs to enable drug-like function(Guidotti, Brambilla and Rossi, 2017); or
alternatively, 2) coupled to chemical moieties such as polyethylene glycol (PEG) or protein
domains with naturally long serum half-life such as Fc, transferrin or albumin to improve
persistence in circulation(Strohl, 2015). In this study, with minimal engineering we
developed two drug-like peptides which opposed triple-negative breast cancer cell growth /n
vitro as effectively as some FDA approved small molecules targeting the same proteins(Yang
et al., 2013). Advances in biologics delivery will further improve the translational relevance
of this strategy. We anticipate a future role for this method of peptide inhibitor screening in
both basic research and drug development.
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STAR METHODS
RESOURCE AVAILABILITY

Lead Contact: Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Prashant Mali (pmali@eng.ucsd.edu).

Materials Availability: Plasmids generated in this study will be distributed via Addgene
and upon request.

Data and Code Availability:

. Source data related to this manuscript can be found in the supplemental files,
with raw sequencing data publicly accessible on the NCBI Sequence Read
Avrchive via accession number PRINA720162.

. This paper does not report original code.

. Additional scripts used to generate the figures reported in this paper are available
in the packages listed in the key resources table, and their specific use is
described in the STAR Methods.

. Any additional information required to reproduce this work is available from the
Lead Contact.

Design of Peptide Coding Gene Fragment Libraries—Peptide coding gene
fragments from target genes were composed of the DNA coding sequence for all 40mer
amino acids from the genes/mutants listed in Supplemental Figure 2—-3 and the main text.
For fitness screens the 5” and 3’ ends of each gene fragment were modified to contain a start
and stop codon, as well as ~20bp of DNA homologous to the expression plasmid for
downstream Gibson cloning.

Cancer Driver Gene Fragment Cloning—Peptide coding gene fragment libraries were
synthesized as pooled single stranded oligonucleotides by Custom Array. These
oligonucleotides were then PCR amplified using KAPA-HiFi (Kapa Biosystems) to generate
double stranded gene fragments compatible with Gibson cloning. 50ul PCR reactions were
set up with 25ng of pooled oligonucleotide template and 2.5 pl of primers PEP_1 and PEP_2
(10pM). The thermal cycler was programmed to run at 95C for 3 minutes, followed by 12
cycles of 98C for 20 seconds, 65C for 15 seconds, and 72C for 45 seconds. This was
followed by a final 5-minute extension at 72C. PCR products were then purified using the
QIAquick PCR purification kit. See Supplemental Table 5 for primer sequences.

The peptide overexpression vector pEPIP was generated from a modified pEGIP (Addgene
#26777). The vector was modified to remove the GFP insert, insert an EcoRI cloning site,
and add primer binding regions with which to amplify the libraries for HTS. To clone the
gene fragment libraries into the expression vector, pEPIP was first digested with EcoRI
(NEB) for 3 hours at 37C. The linearized vector was then column purified using the
QIAquick PCR purification kit. Subsequently, Gibson assembly was used to clone the gene
fragment libraries into the pEPIP vector. For each reaction, 10yl of Gibson Reaction
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MasterMix (NEB) was combined with 100ng of the vector and 50ng of the double stranded
gene fragment library, with H,O up to 20ul. The Gibson reactions were then incubated at
50C for 1hr and transformed via electroporation into 200ul of ElectroMAX Stbl4 competent
cells per 10,000 library elements (Invitrogen) according to the manufacturer’s protocol. The
Stbl4 cells were then resuspended in 4mL of SOC media and placed at 37C with shaking for
1hr to recover. After recovering, 1pl of the SOC/cell suspension was spread on LB-
carbenicillin plates to calculate library coverage, with the remaining SOC/cells used to
inoculate a 100ml culture of LB-carbenicillin. Greater than 200 fold library coverage was
obtained to ensure all gene fragments were well represented. After 16 hours of incubation at
37C with shaking, plasmid DNA was isolated via a Qiagen Plasmid Plus Maxi Kit.

Lentivirus Production—Replication deficient lentiviral particles were produced in
HEK293T cells (ATCC) via transient transfection. HEK293T cells were grown in DMEM
media (Gibco) supplemented with 10%FBS (Gibco). The day before transfection, HEK293T
cells were seeded in a 15cm dish at ~40% confluency. The day of transfection, the culture
media was changed to fresh DMEM plus 10% FBS. At the same time, 3ml of Optimem
reduced serum media (Life Technologies) was mixed with 36l of lipofectamine 2000, 3 ug
of pMD2.G plasmid (Addgene #12259), 12 pg of pCMV deltaR8.2 plasmid (Addgene
#12263), and 9 pg of the gene fragment plasmid library. After 30 minutes of incubation, the
plasmid/lipofectamine mixture was added dropwise to the HEK293FT cells. Supernatant
containing viral particles was harvested 48 and 72 hours after transfection and concentrated
to 1ml using Amicon Ultra-15 centrifugal filters with a cutoff 100,000 NMWL (Millipore).
The viral particles were then aliquoted and frozen at —80C until further use.

Fitness Screening in Mammalian Cell Lines—Hs578T cells and MDA-MB-231 cells
were cultured in DMEM media supplemented with 10% FBS. Cells were transduced with
the peptide coding gene fragment library at an MOI <.3 to ensure each cell received a single
construct. Viral transduction was performed in media containing 8ug/ml polybrene to
improve transduction efficiency. For each cell line, screening was conducted with two
biological replicates. 24 hours after transduction the cell culture media was changed back to
DMEM without polybrene supplementation. 48 hours after transduction, the cell culture
media was changed to DMEM containing puromycin to select for transduced cells. 2pg/ml
puromycin was used to select the Hs578T cells, and 3.5ug/ml puromycin was used to select
the MDA-MB-231 cells. In the pilot screens, more than 6,000,000 cells (from each cell line)
were transduced to ensure greater than 1000-fold coverage of the library. The cells were
cultured for 14 days after transduction, with genomic DNA isolated via a Qiagen DNeasy
Blood and Tissue Kit at days 3 and 14. For the larger screens, the number of cells transduced
was scaled up accordingly.

HTS Library Preparation and Sequencing—~Peptide coding gene fragments for each
time point and replicate were then amplified from the genomic DNA using Kapa HiFi. The
fragments serve as their own barcodes for downstream abundance calculations. Illumina
compatible libraries were prepared using 2.5ul of primers PEP_3 and PEP_4 (10uM) per
50ul reaction. For each sample (i.e. time point and replicate) from the pilot library, 10
separate 50l PCR reactions with 4ug of gDNA each (40pg total) were performed to ensure
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adequate library coverage. Thermal cycling parameters were identical to those used to
amplify the gene fragment oligos, with the exception that the gDNA required 26 cycles to
amplify. Ampure XP beads were used to purify all samples for sequencing. NEBNext
Multiplexed Oligos for Illumina (NEB) were then used to index the samples, and 150bp
single end reads were then generated via an Illumina HiSeq2500. Greater than 500-fold
sequencing depth was used to ensure accurate abundance quantitation. For the larger
libraries, the number of PCR reactions was scaled to process 300ug of total gDNA per
timepoint and replicate. The larger libraries were then sequenced with 100bp paired end
reads generated via an Illumina HiSeq4000.

Processing of Sequencing Files—To quantify peptide coding gene fragment relative
abundance, the library definition text file (containing gene fragment names and sequences)
was first converted into Fasta format. This Fasta file was then used to build a Bowtie2 index
file. For the pilot library, raw FASTQ reads were directly mapped to the library index file via
Bowtie2 (Langmead and Salzberg, 2012). For the expanded libraries paired end reads were
first merged into a single FASTQ file via FLASH (Fast Length Adjustment of SHort reads)
(Mago€ and Salzberg, 2011). For both libraries, reads with insertion or deletion mutations
were removed to eliminate spurious data resulting from out of frame gene fragments,
retaining 35-40% of total reads. Reads aligning to mutant peptides were filtered to retain
only perfect matches (to prevent miscalling of mutant alleles). The resulting SAM files were
then compressed to BAM files via SAMtools (Li et al., 2009). Following this, the count and
test modules in MAGeCK were used to determine the median normalized peptide coding
gene fragment abundances from the alignment files and individual peptide log fold change
and depletion P-values.(Li et al., 2009, 2014). Following this, the R packages “Peptides” and
“Biostrings” were used to determine peptide biophysical parameters such as charge and
hydrophobicity(Osorio, Rondén-Villarreal and Torres, 2015; Pages et al., 2017).

Calculation of Amino Acid Level Fitness Scores—After generating the peptide
count files, all downstream analysis was performed in R. For each amino acid residue in the
overall protein structure, an amino acid level log fold change was calculated by taking the
mean log, fold change of all overlapping peptides with greater than 30 raw counts in both
replicates of the day 3 timepoint. Then, for every residue in the protein scaffolds, a
normalized fitness score was calculated by taking this mean log, fold change value (x) and
Z-normalizing to the library wide amino acid log, fold change standard deviation (o) and
mean (L).

x—p
[0}

Fitness Score = Z =

To identify amino acid positions which were significantly depleted, a one tailed permutation
test was performed. The approximate permutation distribution of amino acid fitness scores
was generated by randomly shuffling the labels of all gene fragments in the screen. This
shuffled data was subsequently used to recalculate the amino acid fitness scores. This
resampling procedure was then repeated N=10,000 times, with the P values for each amino
acid position calculated by the following:
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N ’ .
1+ 2i = 1[Fitness permuted < Fitnessopserved|

P -
N permutations

These P values were then adjusted for multiple comparison testing by the Benjamini-
Hochberg procedure(Benjamini and Hochberg, 1995). The R packages “ggplot2”, “hexbin”,
“ggrepel”, “dplyr”, and “RcppRoll” were used to generate publication quality
figures(Wickham, 2011; Zeileis et al., 2012; Wickham et al., 2019).

Validating Highly Depleted Gene Fragments—All cell lines used were cultured in
DMEM media supplemented with 10% FBS. The fitness impact of highly depleted peptides
was tested in an arrayed format via a WST-8 (Dojindo) cell growth assay. Highly depleted
peptide coding gene fragments were synthesized by Twist Biosciences, cloned directly into
the pEPIP vector, and subsequently packaged into lentiviral particles. Cells were transduced
at an MOI of 4, and switched to puromycin containing media after 48 hours. Following 24
hours of puromycin selection, 1,500 cells were seeded per well as biological replicates in a
96 well plate. All experimental groups for Hs578T cells had n=4. For the first set of
validations in MDA-MB-231 cells, all experimental groups had n=4, with the exception of
the GFP control which had n=8. For the second panel of experiments (DICER1-552, etc.) all
experimental groups had n=6. For HEK293T and MCF-7 cells all experimental groups had
n=8. 2ug/ml puromycin was used to select Hs578T and MCF-7 cells, while 3.5pg/ml
puromycin was used to select MDA-MB-231 and HEK?293T cells. Cell growth was then
quantified via absorbance at 450nm following 1.5hrs of incubation with WST-8 reagent. A
two-tailed P value was then calculated via an unpaired t-test with Welch’s correction.

Crystal Violet Viability Measurements—In Figure 6D and Supplemental Figure 5C-D,
relative cell viability was determined via Crystal Violet staining. At the experimental
endpoint cells were washed once with PBS, and subsequently incubated in 50l of crystal
violet stain solution (.5% w/v Crystal Violet, 20% v/v methanol in DI water) for 15 minutes.
Following this, excess crystal violet was removed from the plates via five immersions in 2
liters of DI water. The plates were allowed to dry overnight, and the next morning the crystal
violet stain was solubilized with 1% v/v SDS in DI water, and relative cell numbers were
quantified via absorbance at 595nm.

Engineering Peptides for Exogenous Delivery—Peptides shown in Figure 5B were
fused to an N-terminal cell penetrating motif via a (GS)3 linker sequence (Supplemental
Table 8) and chemically synthesized by GenScript’s Custom Peptide Synthesis service at
crude purity. For dose response experiments, cells were plated in 96 well plates (n=4) at
50% confluency and peptides were added at the indicated concentrations with cell viability
quantified after 24hrs via the WST-8 assay. Cell viability was normalized to that of an
untreated control on the same plate.

Co-Immunoprecipitation—HEK?293T cells were seeded in 6 well plates to be 75%
confluent on the day of transfection. Transfections were performed with 1pg of each
indicated plasmid per well with 5ul of Lipofectamine 2000 according to the manufacturers
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protocol. For the RAF1-73 experiments, 48 hours after transfection, cells were washed twice
with ice cold PBS and lysed for 30 minutes in ice cold 400ul TBS buffer containing .5%
Triton x-100, ImM EDTA, and Halt Protease Inhibitor Cocktail (Thermo Fisher 78429). The
supernatant was then clarified by centrifugation at 14,000G for 15 minutes. Following this,
immunoprecipitation of FLAG tagged constructs was performed by adding 300ul of the
lysate to 20pl of packed anti FLAG agarose beads (Millipore Sigma A2220) prewashed with
TBS. The remaining 100yl of lysate was stored at —80C for later analysis. The bead-lysate
mixture was then mixed end over end at 4C for 2 hours. After binding to the beads, the bead-
protein complexes were washed three times with 1ml lysis buffer and eluted with 20ul of 2x
SDS-PAGE Laemmli loading buffer (BioRad 1610737). The EGFR-697 Co-IP experiments
were performed identically, with the exception that .75% NP-40 was used instead of Triton
x-100 for cell lysis.

Western Blotting—~For the RAF1-73 Co-IP experiments proteins were first separated on
4-20% polyacrylamide gels (BioRad 4561094) under denaturing conditions in Tris-Glycine-
SDS (BioRad 1610732) for 1 hour at 100V. Following this, proteins were transferred to .2um
nitrocellulose membranes (BioRad 1620112) for 30 minutes at 100V in Tris-Glycine buffer
(BioRad 1610734) containing 30% methanol. Membranes were then blocked for 1 hour in
TBS-T (Cell Signaling 9997) containing 5% non fat dry milk (BioRad 1706404XTU). The
EGFR-697 experiments and EGFR expression level testing were performed identically, with
the exception that the transfer voltage was reduced to 30V and performed overnight at 4C.
Primary antibodies were then added (diluted 1:1000 in TBS-T+ 5% milk) and incubated
overnight at 4C with gentle agitation. The following day the membranes were washed three
times in TBS-T and incubated for 1 hour with HRP conjugated secondary antibodies (diluted
1:10,000 in TBS-T + 5% milk) at room temp. The membranes were then washed again three
times with TBS-T and developed using SuperSignal West Pico Plus Chemiluminescent
Substrate (Thermo Fisher 34577).

qPCR—=Cells were plated the day before transduction at approximately 20% confluency.
On the day of transduction, cells were transduced with the appropriate lentiviral constructs at
an MOI of 4 and allowed to grow for 72 hours. RNA was subsequently isolated with an
RNEasy Kit (Qiagen) with on column DNAse | treatment. Following this, cDNA was
generated using the ProtoScript 1l First Strand cDNA Synthesis Kit (NEB) and diluted up to
1:4 with nuclease-free water. The gPCR reactions were setup as: 2 pl cDNA, 400 nM of each
primer (See Supplemental Table 5), 2X iTaq Universal SYBR Green Supermix (BioRad),
with ultra pure water up to 20 pl. The gPCR was performed using a CFX Connect Real Time
PCR Detection System (Bio-Rad) with the following parameters: 95°C for 3 min; 95°C for 3
s; 60°C for 20s, for 40 cycles. All experiments were performed in duplicate and results were
normalized against a housekeeping gene, GAPDH. Relative mMRNA expression levels
(normalized to GAPDH) were determined by the comparative cycle threshold (Ct) method.

Immunofluorescence—cCells were plated the day before transduction at approximately
20% confluency. On the day of transduction, cells were transduced with the appropriate
lentiviral constructs at an MOI of 4 and allowed to grow for 72 hours. Following this, the
cells were washed twice with PBS and fixed for 30 minutes at room temperature with 4%
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paraformaldehyde. Cells were then washed three times with PBS and blocked for 1 hour at
room temp with PBS plus 5% Sea Block (Thermo Fisher PI137527X3) and .2% Triton x-100.
The blocking buffer was then aspirated and replaced with blocking buffer plus anti-FLAG
primary antibody at a 1:500 dilution. The primary antibody was then allowed to bind
overnight at 4C. The following day, the cells were washed three times with PBS, and
incubated for 1 hour with a secondary anti-mouse 1gG antibody conjugated to DyLight 488
(diluted 1:200). The cells were then washed three times with PBS and subsequently imaged
via fluorescence microscopy.

RNA-Seq of Highly Depleted Fragments—RNA sequencing was performed on
Hs578T cells 6 days after transduction with lentivirus expressing gene fragments of interest.
Two biological replicates were sequenced for each experimental condition. Total RNA was
isolated from cells via an RNEasy Kit (Qiagen) with on column DNAse | treatment. An
NEBNext Poly(A) mRNA Magnetic Isolation Module (E7490S) was then used to deplete
rRNA. Subsequently, an NEBNext Ultra RNA Library Prep Kit (E7530S) was used to
generate lllumina compatible RNA sequencing libraries. Sequencing was performed on an
Illumina HiSeq4000, with paired end 100bp reads. Reads were aligned to the human
reference transcriptome via the STAR aligner, and differential gene expression was
performed using DESeq2. Differential expression was tested in reference to a control group
transduced with lentivirus coding for GFP. Following this, the R package “fgsea” was used
to conduct GSEA pre-ranked analysis(Dobin et al., 2013; Love, Huber and Anders, 2014;
Sergushichev, 2016). Genes were ranked via the shrunken log fold change values outputted
by DESeq2.

Network Visualization—Network of protein-protein interactions was generated using
publicly available data from Interactome INSIDER(Meyer ef al., 2018). Edges were drawn
for all high confidence interaction interfaces calculated from PDB structures, homology
models, and the “Very High” and “High” interface potential categories from ECLAIR. Node
color was based on fitness scores for each gene available via DepMap CRISPR knockout
screening. The CERES normalized gene effects were used to quantify the fitness impact of a
given knockout. Visualization was then performed in CytoScape(Smoot ef al., 2011).

Computational Modeling of Peptide Structure—To computationally predict 40-mer
peptide structures, amino acid sequences for RAF1 and EGFR peptides were submitted to
the Robetta service, a protein structure prediction service hosted by the Baker Lab at
University of Washington(Kim, Chivian and Baker, 2004). TrRosetta, a deep learning-based
structure prediction method, was used for all submissions to the server(Yang et al., 2020).
Regions of the protein of interest with available crystal structures from the RCSB Protein
Data Bank were fragmented and used to evaluate the folded structure of the computationally
modeled fragments (see Supplemental Table 7). PyMOL was then used to visualize the
predicted structures as well as the available crystal structures from the database. To evaluate
the similarity between the modeled peptides and those from the crystal structure, the TM-
score (template modeling score) was used(Zhang and Skolnick, 2004). To evaluate the TM-
scores of the fragments as a function of the secondary structure of the native protein, we
extracted the structural annotations of the RAF1 and EGFR proteins from the PDB structure

Cell Syst. Author manuscript; available in PMC 2022 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ford et al.

Page 21

files available on RCSB. We then defined a fragment as containing a secondary structure if it
had a minimum overlap of 3 amino acids with the corresponding annotated regions. A
minimum overlap of 3 was chosen as the shortest annotated secondary structure in the native
proteins is an alpha helix containing 3 amino acids. The confidence scores of the predicted
peptide structures were given as the predicted Local Distance Difference Test (IDDT) as
determined by DeepAccNet(Hiranuma et a/., 2021). Validated IDDT baseline scores for
proteins with the wrong fold are 0.20 with a mean absolute deviation of 0.04(Mariani et al.,
2013). The secondary structures of both the native structure and predicted structured were
assigned through STRIDE(Frishman and Argos, 1995).

Recombinant Peptide Production—Recombinant production protocol was adapted
from (Tropea et al., 2009)(Tropea, Cherry and Waugh, 2009). Recombinant MBP fusions
and TEV protease were cloned into the pET Champion vector (Thermo K630203) and
expressed in T7 express E. coli (NEB C25661). Constructs were ordered as gBlocks from
IDT and cloned directly into the vector via Gibson Assembly. To produce high yield MBP-
peptide fusions and TEV protease, a 10mL starter culture of E. coli was grown for 14 hours
at 37C in TB media. This starter culture was then used to induce a 1L culture of TB media.
This culture was grown at 37C until an OD of .8, and then induced with .5mM IPTG. The
cells were subsequently grown overnight at 25C, following which the cells were pelleted and
stored at —20C. To isolate recombinant proteins, cells were first lysed via mechanical
disruption with mortar and pestle in liquid nitrogen and resuspended in binding buffer
(50mL 50mM sodium phosphate, 200mM NaCl, 10% glycerol, and 25mM imidazole at pH
8.0). Cell lysate was then clarified via centrifugation for 30 minutes at 20,000g. Following
this, the soluble fraction of the lysate was applied via gravity flow to 5mL of a pre-
equilibrated Ni-NTA resin (Thermo 88221). The resin was subsequently washed with 15
column volumes of binding buffer, and eluted with 50mM sodium phosphate, 200mM NacCl,
10% glycerol and 250mM imidazole at pH 8.0. Purified TEV protease and the MBP-peptide
fusions were subsequently dialyzed into cleavage buffer (50mM sodium phosphate, 200mM
NaCl, pH 7.4) using Amicon 3kD MWCO centrifugal spin filters (Millipore UFC800324).
Cleavage reactions were set up in cleavage buffer containing 2mg/mL MBP-peptide

fusion, .2mg/mL TEV protease, and 1mM DTT (added fresh). This reaction was allowed to
proceed overnight at 25C. The following day, the cleavage reaction was diluted 1:8 with
binding buffer and applied over a pre-equilibrated Ni-NTA resin to remove the TEV protease
and MBP proteins (ImL resin per 5mg fusion protein). The flow through (containing
purified peptide) was subsequently dialyzed into PBS and concentrated to 5mg/mL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Fitness screening of peptides extensively tiling cancer drivers in cancer cell
lines

De novo mapping of bioactive protein domains and associated interfering
peptides

Coupling cell penetrating motifs to peptides enabled dose dependent
anticancer activity
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FIGURE 1. Peptide overexpression screening strategy and MAPK focused library:
(A) Design of overlapping peptide expression library. Gene fragments coding for all possible

overlapping 40mer peptides were computed from target gene cDNA sequences. Peptide
coding sequences were then generated via chip-based oligonucleotide synthesis and cloned
into a lentiviral plasmid vector. This plasmid library was in turn used to generate lentiviral
particles via transient transfection. The lentiviral particles were then used to infect target
mammalian cell lines at a low MOI to ensure only one peptide was expressed per cell. The
cells were then grown for two weeks, with genomic DNA extracted at day 3 and day 14.
Next, peptide coding gene fragments were PCR amplified from genomic DNA and
sequenced to track peptide abundances and calculate log, enrichment and depletion.
Peptides were mapped back to target gene coding sequences, and each codon/amino acid
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was given a fitness score defined as the Z-normalized mean log, fold change of all
overlapping peptides. (B) Resulting amino acid level fitness scores. Screening data from
Hs578T and MDA-MB-231 cells shows conserved regions of peptide depletion, as well as
cell line specific peptide depletion. The heatmap shows the fitness score for each amino acid
position (sorted in ascending order from top to bottom) across all proteins assayed in the
screen. On the right, plots showing the statistical likelihood of depletion are shown for
RAF1, EGFR, BRAF, and FBXW?7. Peptides overlapping amino acid positions with known
functional roles are significantly depleted over the course of cell growth. (C) The fitness
effects of peptides derived from known pathogenic and dominant negative Ras mutants.
Peptides derived from KRASQ61K were significantly depleted in both cell lines, while
peptides derived from HRAS S17N is depleted only in HRAS mutant Hs578T cells
(*P<.05,**P<.01,***P<,001,****P<.0001). (See also Figure S1-2)
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FIGURE 2. Expanded library screening enables more comprehensive evaluation of cancer driver

derived peptides:

(A) Plot of individual peptide enrichment/depletion for expanded screen. Peptides are
centered around zero depletion, with a subpopulation being significantly deleterious to cells
when overexpressed genetically. Peptides with log, fold change values less than —4.5 are
labeled. Cancer driver genes were hand curated from (Bailey et a/., 2018)and (Santarius et
al., 2010), with additional controls added from the pilot screen. (B) Plot of individual
peptide enrichment/depletion for mutant screen. 579 mutant cancer drivers covering 53
driver genes were assayed for growth inhibition as in (A). Peptides are centered around zero
depletion, with a subpopulation being significantly deleterious to cells when overexpressed
genetically. Peptides with log, fold change values less than -8 are labeled. (C) Correlation
between WT and Mutant amino acid fitness scores. There is a high correlation (Pearson
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r=.787) between WT and mutant amino acids. (D) Plots showing the correlation between
peptide depletion versus charge and hydrophobicity. There is little correlation between
charge/hydrophobicity and peptide log fold change, indicating that gross physiochemical
factors do not mediate peptide effects on fitness. (E) Per position fitness scores for NFE2L 2,
MDM2, and PIK3CA. Select known PPIs are annotated on the plots, corresponding to
regions of significant depletion. (F) Per position fitness scores for the tumor suppressor
CDKNZ2A and the negative control GFP. No regions of depletion are identified over the
length of either protein. (G) Fitness scores for mutant residues derived from KRAS.
Functional regions sourced from UniProt are overlaid above WT fitness. Dots indicate
mutant amino acid fitness scores. Red dots indicate mutant amino acid fitness scores which
were significantly depleted during the pooled screen (BH adjusted P<.05). (See also Figure
S3-4)
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FIGURE 3. Validation of anti-proliferative peptide activity and expression
(A) In vitroarrayed validation of lentivirus delivered gene fragments derived from WT

proteins. Peptides predicted to be deleterious to cell growth (by depletion in pooled screen)
significantly inhibited proliferation relative to GFP control. Cell proliferation was measured
via the WST-8 assay after one week of growth following lentiviral transduction. Bar plots
indicate mean, with error bars representing standard error
(*P<.05,**P<.01,***P<.001,****P<,0001). Each panel represents a separately conducted
experiment (hence the two MDA-MB-231 panels). (B) Representative distributions of
peptide level log, fold change for all peptides overlapping several hits identified from the
screen. In addition, we have included an arbitrarily selected region of the GFP protein to
highlight a domain with no growth disadvantage. There is consistent depletion of the
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peptides surrounding hits, providing further justification for our strategy of averaging nearby
peptides into an amino acid level score. (C) qPCR validation of lentivirally delivered peptide
expression levels relative to GAPDH internal control. MDA-MB-231 cells were transduced
at an MOI of 4 in duplicate, with RNA extracted after 72 hours. Expression levels of all
peptide hits shown in the main text have been quantified at the RNA level, along with a non-
targeting 3XFlag tag control peptide for reference. Also included is a negative control GFP
transduction, lacking appropriate primer binding sites for amplification. (D) Validation of
peptide expression via immunofluorescence. MDA-MB-231 cells were transduced (MOI of
4) with lentivirus coding for 3X FLAG tagged peptides 72 hours before immunostaining and
imaging (see STAR Methods). Expression levels of six antiproliferative peptides shown in
the main text have been quantified at the protein level, along with untransduced MDA.-
MB-231 cells as a control. Additionally, the protein expression level of the three validated
enriched peptides was tested. All peptides show robust expression, validating the protein
level expression of these small peptide constructs. (See also Figure S5)

Cell Syst. Author manuscript; available in PMC 2022 July 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ford et al.

Page 34

A RB1 Protein Amino Acids 52-354

Depletion C No Change

RB1 Amino Acid Level Fitness

Q6 Depletion
Q RbN B Pocket B P-value
& 3{RONA . PocketA " g
w 0 o 0.75
%]
L4 A A Al i
E ‘ 0.25
ic -6 000
0 250 500 750
Amino Acid
NFE2L2 Amino Acid Level Fitness PIK3R1 Amino Acid Level Fitness PIK3CA Amino Acid Level Fitness
g6 bZIP DNA Binding L » 2 6{PiKar1 Binding
$ 31{KEAP1 Binding ¥ ﬁ 3 PIK3CA Blndlng» 8 34 ¥ Ras Binding
»n 0 ®w 0 a4 S ol
a e a F @ -
E—a' ‘ g—s _OC_J"G'"
L ic 6 J ic 6
100 200 300 400 500 -.. 200 400 600 : 0 250 500 750 1000
Amino Acid e Amino Acid : Amino Acid
MDM2 Amino Acid Level Fitness QP‘ ‘/wsm /\ C — 4 QRAF1 Amino Acid Level Fitness
() / ' - =
58 ! : ] . v
S 34 TP53 Binding - ﬂ - 8 3{Ras qudlng Domain
(%] S L/\_ T : DL
@90 ' prw ’#’ : 2, v
] E: / o ™
£ -5 A Eel
" 100 200 300 400 [~emneiN — 5 T : 2)20 . ;&oo.d 600
Amino Acid 3 [ P ) mino Aci
~ cAsPs < > : ]
Qo7 W2
E \CHEKZ
2l - war) /)
DepMap CERES ( ) —=fiws)
~ vowms AN

Interaction Interface
Not Depleted in Screen

Interaction Interface
Depleted in Screen

)\
(@ C
/ A\

— DDX3xX
FGFR3

RuNXt Interaction Residue

. UniProt Domain

Correlation with

TP53 Mutant AA Fitness Scores g b Deep Mutational Scan
6 = . *
& £
) =
g 3= ONA Binding BE 2 .« -3
8 52 | it
» 0 ‘;w M s Fohs] adnd
2 ¥ o1 £g 0 .« e
c -3 W o [ *
E TP53_7561 B WT Fitness =o =
aw r=0.279
0 100 200 300 400 & P =0.045
Position i

. 0 2
Peptide Fitness

FIGURE 4. Anti-proliferative peptides derived from oncogenic interaction interfaces:
(A) RBL1 per position fitness scores mapped onto the RB1 N terminal crystal structure.

Regions of relatively high and low depletion appear to correspond to transitions between
specific alpha helix’s in the RB1 structure, illustrating how structural elements in the parent
protein control peptide phenotype. (B) Network of potential interactions among cancer
drivers in this gene set. Interaction data is sourced from Interactome INSIDER, with fitness
data from DepMap CRISPR screening overlaid. Nodes colored in red are essential for cell
fitness, while nodes colored in blue are non-essential or have increased growth rates upon
knockout. Dark gray nodes indicate genes for which high confidence CRISPR based fitness
data was not available. Edges indicate a predicted interaction interface between the cancer
drivers. Red edges indicate interactions which overlap regions of significant peptide
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depletion (fitness score < —1.5 for interface amino acids). Arrows highlight example
depleted peptide regions corresponding to specific oncogenic PPls. (C) Comparison of
mutant fitness scores derived from peptide screening data, with fitness scores derived from
deep mutational scan data in a TP53 null cell line (Kotler et al., 2018). After filtering out
TP53 mutants with little effect on cell fitness in the deep mutational scan (absolute value of
fitness scores <.5), inferred TP53 functionality is significantly correlated with mutant
peptide derived fitness (Pearson, P=.045), supporting the hypothesis that peptide screening
can be used to identify functionally important residues in the context of cancer cell fitness.
(See also Figures S3-4)
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FIGURE 5. Cancer driver derived peptides have protein level activity and potential drug-like

function:

(A) Overview of peptide functionalization for intracellular delivery. Hit peptides from the
screen were conjugated to a TAT cell penetrating motif and produced via solid phase peptide
synthesis. (B) /n vitrotesting with chemically synthesized peptides (n=3-4). Chemically
synthesized hit peptides conjugated to a cell penetrating TAT protein transduction motif
were added to cells at 0-100puM. A 3x FLAG peptide conjugated to TAT served as the
negative control. Cell viability was measured 24 hours later by the WST-8 assay, indicating
TAT functionalized hit peptides can effectively inhibit the growth of Hs578T and MDA-
MB-231 cells in a dose dependent manner. Dotted lines indicate 95% confidence intervals
for nonlinear fit. TAT-RAF1-73 and TAT-EGFR-697 were tested on the same plate, hence
identical negative control measurements. (See also Figure S6)

Cell Syst. Author manuscript; available in PMC 2022 July 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ford et al. Page 37

A KRAS
G12v
N e Lysate FLAG-IP
+/- 4
®og® Al 12V + + KRAS-G12v + +
L FLAG e - + -
N o FLAG-RAF1-73 + FLAG-RAF1-73
Mo i GAPDH[==] RAS[=]
Transfect RAS[——] FLAGHR |
e FLAG @  Ab Light Chain[ees]
EGFR
Lysate FLAG-IP
- ag®ees” EGFR + + EGFR + +
Y ! FLAG FLAG-EGFR-697 + -  FLAG-EGFR-697 * -
) FegTeg ek GAPDH [==] EGFR[® |
e - EGFR [ =) FLAG =]
Transfect
HEK293T FLAG[= |  AbLight Chain [# == |
ells
RNA-Seq GSEA EGFR-697 KOBAVASHI_EGFR_BIGNALING 24HR UP
Ribosome biogenesis in eukaryotes - ° i o
RNA%}%%?”}?: Il DE Genes in Pathway g —
DNA repllcatpfc))n- ° il 0 z, NES~1:46
S’glceosorna ° ® 5 g
roteasome- e E
Cardiac muscle contraction- o ® 10 2 I R TN T
Glycolysis / Gluconeogenesis - ° e’ | SUBLLLRLL L
Oxidative phosphorylatlonr ° ® 15 .}
erglﬂﬂmmfkdb%mgdeg o . B O I .
erpenoi ne biosynthesis - . 07 t
pel paels met):a\bohsm . Pathway FDR 3 10600 gen:o;oank 30000 40000
Fatty acid metabolism- ° 0.025
mRNA surveillance pathway - © KOBAYASHI_EGFR_SIGNALING_24HR_DN
Glutathlt’)\rlf meltabollsm' . 00200 etesseeSemaswweealiRosanios
merase - | i
Cytokine—cytokine recepto?% eraction - ° s i 0015 @ oo
Citrate c%/cle (TCA cycle) - . 0.010 3
bolic pathways - . i
Steroid biosynthesis - ¢ 0.005 S0z
Cell adhesion molecules’(CAMs) - £
Drug metabolism - other enzymes - i i i 0.000 5
2 A 0 i e
Normalized Enrichment Score o
K o e w0 w0 wioo
q‘;b bib‘b gene rank
C O K & D .
N 20 N ¢ EGFR-697 Cell Line Panel
o?" O?“ C) 130 Genetic
@ @ @ Overexpression TAT-EGFR-697 Erlotinib
EGFR-697 50 uM 20 uM
EGFR £ | |
-_ e = ' i
- : a i
3w | ﬂ ﬂ i H
GAPDH | s & e = nnf"’ | AL
r{,’;\ A <b ‘b @ 5{};\ /\q')« ,b?’% ((;\
S @‘*’ @ @ @ SFE
ST EGE T EY

FIGURE 6. Cancer driver derived peptides show context dependent activity

(A) Peptide mechanism explored via co-immunoprecipitation. 3X-Flag tagged RAF1-73
derived from the Ras binding domain of RAF1 pulls down activated Ras when
immunoprecipitated, indicating retention of WT domain biological functionality.
Analogously, the 3X-FLAG tagged EGFR-697 peptide pulls down the co-transfected full-
length EGFR protein confirming a protein level interaction between the two proteins. (B)
Results of RNA-sequencing on EGFR-697 expressing Hs578T cells. EGFR-697
overexpression results in significant growth arrest, and differential expression of 225 genes,
as well as significant downregulation of pathways relevant to cellular proliferation.
Additional GSEA analysis revealed a transcriptional phenotype consistent with perturbed
signaling along the EGFR pathway. Gene set
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“KOBAYASHI_EGFR_SIGNALING_24HRS_DN” is a gene set composed of genes
downregulated upon treatment with an irreversible EGFR inhibitor in H1975
cells(Kobayashi ef al., 2006). Treatment with EGFR-697 peptide results in significant
downregulation of this gene set in Hs578T cells. The
“KOBAYASHI_EGFR_SIGNALING_24HRS_UP” is a gene set from the same experiment
highlighting genes which are upregulated upon EGFR inhibition. This gene set is
significantly upregulated upon EGFR-697 overexpression. The vertical lines on the plot each
represent a gene in the gene set, with their location representing their position in the ranked
list of genes from the RNA-Sequencing data (ranked by DESeq?2’s shrunken log fold
change(Love, Huber and Anders, 2014)). NES is the normalized enrichment score,
quantifying the extent genes within the given gene set are up or downregulated in the RNA-
sequencing data. FDR is the false discovery rate for that enrichment score. (C) EGFR
expression levels of breast cancer cell lines quantified via Western blot. MCF-7 cells show
no detectable expression of EGFR (D) Breast cancer cell line panel treated with genetically
overexpressed EGFR-697, synthesized TAT-EGFR-697, and Erlotinib. Cell viabilities were
determined via crystal violet staining of live cells after 7 days for the genetically
overexpressed constructs, or 24hrs for the exogenously delivered molecules. For the
genetically overexpressed EGFR-697, after 7 days of growth there was a significant
association between EGFR expression levels and a cell lines viability relative to a GFP
transduced control (P<0.0001,r=-.803). EGFR expression levels were quantified based on
the pixel intensity of the western blot data shown in C, relative to the GAPDH internal
control. At 50uM, the cell lines with detectable EGFR expression show a reduction in
viability after 24hrs of exposure to TAT-EGFR-697. In contrast, EGFR negative MCF7 cells
show no reduction in viability. Cell viabilities are normalized to a PBS vehicle treated
control on the same plate. Cells expressing EGFR at detectable levels have greater
sensitivity to Erlotinib (24hr treatment) than non-EGFR expressing MCF7 cells. Cell
viabilities for Erlotinib treated cells are normalized to DMSO treated cells on the same plate.
Data indicates mean + standard deviation. (See also Supplemental Table 10).
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